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ABSTRACT

SEISMIC RESPONSE AND VULNERABILITY ASSESSMENT OF TUNNELS:
A CASE STUDY ON BOLU TUNNELS

UCER, Serkan
Ph.D., Department of Civil Engineering
Supervisor: Prof.Dr. B. Sadik BAKIR

September 2012, 159 pages

The aim of the study is to develop new analytical fragility curves for the
vulnerability assessment of tunnels based on actual damage data of tunnels obtained
from past earthquakes. For this purpose, additional important damage data belonging

to Bolu Tunnels, Turkey was utilized as a case study.

Bolu Tunnels constitute a very interesting case from the earthquake hazard point of
view, since two major earthquakes, 17 August 1999 Marmara and 12 November
1999 Diizce, occurred during the construction of the tunnels. The August 17, 1999
earthquake was reported to have had minimal impact on the Bolu Tunnels. However,
the November 12, 1999 earthquake caused some sections of both tunnels to collapse.
The remaining sections of the tunnels survived with various damage states which
were subsequently documented in detail. This valuable damage data was thoroughly

utilized in this study.

To develop analytical fragility curves, the methodology described by Argyroudis et
al. (2007) was followed. Seismic response of the Tunnels was assessed using

analytical, pseudo-static and full-dynamic approaches. In this way, it was possible to
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make comparisons regarding the dynamic analysis methods of tunnels to predict the
seismically induced damage. Compared to the pseudo-static and full-dynamic
methods, the predictive capability of the analytical method is found to be relatively
low due to limitations inherent to this method. The pseudo-static and full-dynamic
solution results attained appear to be closer to each other and better represented the
recorded damage states in general. Still, however, the predictive capability of the
pseudo-static approach was observed to be limited for particular cases with reference
to the full-dynamic method, especially for the sections with increasingly difficult

ground conditions.

The final goal of this study is the improvement of damage indexes corresponding to
the defined damage states which were proposed by Argyroudis et al. (2005) based
on the previous experience of damages in tunnels and engineering judgment. These
damage indexes were modified in accordance with the findings from the dynamic
analyses and actual damage data documented from Bolu Tunnels following the
Diizce earthquake. Three damage states were utilized to quantify the damage in this

study.

Keywords: Bolu Tunnels, Fragility Curve, Seismic Response, Earthquake,
Vulnerability Assessment
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TUNELLERIN SiSMIK DAVRANISI VE SISMIK HASAR
DEGERLENDIRMESI:
BOLU TUNELLERI UZERINE BIR CALISMA

UCER, Serkan
Doktora, Insaat Miihendisligi Béliimii
Tez Yoneticisi: Prof.Dr. B. Sadik BAKIR

Eyliil 2012, 159 sayfa

Bu calismanin amaci gegmis depremlerde hasar gormiis tiinellerin gergek deprem
hasar bilgilerinden yararlanarak tiinellerin sismik hasar degerlerlendirilmesinde
kullanilmak iizere yeni hasargorebilirlik egrileri ¢ikartmaktir. Bu amagla Bolu

Tiinelleri’ne ait ¢ok 6nemli hasar bilgileri 6rnek bir ¢aligma olarak kullanilmistir.

Bolu Tiinelleri, tiinellerde olusan deprem hasar1 acisindan ¢cok 6nemli bir 6rnektir.
Ciinkii, bu tiineller ingaatlar1 sirasinda 17 Agustos 1999 Marmara ve 12 Kasim 1999
Diizce Depremleri’ne maruz kalmigtir. 17 Agustos 1999 Marmara Depremi’nin Bolu
Tiinelleri {izerinde etkisi ¢ok az olmustur. Fakat, 12 Kasim 1999 Diizce Depremi,
ingaat halindeki Bolu Tiinelleri’nin ¢esitli kesimlerinde ¢okmelerin de yasandigi agir
hasara sebep olmustur. Tiinellerin ¢dkme yasanmayan kesimleri c¢esitli hasar
diizeyleri ile kurtulmus ve bu bilgiler sonradan detayli bir sekilde kayit altina
almmustir. Elde edilen kiymetli hasar bilgileri yapilan bu g¢aligmada detayli bir

sekilde degerlendirilmistir.
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Analitik hasargorebilirlik egrilerini  tanimlamak i¢in Argyroudis vd. (2007)
tarafindan tarif edilen yontem kullanilmistir. Tiinellerin sismik davranisi analitik,
yari-statik ve tam-dinamik analiz yontemleri kullanilarak degerlendirilmistir. Bu
sayede, sismik hasari tahmin etmekte kullanilan dinamik analiz yontemlerinin
performanslar1 hakkinda degerlendirme yapabilmek de miimkiin olmustur. Analitik
metodun tahmin kapasitesi, metodun kendisinden kaynaklanan nedenlerden dolay1
yari-statik ve tam-dinamik metotlara gore diisiiktiir. Yari-statik ve tam-dinamik
metotlar birbirine yakin sonuglar vermis ve sahada goézlenen hasar durumlarini
genelde daha iyi yansitmislardir. Ancak zorlu zemin kosullar1 gibi 6zel durumlarda

yari-statik yaklagimin tahmin giicli tam dinamik metoda gore sinirli kalmaktadir.

Bu caligmanin son amaci ise, daha 6nce Argyroudis vd. (2005) tarafindan 6nerilmis,
tiinellerde olusmus hasarlara ve miihendislik tecriibesine dayanilarak olugturulmus
hasar indislerinin iyilestirilmesidir. Bu hasar indisleri, Diizce depremi sirasinda Bolu
Tiineleri’'nde olusan kayit altina alinmis hasarlara ve dinamik analiz sonuglarina
uygun olarak yenilenmistir. Calismada hasar1 tanimlamak i¢in ii¢ farkh hasar diizeyi

kullanilmustir.

Anahtar Kelimeler: Bolu Tiineli, Hasargorebilirlik Egrisi, Sismik Davranig, Deprem,
Sismik Hasar Degerlendirmesi
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CHAPTER 1

INTRODUCTION

1.1. Background

Underground structures have a profound effect on daily life in modern societies. As
being a lifeline they can serve for traffic (railway, highway and subway tunnels) or
conveyance (hydroelectric power station, water supply, sewer and public utility
tunnels) purposes. These structures can be grouped into three broad categories, each
having distinct design features and construction methods: (1) bored or mined
tunnels; (2) cut-and-cover tunnels; and (3) immersed tube tunnels (Power et al.,
1998). In the last two decades, high demand of mankind, especially for traffic
purposes and due to the advancements in construction technology, has increased the
number of tunnels through different kind of geological medium including seismic

zones.

Tunnels seem to be less vulnerable to seismic shaking than surface facilities as being
an embedded underground structure except for cases when a tunnel crosses a fault or
when landslides occur along the route or at portals of a tunnel. In fact, subsurface
structures have generally experienced low level damage during the earthquakes in
comparison to the surface structures (Lanzano et al., 2008). As a result, most of the
underground structures are designed for static loads only until the end of 80’ies.
Nevertheless, some underground structures have experienced significant damage in
recent large earthquakes, including 1995 Kobe, Japan earthquake, 1999 Chi-Chi,
Taiwan earthquake and 1999 Kocaeli, Turkey earthquake (Hashash et al., 2001).
These disasters show that seismic design of underground structures is a necessity in

earthquake prone regions.



Seismic analysis of underground structures can be simply categorized into three
groups: (1) simplified or analytical methods; (2) pseudo-static or seismic
deformation methods; and (3) full-dynamic methods. Simple to complicated
analytical methods are presented by St. John and Zahrah (1987), Wang (1993) and
Hashash et al. (2001). These methods are useful for a quick check of the results
obtained from the complicated computer programs and software. Seismic
deformation methods are reviewed by Nishiyama et al. (1999). The main idea
behind these methods is the assessment of the lateral seismic free-field deformations
at the level of subsurface structure and subsequently static imposition on the
underground structure. These excess horizontal ground deformations during
earthquakes can be estimated by software like SHAKE91 (Idriss et al., 1992) and
EERA (Bardet et al., 2000). Full-dynamic methods can be utilized with the aid of
numeric analysis (finite element or finite difference) software. Despite being

rigorous, full-dynamic methods are time consuming and expensive.

A fundamental requirement for the assessment of seismic performance of a system is
the quantification of potential damage as a function of the level of seismic hazard
intensity (Pitilakis et al., 2006). Fragility curves are employed for the vulnerability
assessment of engineering structures. As ALA (2001) states, fragility curve is a
mathematical expression that relates the probability of reaching or exceeding a
particular damage state, given a particular earthquake hazard. Damage states are
defined in HAZUS technical manual (FEMA, 2003) with five different levels

including none, slight/minor, moderate, extensive and complete.

Fragility curves or vulnerability functions can be defined based on three different
approaches: (1) expert opinion approach; (2) empirical approach; (3) analytical
approach. Lack of rigorous damage data necessitated the use of expert opinion
approach. For instance, ATC-13 (1985) produced damage probability matrices and
fragility curves based on questionnaires, through which the experts were queried on
the probability of a lifeline component being in a certain damage state for a given
Modified-Mercalli Intensity value (Pitilakis et al., 2008). Empirical approach is

based on statistical analysis of damage data from past seismic activities. As an



example, ALA (2001) used part of the historic damage data of tunnels provided by
Dowding and Rozen (1978), Owen and Scholl (1981), Sharma and Judd (1991) and
Power et al. (1998). Analytical fragility curves are constructed for the predefined
structural systems according to the strong motion records of actual earthquakes by

employing seismic analysis methods mentioned earlier in this section of the chapter.

1.2. Scope and Purpose of the Study

The aim of the study is to develop new analytical fragility curves for the
vulnerability assessment of tunnels based on actual damage data of tunnels obtained
from past earthquakes. For this purpose, additional important damage data belonging

to Bolu Tunnels, Turkey was utilized as a case study.

The case of Bolu Tunnels is one of the most interesting from the earthquake hazard
point of view, since, two major earthquakes (17 August 1999 Marmara and 12
November 1999 Diizce earthquakes) occurred during the construction of the tunnels.
The August 17, 1999 earthquake was reported to have had minimal impact on the
Bolu Tunnels. However, the November 12, 1999 earthquake caused the total
collapse of some sections in both tunnels. The remaining sections of the tunnels
survived with various damage states. In this study, all this valuable damage data was

incorporated for construction of novel fragility curves.

To develop fragility curves, methodology described by Argyroudis et al. (2007) was
followed. In that study, the quantification of the damage states is based on a damage
index (DI) that is defined as the ratio of the developing moment during earthquake
(Mcq) to the moment resistance of the tunnel lining (M,q). Then, these damage states
are correlated with the peak ground accelerations to construct fragility curves. The
analysis of the tunnels is realized utilizing the seismic analysis methodologies

described in Section 1.1 of this chapter.

The second goal of this study is the improvement of damage indexes corresponding
to the defined damage states which were proposed by Argyroudis et al. (2005) based

on the previously observed damage in tunnels as well as the engineering judgment.



Furthermore, damage index is a term which is actually analogous to the reciprocal of
factor of safety. Thus, with the improvement of damage indexes it is also possible to
recommend factors of safety based on levels of seismic shaking damage state for
tunnel construction and design. To conduct the analysis of the tunnels, seismic
analysis of underground structures was employed. In this way, it is possible to make

some comparisons on the dynamic analysis methods of tunnels.

The final goal of this study is the improvement of damage indexes corresponding to
the defined damage states which were proposed by Argyroudis et al. (2005) based
on the previous experience of damages in tunnels and engineering judgment. These
damage indexes were modified in accordance with the findings from the dynamic
analyses and actual damage data documented from Bolu Tunnels following the

Diizce earthquake.



CHAPTER 2

DYNAMIC ANALYSES OF TUNNELS

Contrary to the case of surface structures, inertial forces do not govern the seismic

design of underground structures. Free-field deformations of the subsurface actually

govern the design for most of the underground structures with or without

considering the soil-structure interaction.

The response of tunnels to seismic shaking may be demonstrated in terms of three

principal types of deformations as shown in Figure 2.1 (Owen and Scholl, 1981): (1)

axial deformations, (2) curvature deformations, and (3) ovaling (for circular tunnels)

or racking (for rectangular tunnels) deformations. In this study, only the ovaling

types of deformations are considered for dynamic analyses of tunnels, because the

great majority of seismic damage to tunnels occurs as a result of this kind of

deformations.
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Figure 2.1 The response of tunnels to earthquakes (after Owen and Scholl, 1981)



2.1. Simplified (Analytical) Methods for Ovaling Deformations of Circular
Tunnels

Analytical methods can be used for the preliminary design of underground
structures. Furthermore, these simplified methods serve as a useful tool for
approximate checking of the results obtained from the rigorous solutions. Ovaling of
the circular tunnel is caused due to seismic waves propagating in planes
perpendicular to the tunnel axis. As Penzien (2000) emphasized, the analytical
procedures presented permit only the evaluation of the internal force components in
a lining produced by ovaling during seismic loading. To check a design, these force
components should be added to the corresponding components present in the lining

prior to the seismic event.

2.1.1. Free-Field Deformation Method

In this method it is assumed that the tunnel conforms to the deformations that are
imposed by the free-field. As Wang (1993) stated, there are two ultimate boundaries
that exist for quantifying ovaling strains due to the free-field deformations. The first,
the maximum diametric strain is found as a function of the maximum free-field

shear strain with the assumption of non-perforated ground (tunnel excavation is not

considered):

Ad %

= 4 max 21
r =Y (2.1)

where, Ad is the diameter change of the tunnel, d is the diameter of the tunnel and
Ymax 18 the maximum free-field shear strain. This situation is a good example of
tunnel lining which has a transversal sectional stiffness equal to the surrounding
medium (tunnel construction in soil). The second situation consists of the
assumption of perforated ground. That is the ground deformation derived
considering a cavity due to tunnel excavation (see Figure 2.2). For this situation, the

diametric strain for which the tunnel lining is to be designed can be defined as:



Ad—d =12y, (-v,) 2.2)

where, vy, is the Poisson’s ratio of the medium. This situation is also corresponding

to a case where the stiffness of the lining is small compared to that of the
surrounding medium (tunnel construction in rock).
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Figure 2.2 Free-field shear distortion of perforated and non-perforated ground for

circular tunnel (after, Wang, 1993)

Maximum shear strain, yma.x 0of the ground can be estimated using the codes like
SHAKEI91 (Idriss et al., 1992) and EERA (Bardet et al., 2000). St John and Zahrah

(1987) proposed a simple equation for calculating Ymax:

O

peak (23)

7/max =

where C,a 1s the peak particle velocity; and V; is the effective shear wave velocity.
The values of Cpe can be estimated through in-situ and laboratory tests. An
equation relating the effective propagation velocity of shear waves to effective shear

modulus, Gp, is expressed as (Wang, 1993):

v, = |-n 2.4)



where, p is the mass density of the ground.

Decision on how the tunnel lining behaves (perforated or non-perforated ground)
can be given according to the dimensionless ratios namely the compressibility ratio,

C, and flexibility ratio, F (Hoeg, 1968):

_ E,-wiyd 2.5)
2Et(1+v,)(1-2v,) '
= Em(l—V|2)d3 (26)

48E1(1+v,)

where, E,, is the modulus of elasticity and vy, is the Poisson’s Ratio of the medium;
E; is the modulus of elasticity and v, is the Poisson’s Ratio of the lining; d is the
diameter; t is the thickness of the tunnel lining; and I is the moment of inertia of the

tunnel lining per unit width.

2.1.2. Lining-Ground Interaction Method

Lining-ground interaction method can be further categorized into two as
consideration of full-slip conditions and no-slip assumption. Assuming full-slip
conditions, maximum thrust, bending moment and diametric strain can be expressed,

respectively, as (Wang, 1993):

Tmax =t— Kl —mdymax (27)
1%

M, =+t—K m_d? 2.8
max 24 1(1+Vm) }/max ( )

Ad 1
— =+-KF 2.9
d 3 1 }/max ( )



where,

_12(1-v,)
2F +5—6v,

1

Penzien (2000) solution for the full-slip condition:

+Ad;.  =+R"Ad

lining free— field

12E, |Adl?ning T
T(0) = —————1 o5 9+ =
d’d-v,") 4

6EIIAdl?ning T
M (6) = -~ o5 9+ =
d*(1-v,") 4

24E, |Ad|?ning ) T
V(@)= ginol g+ 2
d’(1-v,%) 4

R" =i4(1—Vm)
(a" +1)

. 12E1(5—6v,)
d3Gm(l_V|2)

(2.10)

(2.11)

(2.12)

2.13)

(2.14)

(2.15)

(2.16)

where, R is the lining rocking ratio which is a ratio of lining diametric deflection and

free-field diametric deflection; Adgee.fielq 18 the free field diametric deflection in non-

perforated ground; Adjining 1s lining diametric deflection; and a is the coefficient used

in calculation of lining-soil racking ratio of circular tunnels. The superscript n

implies the condition is under normal loading.



No-slip solution of Einstein and Schwartz (1979) based on study of Hoeg (1968) for

maximum thrust on the lining is:

T . =*K,r, R=+K,—"™ Ry (2.17)

max

where, Tmax 1S the maximum free-field shear stress and K, is the lining thrust

response coefficient defined as:

F[(1—2vm)—(1—2vm)C]—;(1—2vm)2 +2

K,=1+ s (2.18)
F[(3—2vm)+(1—2vm)c]+c[2—8vm +6vm2} +6-8v,
No-slip condition solution of Penzien (2000) is:
+ Adlining = +RAd (e fieg (2.19)
24E,1Ad ;0 ps
T()=————5-cos2{ O+— (2.20)
d’d-v") 4
6EI IACIIining T
M(0)=————-cos2| O +— (2.21)
d*(1-v,") 4
2’4EI IACIIining . T
V(@)=-————"5sin2| O +— (2.22)
d’d-v") 4
G Y] (2.23)
(a+1)
oo 24E,1(3—-4v,)) (2.24)

d3Gm(1—V|2)

10



where, R is the lining rocking ratio which is a ratio of lining diametric deflection and
free-field diametric deflection; Adgece-fielq 1S the free field diametric deflection in non-
perforated ground; Adjining 1s lining diametric deflection; and a is the coefficient used

in calculation of lining-soil racking ratio of circular tunnels.

2.2. Pseudo-Static (Seismic Deformation) Method

In this method, seismic ground deformation obtained from ground response analysis
is imposed to the finite-element model of the tunnel statically. Seismic deformation
of the ground due to vertically propagating shear waves reaching from the bedrock
can be estimated through 1-D response analysis utilizing the software like
SHAKE91 (Idriss et al., 1992) or EERA (Bardet et al., 2000). One-dimensional site
response analyses are based on the assumption that all boundaries are horizontal and

soil and bedrock surface is extending infinitely in the horizontal direction.

In Figure 2.3, resulting ovaling of the tunnel following the application of the free-
field deformations to the finite-element model of the section can be seen. To
determine the free-field deformations, EERA (Bardet et al., 2000) -a computer
program for the Equivalent-linear Earthquake site Response Analyses of Layered
Soil Deposits- was utilized in this study. Equivalent-linear method is an analysis
technique to represent the nonlinear behavior of ground due to cyclic loading in
which the modulus and damping factors used are compatible with the strains

induced in the soil deposit or the earth structure.

One of the advantages of the pseudo-static method with regard to the analytical
formulations is its capability of modeling irregular tunnel shapes other than those of
circular. Another benefit of this method is the ability to see the effects of loads on
linings which are generated due to the static loading combined with the dynamic
loading. In analytic method, static loading is calculated separately and superimposed
to the dynamic loading. In this study, static loading in analytical method is
calculated with the method of Penzien and Wu (1998). See Appendix A for the

example calculation spread sheet.
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Figure 2.3 Application of seismic deformations to a circular tunnel through the

finite-element model

2.3. Full-Dynamic Method

Thanks to the advancements in the numerical modeling techniques, researchers have
many methods and tools to analyze the geotechnical earthquake engineering
problems. Among these, the Finite Element Method and Finite Difference Method
are well established and widely used. In this study, finite element method was
utilized through the finite element code PLAXIS 2D V8.6 (PLAXIS bv, 2007) for

the full-dynamic analyses.

In the analyses, dynamic excitation was applied from the base of the model as
acceleration-time histories. Damping was implemented in the models utilizing
Rayleigh damping and absorbent model boundaries. Damping in the PLAXIS code
is defined by the damping tensor [C] through the linear combination of mass tensor

[M] and the stiffness tensor [K]:

[C] = ar[M]+ Br[K] (2.25)

12



The two Rayleigh coefficients ar and fr were calculated according to the double
frequency method as suggested by Lanzo et al. (2004) (quoted by Aversa et al.,
2007) assuming that the soil damping ratio, D, is constant between the first natural
frequency ; of the deposit and a frequency ®, = nw;, where n is the first odd
integer larger than the ratio wni/®; between the fundamental frequency of the

seismic signal (o) and the first natural frequency of the deposit ().

2.3.1 Details of Full-Dynamic Finite Element Analyses

Full-dynamic finite element analysis is the well established and the most
comprehensive technique for studying the response of geotechnical earthquake
engineering problems since it can provide detailed estimation of stresses and
deformations of both geological media and structural components within, no matter
how complete the model is. However, to conduct a complete dynamic finite element
analysis, one must have to define the geometrical domain, mesh size, constitutive

models, boundary conditions and the seismic input of the problem in detail properly.

Size of the geometrical domain is an important parameter while handling a dynamic
finite element problem. To perform the dynamic analysis of a typical tunnel section,
both horizontal and vertical model boundaries have to be determined. As the
problem domain gets larger, solution time gets larger and hardware capabilities will
become insufficient after some point. So, engineers prefer to reduce the problem
domain with some techniques. In a tunneling problem, the upper horizontal
boundary is determined according to the depth of cover (D) above the tunnel crown.
While coping with deep tunneling problems, it becomes uneconomical to model the
full D.. In the first technique, D, is reduced with an amount of AH by an equivalent

distributed load P,y that is equivalent to:

P, =7-AH (2.25)

where v is the unit weight of the geological media as shown in Figure 2.4. By
utilizing this technique, it is possible to get successful results for static finite element

problems. On the other hand, the same is not true for dynamic problems due to the

13



omission of the mass. Therefore, a second technique can be introduced for reducing
the horizontal upper boundary of the tunneling problems (see Figure 2.5). The
equivalent distributed load in the first technique is replaced with a layer which has a

thickness of AH> much smaller than AH. The decrease in AH is achieved by the

increase in unit weight y of the geological medium with the following equation:

. AH
_,. A0 226
AT (2:20)

Shortcoming of this technique is the change in the center of gravity of the model.
According to some parametric studies, this method gives satisfactory results for
D.3/D¢; ratios around 0.8. However, when D.3/D.; ratios are close to 0.5, the results
of tunnel lining sectional forces are underestimated. So, this technique seems to be a

very last alternative.
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Figure 2.4 First technique reducing the depth of cover

Another important parameter which defines the size of the geometrical domain is the
distance to the lateral boundaries L, from the center of the problem as shown in
Figure 2.6. There is no general rule for choosing L in dynamic analyses of
underground structures. If absorbing or viscous boundary conditions are not used in
the finite element model, a model wide enough to prevent the reflection of
impinging waves which is computationally very inefficient is to be used. According

to this approach, if one uses absorbing boundaries, the results of the tunnel lining

14



sectional forces must be converging to a value with the increase of L. This method
is converging for the ratios of Ly/H;, greater than 4 resulting in an uneconomical
geometrical domain dimensions. Thus, another type of lateral boundaries suggested
by Christian et al. (1977) (quoted by Visone et al., 2010) was used in this study
resulting in a proper geometrical domain dimensions for the Ly/Hy, ratios smaller
than 4. According to him, the best lateral boundary conditions for S-waves polarized
in the horizontal plane and propagating vertically are the vertical fixities. Horizontal
displacements must be allowed. In order to equilibrate the horizontal lithostatic
stresses acting on the lateral boundaries, it is suitable to introduce load distributions
at left-hand and right-hand vertical boundaries (Visone et al., 2010). Comparison of
the models can be seen in Figure 2.6. In the literature, there are also
recommendations that L, should be at least 5D far away from the underground

opening, where D is the greatest dimension of the underground opening.
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Figure 2.5 Second technique reducing the depth of cover

If it is not known, defining the distance to lower horizontal boundary conditions is
not as simple as defining the upper horizontal boundary conditions. In soil profiles,
the point where the rock starts is assumed as bedrock and this will be enough for the
lower horizontal boundary condition. However, sections in fully rock conditions
could also be faced during modeling. Therefore, trial error procedure is followed to
determine the depth of bedrock or lower horizontal boundary condition for the rock

profiles.
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Mesh size is another important factor that defines the solution time of the finite
element problem. Kuhlemeyer and Lysmer (1973) observed that the finite element
models behave like low pass filters having definite passing bands and cutoff
frequencies and that the cutoff frequencies depend upon the wave type and finite
element mesh. For these reasons, they suggested to assume an element size not
larger than A/8, where A is the wave length corresponding to the maximum
frequency of interest. Additionally, element sizes must be refined around

underground openings to take into consideration of the stress concentrations.

Lbl Lb4
Vertical

Horizontal Fixity
< Fixity I -
\ | Lithostatic stress

Absorbent ‘\distribution
I Boundary @ I - @ §
4 Odel l PN AN 4 i Odel 4 FEAN AN 4
¥ e -7 S ST - +

Figure 2.6 Model boundary conditions

Definition of seismic input plays a key role in the response of the system. Therefore,
one must be careful while defining a seismic input to a geotechnical earthquake
engineering problem in any finite element software. Furthermore, the user must be
aware of limitations and capabilities of the utilized software. As also stated in the
previous sections, in this study, finite element method was utilized through the finite
element code PLAXIS 2D V8.6 (PLAXIS bv, 2007) for the full-dynamic analyses.
In order to avoid loss of information due to some limitations of the FE code
PLAXIS, the input signal had to be divided to n-parts each having a maximum
number of data points limited with 1000.

16



PLAXIS code generates solutions for earthquake problems in time domain. For
modeling material damping in FE code, Rayleigh formulation was utilized.
However, Rayleigh formulation is frequency dependent. For this reason, engineers
must be careful while defining constitutive models for earthquake engineering
problems. Some well established FE model calibration procedures taking the
material damping into account can be found in Park and Hashash (2004) and Visone

etal. (2010).
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CHAPTER 3

BOLU TUNNELS AND DAMAGE DUE TO 1999 EARTHQUAKES

3.1. Introduction

The Bolu Tunnels lie along Trans European Motorway (TEM) which connects
Eastern Europe with the Middle East (see Figure 3.1). The tunnels are approximately
3.0 km long in total, 40 m apart and have excavated cross sections more than 200
m’. The tunnels generally have an excavated arch section of 15 m height and 16 m
width. New Austrian Tunneling Method (NATM) was utilized during construction.
Construction was unusually challenging because the alignment crossed several
minor faults parallel to the North Anatolian Fault (see Figure 3.2). Due to the
challenging ground conditions, several problems were encountered during the

excavation of the tunnels.

The tunnels were designed following the NATM principles according to ONORM B
2203 with some modifications to account for the local conditions. The original
design, based on the investigations, consisted of seven ground classes and associated
typical support designs, five for rocks (A2, B1, B2, C1 and C2) and for soils (L1 and
L2) (Schubert et al., 1997). Before the 1999 Diizce earthquake, the unfavorable
conditions at the tunnel route resulted in deformations of lining and heave of the
invert as much as 1.0 m. As a result, construction was temporarily halted and a
detailed investigation program was launched including pilot tunnel drives. At the
end of the detailed analysis program, new construction methodologies, named CM,
Option-3 and Option-4, were developed and started to be implemented (see

Appendix B for geometrical details of the all mentioned tunnel sections).
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As it can be understood, Bolu Tunnels consist of different tunnel sections each
having different support types and geologic sections including pilot tunnels (see
Figure 3.3). Based on the geological reports and available construction details,
several sections of the tunnels were analyzed. Comparison of the outcome of such
analyses with the observed damage over the tunnels following the earthquakes
provides a valuable opportunity for the assessment of the predictive capability of the
dynamic analysis procedures. In the proceeding chapters of this study, dynamic
analyses of the tunnel sections implemented during the construction of the Bolu

Tunnels are presented.
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3.2. Damage in Bolu Tunnels Due to 1999 Earthquakes

In 1999 two major earthquakes struck Turkey (see Figure 3.4). On August 17, 1999
a magnitude M,, 7.4 earthquake hit Kocaeli and Sakarya provinces in northwestern
Turkey, a densely populated region in the heavily industrial part of Turkey. The
epicenter of earthquake was located at a depth of about 15 km and about 10 km east
of the town of Golciik. The length of the right-lateral strike-slip fault was 120 km
and involving four distinct fault segments on the northernmost strand of the western
extension of the 1300 km-long North Anatolian fault system (Erdik, 2001). The
second one, the My, 7.1 Diizce earthquake, occurred on 12 November 1999 along the
North Anatolian Fault in northwestern Turkey (see Figure 3.5). The Diizce
earthquake was a right-lateral strike-slip event that ruptured a section of the North
Anatolian Fault immediately to the east of the fault rupture from the 17 August
Kocaeli (My, 7.4) earthquake (Rathje et al., 2006). As Akyiiz et al. (2002) stated the
Diizce earthquake formed a 40 km long surface rupture zone starting from Eften
(Melen) lake and terminating near Kaynasli town. Faccioli et al. (2002) reported that
the Diizce fault rupture crossed the so-called Bolu viaduct no.1, on a stretch under
construction of the Trans European Motorway (TEM) (see Figure 3.6 through Figure
3.9).

12 November 1999
17 August 1999 My=7.1

Mw=7.4
\‘ e S
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Figure 3.4 Map showing the location of strong motion stations and the extent of

1999 ruptures (after Rathje et al., 2003)
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Figure 3.5 Closer view of surface rupture and peak horizontal accelerations

recorded in the 1999 Diizce earthquake (after Durukal, 2002)

Figure 3.6 Aerial view of the Bolu 1 Viaduct. The fault rupture is indicated by the
red line. (after Erdik, 2001)
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Figure 3.7 General view (from SW) of the Bolu viaducts (after Faccioli et al., 2002)

Figure 3.8 Fault rupture (indicated by arrows) crossing through the viaduct piers.
Courtesy G. Macchi. (after Faccioli et al., 2002)
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The epicenter of the Kocaeli earthquake was located approximately to the west of
Bolu Tunnels construction site. As Unterberger and Brandl (2000) pointed,
structures at the project site experienced loading of 0.2g to 0.3g with no damage to
the tunnels and other structures as opposed to the extensive damage experienced

close to the epicenter (see Figure 3.10).
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Figure 3.10 Time history of Kocaeli earthquake recorded at Diizce Station, E-W,
pga=0.358¢g
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Significant damage was induced in the Bolu Tunnels by the Diizce earthquake. The
epicenter of the earthquake was only 20 km far away from west of the site. As it is
seen from time histories of the earthquake records in Figure 3.11 and Figure 3.12,
accelerations of 0.6g to 0.8g were measured at the stations in the vicinity of the site,
far in excess of the 0.4g design earthquake (Unterberger and Brandl, 2000).
Generally, it was observed that completed sections of the tunnels (where the inner
lining had been installed) survived the earthquake intact with minor damage.
However, some partly completed sections of the tunnels (temporarily supported by a
shotcrete lining) suffered significant damage. The degree of the damage was noted
to be dependent on the ground conditions (Yiiksel-Rendel Engineers, 1999). Due to
the collapsed sections, Bolu Tunnel Project was completed after realignment of the
tunnel route as shown in Figure 3.13. Figure 3.14 summarizes the general status of

the Bolu Tunnels after the 12 November Diizce earthquake.
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Figure 3.11 Time history of Diizce earthquake recorded at Diizce Station, E-W,
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According to the reports of Yiiksel-Rendel Engineers (1999) and Ghasemi et al.
(2000), in Elmalik Tunnels, where the concrete lining had been installed, no damage
was observed in the first 200-250 m section of the tunnels. Complete closure of both
tunnel bores and in-rush of material was noted about 200 to 300 m from the Elmalik
portal entrances. Longitudinal cracking along a segment above the tunnel invert, near
the collapsed face, was noted. It was reported by the consultant that the invert had
heaved upwards as much as 1 m. The collapses occurred in a section of tunnel
passing through a clay/weak rock zone where a temporary shotcrete lining system
was in place. The collapse of the tunnels occurred about 50 to 75 m beyond a
structurally complete tunnel liner system. According to eyewitness reports, in front
of this section (250 m) there was no major damage reported. However, there is no
access to confirm these reports due to blockage collapse debris. Details of the
damage to sections of the Elmalik Left Tunnel, supported only by the temporary
lining are illustrated in Figure 3.15. Eye witness accounts of miners who were in the
tunnel during the earthquake indicate that collapse began in the right tube and
propagated to the left tube. In the right tube, the collapse was noted to have
propagated to the surface and to have formed a sinkhole of dimensions 4"x6"x4™

deep at the ground level (see Figure 3.16 and Figure 3.17).

Significantly less damage occurred to the Asarsuyu tunnels due to the more favorable
ground conditions that generally exist there according to the reports of Yiiksel-
Rendel Engineers (1999). It was observed that the sections of the tunnel where the
permanent lining had been installed before the earthquake were undamaged (~1000
m). One-millimeter wide longitudinal and radial cracks were observed in the
structurally complete reinforced concrete liner following the earthquake. Sections of
the tunnels that were only supported by the shotcrete shell (~700 m) performed well,
depending on the ground conditions. In the better ground conditions leading up to the
Asarsuyu/Elmalik interface zone, only small and easily repairable damage was
occurred. In that section, consistent cracking of the shotcrete at the construction joint
between the top heading and bench sections occurred. Furthermore, localized
slabbing and spalling of the shotcrete was noted to have been induced by the

earthquake (see Figure 3.18). Overall, the shotcrete lining was still essentially intact.
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Closer to the face on the Elmalik side, where the tunnel had been excavated through
poor fault gouge clay, significant damage occurred. The Asarsuyu Left Tube Bench
Pilot Tunnels (BPTs) were under construction through the fault gouge clay at the
Asarsuyu/Elmalik interface zone when the earthquake occurred. Tunnels were
observed to have suffered consistent crushing and cracking of the shotcrete shell
together with the invert failure and heave up to 1 m (see Figure 3.19). This pattern of
failure was continuous along the length of the BPTs. The Asarsuyu Right BPTs
appeared to be undamaged since they had been completed and backfilled with

reinforced concrete.

Figure 3.17 Sinkhole formed due to Bolu Tunnel collapse at Elmalik Right Tube
(after Yiiksel-Rendel Engineers, 1999)
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3.3. Sections of Bolu Tunnels and Site Properties

According to the reports and papers referenced in the previous sections, 35 different
tunnel sections have been evaluated for the damage analyses of Bolu Tunnels as a
result of 1999 earthquakes with their respective damage states. Details of each
section are given in Table 3.1 and Table 3.2 with the corresponding chainage and
site characteristics considered in the assessment of the dynamic response. Average
cover depth over the tunnel crown, type of rock formation, weathering grade and
strength of these rock formations were determined for each section from the
geological profile along the tunnel route (see Appendix C). While the tunnel was in
construction at the time of the earthquakes, the state of construction for the

corresponding time is also given in these tables.

Based on the information provided in the project documents, the coefficient of
lateral earth pressure (K,) was assumed to be 1.0 in the analyses. Ground water level
above the tunnel axis varied within a range of 45% to 85% of the overburden cover
according to the site-specific pieozometer readings. Accordingly, in the analyses,
ground water table was assumed to be 80% of the overburden cover where

applicable.
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Table 3.1 Properties of sections to be analyzed in the Bolu Tunnels

Section Starting Chainage| Ending Chainage | Average Depth | Rock Formation Surrounding ) . ) Damage State
Type Type Depth of Depth of of Cover (m) Tunnel * Weathering Grade of Rock Rock Strength Construction Stage (Bolu EQ)
No. |KM: Cover (m) [KM: Cover (m)
1 A2 1]61+222 20 61+240 34 27 metacrystalline slightly w. very strong - strong|inner lining completed Jundamaged
2 2|61+197 9 61+215 18 13.5 metacrystalline slightly w. very strong - strong|inner lining completed jundamaged
3 1]61+309 85 61+519 195 140 metacrystalline slightly-medium w. very strong - strong|inner lining completed Jundamaged
4 B1 2|61+523 197 61+590 201 199 metacrystalline slightly-medium w. very strong - strong|inner lining completed Jundamaged
5 3|62+227 234 62+275 223 228.5 marble slightly-medium w. very strong - strong|inner lining completed Jundamaged
local cracking
6 4]62+275 223 62+326 211 217 marble slightly-medium w. very strong - strong|supports completed _|in shotcrete
strong - medium
7 1]61+251 40 61+309 85 62.5 metacrystalline slightly-medium w. strong inner lining completed Jundamaged
B2 strong - medium
8 2|61+665 207 61+760 239 223 metacrystalline slightly-medium w. strong inner lining completed Jundamaged
9 3]62+200 237 62+227 234 235.5 marble slightly-medium w. very strong - strong|inner lining completed Jundamaged
10| B2invert 1l61+764] 239 |61+799] 242 240.5 metacrystalline slightly-highly w. strong - weak inner lining completed |undamaged
medium strong -
11 c1 1]61+600 207 61+633 200 203.5 fault gouge clay medium- completely w. very weak inner lining completed Jundamaged
local cracking
12 2|62+678 205 62+716 194 199.5 brecciated sandstone slightly-highly w. strong - weak supports completed _|in shotcrete
local cracking
13 1]62+644 210 62+678 205 207.5 brecciated sandstone slightly-completely w. strong - very weak |supports completed _|in shotcrete
c2 medium strong -
14 2|61+806 243 61+923 252 247.5 fault gouge clay medium- completely w. very weak inner lining completed Jundamaged
15 3]64+340 32 64+475 28 30 high P! flyschoid medium- completely w. strong - very weak _|inner lining completed jundamaged
weak - extremely
16 1]61+923 252 61+978 248 250 metasediment medium- completely w. weak inner lining completed Jundamaged
1 weak - extremely
17 2]62+000 239 62+030 223 231 heavily faulted metacrystalline medium- completely w. weak inner lining completed |undamaged
weak - extremely
18 CoM 3]62+030 223 62+070 230 226.5 metasediment highly weathered-residual soil weak inner lining completed Jundamaged
medium strong -
19 4]62+070 230 62+106 230 230 metacrystalline medium- completely w. very weak inner lining completed Jundamaged
20 5]64+260 50 64+340 33 41.5 heavily faulted metacrystalline medium- completely w. weak - very weak _|inner lining completed Jundamaged
medium strong -
21 6]64+150 70 64+260 50 60 fault gouge clay medium w.- residual soil extremely weak supports completed _|failed
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Table 3.1 Continued.

Section Starting Chainage| Ending Chainage | Average Depth | Rock Formation Surrounding ) N ) Damage State
Type Type Depth of Depth of of Cover (m) Tunnel * Weathering Grade of Rock Rock Strength Construction Stage (Bolu EQ)
No. JKM: Cover (m) [KM: Cover (m)
medium strong -

22 1]62+106 230 62+200 237 233.5 metacrystalline medium- completely w. very weak inner lining completed fundamaged
| medium strong - local cracking
23 2|62+347 208 62+644 210 209 metasediment medium- completely w. very weak supports completed _[in shotcrete
| weak - extremely local cracking

| 24 M 3]62+721 192 62+825 146 169 metasediment medium- completely w. weak supports completed _[in shotcrete
medium strong -
25 4164+050 98 64+150 71 84.5 heavily faulted metacrystalline medium- completely w. very weak supports completed _[failed
B medium strong - anticipated
26 5|63+940 132 64+050 98 115 high Pl fault gouge clay medium- completely w. very weak supports completed  [heavy damage
| medium strong - anticipated
27 6]63+880 155 63+940 132 143.5 high PI fault gouge clay medium- completely w. very weak supports completed  [heavy damage
28 L2 1]64+475 10 64+494 2 6 flyschoid medium- completely w. strong - very weak_[inner lining completed |invert cracked
very weak - sidewall
29 1]152+729 164 52+752 173 168.5 metasediment medium- completely w. extremely weak supports completed  |damaged
| Option-3 weak - extremely anticipated
| 30| 2]63+800 162 63+850 158 160 high Pl fault gouge clay highly weathered-residual soil weak supports completed _|heavy damage
medium strong - anticipated
31 3]53+900 155 53+950 132 143.5 high PI fault gouge clay medium- completely w. very weak supports completed  [heavy damage
. medium strong - anticipated
32 Option-4 1]63+680 162 63+800 162 162 high PI flyschoid medium- completely w. very weak supports completed _[heavy damage
| 33| 1]62+820 146 62+900 119 132.5 fault gouge clay completely weathered-residual soil |weak - very weak |supports completed |floor heaved
Pilot T medium strong - anticipated
34 ’ 2|53+650 162 53+720 162 162 high Pl flyschoid medium- completely w. very weak supports completed  [heavy damage
Bl medium strong -
35 3]63+600 162  |63+660 162 162 brecciated sandstone medium- completely w. very weak supports completed |undamaged

*See explanations below. Detailed geological profiles of the analyzed sections can be found in Section 4.3.

Formation v (kN/m”) [ c (kPa) v E(MPa) | Gi/c'
Metacrystalline 23 40 600 0.3 2000 950
Heavily Faulted Metacrystalline 23 25 50 0.3 300 600
Marble 25 40 500 0.25 4000 High
Metasediment 23 20 25 0.3 0.2(c") 825
High PI Flyschoid 23 17 100 0.3/0.386(c")""" 500
Low PI Flyschoid 23 22 100 0.3[0.386(c")"*" 650
Brecciated Sandstone 23 21 150 0.3 550 700
Calcerous Sandstone 23 30 50 0.3 0.386(0')0'91 825
Fault Gouge Clay 20 21 75 0.3 200 700
High PI Fault Gouge Clay 23 24 100 0.3 250 600

ROCK STRENGTH
(ESTIMATED UCS IN MPa)

>250 Extremely Strong
100-250 Very Strong

50-100 Strong

25-50 Moderately Strong

5-25 Weak
1-5 Very Weak

0.25-1 Extremely Weak




Table 3.2 Support and excavation properties of the sections at the Bolu Tunnels

ASARSUYU LEFT TUNNEL ASARSUYU RIGHT TUNNEL
. Round . Rock Anchor . Round . Rock Anchor
h KM Ch KM
Type Chainage Length (m) Steel Ribs Density (m/m) Type ainage Length (m) Steel Ribs Density (m/m)
A2 61+200 | 61+220 | 2.90-3.50 - 75 B1 | 51+205 | 51+490 | 1.25-3.50 - 17
A2 61+230 | 61+250 | 2.80-3.50 - 8 Bl | 51+645 | 51+665 | 2.10 - 3.50 - 13
B1 61+250 | 61+260 | 2.00 - 3.50 - 20 B1 | 51+675 51+720 | 2.25-3.00 - 14
B1 61+310 | 61+520 | 2.30-3.75 - 13 B1 | 52+115 | 51+240 | 2.00-3.00 - 15
B1 61+520 | 61+530 | 2.25-3.50 - 14 B2 | 51+175 | 51+205 2.00 HEB100 28
B1 62+230 | 62+320 | 2.50-3.00 - 13 B2 | 51+490 51+515 | 0.75-2.00 HEB100 31
B1 63+330 | 62+340 | 2.00-3.00 - 14 B2 | 51+555 | 51+645 | 2.00 - 2.50 HEB100 24
B2 61+220 | 61+230 | 1.20-2.00 HEB100 30 B2 | 51+665 | 51+675 | 1.15-2.50 HEB100 23
B2 61+260 | 61+310 | 1.50-3.50 HEB100 19 B2 | 51+720 | 51+725 | 1.40-2.50 HEB100 38
B2 614520 | 61+530 | 1.50-2.00 HEB100 31 B2 | 52+090 52+115 | 1.50 - 2.00 HEB100 39
B2 61+590 | 61+600 [ 1.50-2.00 HEB100 47 Cl | 51+515 | 51+535 | 0.90-1.30 HEB100 86
B2 61+655 | 61+760 | 1.50-2.50 HEB100 24 Cl | 51+545 51+555 1.30 HEB100 86
B2 61+770 | 61+880 | 2.30-2.50 HEB100 23 C1 | 514725 51+730 | 1.20-1.30 HEB100 88
B2 62+200 | 62+230 | 2.00-2.50 HEB100 34 C1 | 51+760 | 51+785 | 1.40-1.50 HEB100 114
C1 61+600 | 61+635 [ 1.30-1.50 HEB100 135 C2 | 51+535 | 51+545 | 1.10-1.20 HEB100 94
Cc1 61+645 | 61+655 | 1.30-1.80 HEB100 74 C2 | 514730 51+760 | 1.10-1.30 HEB100 162
C1 61+760 | 61+770 | 1.50-2.10 HEB100 71 C2 | 51+785 | 51+805 | 0.90-1.20 HEB100 353
HEB100-
C1 61+800 | 61+810 | 1.00-1.50 HEB100 83 C2M| 51+805 | 51+960 | 0.80-1.50 | INP160x2- 350
INP200x2
HEB140-
c2 61+635 | 61+645 | 1.00-1.20 HEB100 109 CM | 51+960 | 52+090 | 1.05-1.20 INP200- 298
HEB100
c2 61+810 | 61+930 | 0.80-1.20 HEB100 467 CM | 52+240 | 52+320 | 1.10-1.20 [HEB140-TH29 305
c2 62+320 | 62+330 | 1.00-1.50 HEB100 91
HEB100-
C2M | 61+930 | 62+100 | 0.80-1.20 INP200- 696
INP160
HEB100-
cMm | 62+100 | 62+200 | 1.10-1.15 [ =PI 336
CM 62+340 | 62+440 | 1.00-1.35 TH29 340
ELMALIK LEFT TUNNEL ELMALIK RIGHT TUNNEL
K Round " Rock Anchor . Round . Rock Anchor
Chainage KM Chainage KM
Type 9 Length (m) Steel Ribs Density (m/m) Type 9 Length (m) Steel Ribs Density (m/m)
HEB100-
L2 | 64+494 | 64+474 1.00 HEB100X2 118 L2 | 54+415 | 54+410 1.00 HEB100 122
HEB100- HEB100-
c2 64+474 | 64+340 | 1.10-1.20 HEB100X2 109 C2 | 54+410 54+245 | 1.10-1.20 HEB100X2 133
cam | 64+150 | 64+260 1.10 HEB140 388 cam| 54+245 | 54+170 1.10 HEB100- 133-367
: . HEB100X2
C2M | 64+340 | 64+260 1.10 HEB140 185
CMR1| 64+050 | 64+150 1.10 HEB140 | 305-356-375-310
CMR1| 64+050 | 63+940 1.10 HEB140 392-403
CM 63+975 | 63+880 1.10 TH29 403
CM 63+880 | 63+784 1.10 TH29 403-496-538

37



CHAPTER 4

SEISMIC RESPONSE ANALYSES OF BOLU TUNNELS

In this part of the study, dynamic analysis methods are applied to the selected

sections of the Bolu Tunnels accordingly.

4.1. Selection of Dynamic Loadings for Vulnerability Assessment

Four actual earthquake time history records having response spectra consistent with
the design spectra for rock were selected as scenario events for the dynamic
analyses. The records were selected in accordance with the requirements set forth by
Eurocode 8 (CEN, 2004), Seed and Idriss (1982) and Turkish seismic design
provisions (TEC, 2007). Relevant characteristics of these earthquakes are presented
in Table 4.1 and Figure 4.1. According to these characteristics, response spectra of
these earthquakes are drawn in Figure 4.2 for comparison. Since dynamic excitation
is presumed to act at the base of the model which is considered to be the bedrock,
records obtained in rock or stiff-soil site conditions were preferred. Damping ratio of
5% was used in evaluation for all of the response spectra. All response spectra were

normalized with respect to the peak ground acceleration (PGA).

Table 4.1 Characteristics of the selected earthquakes

Earthquake Date distance (km)| M, | PGA(g) |PGV (cm/s)|PGD (cm)| Site Condition|
Coyote Lake, USA 08.06.1979 3.1 5.7 0.434 49.2 7.77 ]360<Vs<750
Mammoth Lake, USA 06.28.1992 19.7 7.3 0.484 14.2 1.77 |750<Vs
Supersitition Hills, USA 24.11.1987 0.7 6.7 0.377 43.9 15.2  |360<Vs<750
Morgan Hill, USA 04.24.1984 2.6 6.2 0.423 25.3 458 ]360<Vs<750
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For the fragility analysis, a complete data set of earthquakes is required with peak
ground accelerations ranging between 0.1g and 1.0g. Due to the difficulties involved
in finding earthquake time histories with such properties, selected earthquake
records were scaled to the desired peak ground acceleration values to represent a
specific earthquake scenario. Kramer (1996) states that the recommendation of
Krinitszky and Chang (1979) that the scaling factor (the ratio of the target amplitude
to the amplitude of the record being scaled) should be kept as close to 1 as possible,
and always between 0.25 and 4.0, and the analyses be conducted with several scaled
records. Following this recommendation, peak ground accelerations of the scenario
earthquakes were selected from the database within a range of 0.30g and 0.50g to
generate the earthquakes in the target range of 0.1g and 1.0g.

Supersitition Hills EQ
Maximum Acceleration: 0.3771807g 03l

Maximum Velocity: 43.88013678cm/sec 3 o2
Vmax / Amax: 116.33717414sec
Arias Intensity: 1.70204713m/sec
A95 parameter: 0.37052125¢g

Acceleration [g]
56 o
e

0 2 4 6 8 10 12 14 16 18 20 22
Time [sec]

Coyote Lake EQ
Maximum Acceleration: 0.4339443¢ 03]
Maximum Velocity: 49.2345923cm/sec 5 02
Vmax / Amax: 113.45832241sec 0.1
Arias Intensity: 0.7746028 Im/sec
A95 parameter: 0.43285808g
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014
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Mammoth Lake EQ

Maximum Acceleration: 0.4837399¢g
Maximum Velocity: 14.20836516cm/sec
Vmax / Amax: 29.37191072sec

Arias Intensity: 0.74510883m/sec

A95 parameter: 0.48009814g
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16 18 20 22 24 26 28 30 32 34 36 38 40
Time [sec]

Morgan Hill EQ

Maximum Acceleration: 0.4230476g
Maximum Velocity: 25.27839093cm/sec
Vmax / Amax: 59.75306545sec

Arias Intensity: 0.68309056m/sec

A95 parameter: 0.42198866g
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time [sec]

Figure 4.1 Time histories and some characteristics of the selected earthquakes
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Response Spectra for Selected EQ's
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Figure 4.2 Comparison of response spectra of the selected earthquakes with the
spectra for stiff soil and rock sites according to Eurocode 8, TEC (2007) and Seed
and Idriss (1982)

4.2. Evaluation of Dynamic Loading for Actual Damage Study

In order to investigate the damage to the Bolu Tunnels during the 1999 earthquakes,
it was necessary to estimate the characteristics of dynamic loading at the
construction site of the tunnels. Since there is no bedrock ground motion record
available close to the tunnels, surface accelerograms of strong motion recording
stations had to be inspected in the affected region. Amongst the inspected strong
motion recording stations, the ones which are close to fault rupture in the vicinity of
the site and the ones having detailed subsurface ground properties available were
considered to be used in the study. Then the surface accelerograms of these selected
stations were deconvolved to bedrock motions. Finally, deconvolved ground
motions were scaled with respect to distance by using an appropriate attenuation

relationship. In the following paragraphs, the summarized process will be clarified.
Thirty ground motions were recorded during the 1999 Kocaeli earthquake and forty-

eight ground motions were recorded during the 1999 Diizce earthquake. Ground

motions were recorded by permanent recording stations operated by the Kandilli
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Observatory and Earthquake Research Institute (KOERI), the Earthquake Research
Department of the General Directorate of Disaster Affairs (ERD) and the Istanbul
Technical University (ITU) in Turkey. Additionally, after the Kocaeli earthquake
several international research institutes visited the affected area and installed
temporary recording stations to catch the aftershocks of this event. Fortunately, these
temporary stations caught the mainshock of the Diizce earthquake. These temporary
stations were installed by the Lamont Doherty Earth Observatory of Columbia
University (LD) and Observatoire de Grenoble of Joseph Fourier University. The
data sets are presented in Table 4.2 and Table 4.3 for Kocaeli and Diizce
earthquakes, respectively. As Durukal (2002) stated, the tables present station info,
soil conditions at the stations classified as NEHRP site classes, 3D peak acceleration

data and distances defined as the shortest distance to the surface fault rupture.

Table 4.2 Mw=7.4 Kocaeli earthquake strong motion data set (after Durukal, 2002)

Station Operator Soil type NS PGA (mg) EW PGA (mg) UD PGA {mg) Distance (km )
Afyon ERD Unknown 1.5 150 5.0 2329
Argelik KOERT C 2,00 % 107 132 % W' 745 % 10 216
Atakdy ITU D 1402 % 107 167 % 107 6.76 % 10 67.6
Ambarh EOERI D 253 % 107 186 % 107 TR % 10 7.0
Balikesir ERD Unknown 178 % 10 182 % 10 7.60 192.0
Bursa ERD s} 543% 10 480 25T %10 A6
Botag K.OERI C £70% 10 9RO 10 233 %10 136.4
Bursa KOERT D 101 x 107 998 % 10 4.78 % 10 63.1
Cekmece ERD D 118 X 107 896X 10 4.98 % 10 9.6
Cekmece KOERI D 177 % 107 132 % 107 5.81 % 10 6.1
Canakkale ERD Unkmown 246 % 10 286X 10 7.90 2792
Yesilkay EOERI D 9,01 % 10 BAT % 10 5.45 % 10 9.4
Dilzce ERD D 3174 % 107 315 % 107 4.80 % 107 127
Ereili ERD Unkmown 9,14 % 10 101 % 10° 5.70 % 10 145.4
Fatih EOERI D 177 % 107 162 % 107 107 % 10° 62.3
Gebze ERD B 2,65 % 107 142 % 107 1% % 107 15.6
Gtk ERD s} 116 x 107 138 % 107 1.30 % 10* 155
Heybeli K.OERI C 517% 10 L12 % 10° 1.39 % 10° 436
Istanbul ERD D 607 % 10 427 10 362 10 56.5
fznik ERD D 918 % 10 123 % 107 B2 10 .7
fzmit ERD B 1.71 % 10° 225 % 10* 1.46 % 10* 4.8
Fioca Mustafa Paga K.OERI D 9,83 % 10 128 % 107 8323 10 6.7
Kiitahya ERD s} 5.00% 10 ST 10 232 %10 152.0
Mecidiyekdy ITU C 106 % 107 140 % 107 6.45 % 10 62.3
Maslak ITU B 107 % 107 756% 10 6.01 % 10 &40
Sakarya ERD C 407 % 107 2,59 % 10° 11
Tekindali ERD Unknown 32210 335% 10 102 % 10 177.4
Usak ERD Unknown £.90 720 340 2320
Yarimca KOERT s} 1273 % 10° 231 % 10* 23 % 10" 26
Zeytinburnu ITU D 238 % 107 218 % 107 9.45 % 10 63.2

Among the recording stations presented in Table 4.2 and Table 4.3, accelerograms

from Bolu and Diizce Stations are chosen to use in the finite element analyses. Since
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these stations are not only close to the surface rupture of fault, but also close to the
Bolu Tunnels site. Additionally, much more data is available in literature regarding
to the site conditions of these stations and their basins. The chosen stations and
surface ruptures of the earthquakes are shown in Figure 4.3 with respect to the Bolu

Tunnels for comparison.

Table 4.3 Mw=7.1 Diizce earthquake strong motion data set (after Durukal, 2002)

Station perator Sail type NS PGA (mg) EW POA (mg) UD PGA (mg) Distance (km)
Afyon ERD Unknown 0 100 15 2213
Argelik KOERI C TA0 TAS5 672 134 4
Atakioy ITU ju} 164 % 100 163 10 5.45 1769
Ambarli K.OERI D 379 % 10 2E9% 10 8,13 191 8
Bajlaralti { Yalova) KOERITEMP D 227 %10 214% 10 0,54 1636
Bahgevan { Yalova) K OERITEMP D 265 % 10 2043 10 1.0 % 100 141 4
Balikesir ERD Unknown 270 240 1.70 2904
Bolu ERD ju} TAD R 10F a6 10F 200 10° 199
Bornova ERD Unknown LA 1.50 00X 107! A 4
Bursa ERD D 030 100 A.50 1670
Botas K.OERI C 429 370 1.68 5146
Bursa ERD jul 1.79 % 10 169 10 L15x 10 168 8
Cekmece K.OERI D 154 % 10 169 10 7.25 1869
Darica K.OERI D 817 151 10 632 1337
Yesilkoy KOERI D 1.76 % 10 179 10 7.33 1812
Dilzce ERD D 408 % 10° 514 107 140% 107 83
Fatih KOERI D 15T x 10 247X 10 7.58 1710
Galata Bridge KOERI D 139 % 10 1523 10 230 169 4
Gime (Yalova) K OERITEMP D 160 3¢ 10 14T 10 5TE 1403
Gletk ITU D 3553 10 4093 10 1.94 3 10 W60
Gayniik ERD D 278 % 10 2483 10 249 % 10 A58
Hastane (Yalova) K OERITEMP D 186 % 10 425% 10 171 %10 1430
Heybeli KOERI C 184 % 10 10 201 %10 1576
Hilal { Yalova) K OERITEMP D 468 % 10 10 1.97 % 10 1430
tstanbul ERD D 200 820 1607
famik ERD D 230 % 10 10 DH0 1250
Tzmit ERD B 222% 10 10 224310 114.1
Kagif (Yalova) KOERITEMP ju} 268 % 10 10 9.53 140 6
Koca Mustafa Pasa K.OERI D 148 % 10 10 T.67 1725
Kutahya ERD D 1L71% 10 10 0,40 1698
Mudurnu ERD B 121 % 10° 10 [ ] £y
Radar { Yalova) KOERITEMP jul 252 % 10 10 .05 159 4
Ruzgar (Yalova) K OERITEMP D 150 % 10 10 L7810 141 9
Sakarya ERD C 173 % 10 10 L15x 10 480
Tar (Yalova) K OERITEMP D 260 % 10 10 L1110 144.3
Tekirdag ERD Unknown 570 18D 20 4
Tosya ERD Unknown T80 410 ¥ ]
Usak ERD Unknown 0 140 267 4
Y arimea K.OERI D 180 % 10 10 1.37x 10 1000 4
Feytinbumu ITU D 452 % 10 10 213% 10 1740
V375 Karadere LD B 90 190 100
FP-1059-Karadere LD - 150 100 100
WF-531-Karadere LD - 160 60 140
FI-1062-K aradere LD - 120 @0 150
L5-1061 -Karadere LD C 100 30 170
CH-362-Karadere LD C ET] i R0
BU-106(0-Karadere LD B E1i] 20 30
St 496 FG - 736 324 -

Diizce is located close to the epicenter of the Diizce earthquake. It is located

approximately 7 km north of the fault rupture surface. Dénmez and Pujol (2005)
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Figure 4.3 Map showing ruptures of the 1999 earthquakes, strong motion recording stations and the Bolu Tunnels (ERD and EERC, 2009)



stated that the city is situated in a basin that is filled with colluvial deposits.
According to their investigations, these deposits are composed of clay, sand and
gravel. The average depth to bedrock varies between 200 and 250 meters (see Figure
4.4). Rathje et al. (2006) also reported that, the thickness of these sediments is
approximately between 175 to 225 meters according to the studies of ERD and
TUBITAK. To study the site effects, several researchers investigated the
geotechnical conditions and shear wave profiles under the Diizce strong motion
station. Kudo et al. (2002) investigated the shear wave velocities under the station up
to 1.5 km depth with array observations of microtremors and aftershocks. Rathje et
al. (2003) utilized the spectral-analysis-of-surface-waves (SASW) method up to 42
m. Additionally, Scandella et al. (2007) studied the Diizce basin and proposed a
shear wave profile up to 1 km with the help of deep borings and past geophysics
studies of the site. In the latest research, with the cooperation of ERD and EERC
(Earthquake Engineering Research Center) of METU (Middle East Technical
University) in 2009, shear wave profiles up to 30 m were investigated with down-
hole measurements. In their study, ERD and EERC also provided the borehole logs
(see Appendix D). According to these borehole logs, first 10 meters of the profile is
composed of low plastic clays and the remaining 200 meters composed of sand and
gravelly sand. According to these detailed data shear wave velocity profiles are
drawn for Diizce station in Figure 4.6 and the adopted shear wave profile by

engineering judgment used in this study is shown with red lines.

Similar to Diizce, Bolu is also situated in a basin that is filled with colluvial
deposits. Information from the limited number of boreholes available indicates that
the depth to bedrock is of the order of 100 meters (see Figure 4.5). Deep and shallow
borings show that the soils in Bolu are composed of clay, sand and gravel layers
(Dénmez and Pujol, 2005). Rathje et al. (2006) reported that there is an outcropping
Pliocene bedrock in the center of town. To study the site effects, several researchers
investigated the geotechnical conditions and shear wave profiles under the Bolu
strong motion station. Rathje et al. (2003) utilized the spectral-analysis-of-surface-
waves (SASW) method up to 40 m. Basokur (2005) used Refraction-Microtremor
(ReMi) method investigating shear wave profiles up to 64 meters. Finally, ERD and
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EERC (2009) investigated shear wave profiles up to 30 m with down-hole
measurements. In their study, ERD and EERC also provided the borehole logs (see
Appendix E). According to these borehole logs, the whole profile is composed of
low to high plastic clays. With respect to the detailed shear wave velocity
information for Bolu station, shear wave profiles are drawn in Figure 4.7 and the

profile adopted for this study by engineering judgment is shown with red lines.

With the available shear wave profiles and geotechnical information, the surface
accelerograms of Diizce and Bolu stations are deconvolved to bedrock motions by
using equivalent linear method. Software like SHAKE91 (Idriss et al., 1992) and
EERA (Bardet et al., 2000) were utilized for the analyses. For the clays, in the
analyzed profiles, modulus and damping degradation curves proposed by Vucetic
and Dobry (1991) and Sun et al. (1988) were used for comparison. For the sands,
modulus and damping degradation curves proposed by Seed et al. (1986) were
utilized. According to the results of the analyses, bedrock motions with PGA
ranging between 0.3-0.7g and 0.3-0.5g were evaluated for Bolu and Diizce,
respectively. Example outputs for variation of maximum acceleration with depth for

Diizce and Bolu stations are presented in Figure 4.8.

For the final scaling of calculated rock motions obtained from the equivalent linear
analysis, attenuation relationship proposed by Abrahamson and Silva (2008) was
employed. According to the appropriate Joyner-Boore distances together with the
average shear wave velocities, proposed PGAs on rock were calculated for Diizce
station, Bolu station and chainages of Bolu Tunnels site, respectively. Results are
presented in Table 4.4 and Table 4.5 for Diizce and Kocaeli earthquakes,
respectively. While calculating the Joyner-Boore distances, surface faults and
subsurface faults were utilized according to the study of Lettis and Barka (2000) and
Barka et al. (2002). Subsurface faults were also considered according to their study,
because this study is compliant with the mainshock and aftershock epicenters map
published in the study of Sucuoglu and Yilmaz (2001) which is shown in Figure 4.9.
Summary of the general calculation scheme for the evaluation of dynamic loading

for the tunnels is shown in Figure 4.10.
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Duzce Strong Motion Station Shear Wave Velocity Profile
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Bolu Strong Motion Station Shear Wave Velocity Profile
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Table 4.4 Calculation of distance scaling as a result of Diizce earthquake

Calculations for Distance Scaling According to Abrahamson & Silva
Section Starting Chainage| Ending Chainage (2008) for Bolu and Diizce Stations as result of Dizce EQ
Tvpe Type (g)evpetr(z:) &evp;r(;f) B Rrup Rx Vs=760 Amp_B Amp_D
No. |KM: KM:
|1 A2 1[61+222 20 61+240 34 2.28 2.28 -2.28] 0.3197| 1.6746988| 0.73443602
2 2|61+197 9 61+215 18 2.28 2.28 -2.28| 0.3197| 1.6746988| 0.73443602
3 1[61+309 85 61+519 195 2.44 2.44 -2.44] 0.3157] 1.65374542| 0.72524696
| 4 B1 2[61+523 197 61+590 201 2.56 2.56 -2.56 0.3127] 1.63803038 0.71835516
|5 3|62+227 234 62+275 223 3.17 3.17 -3.17] 0.2967| 1.55421687| 0.6815989
6 4|62+275 223 62+326 211 3.22 3.22 -3.22] 0.2953| 1.54688318| 0.67838272
| 7] 1{61+251 40 61+309 85 2.33 2.33 -2.33] 0.3184| 1.66788895| 0.73144958
| 8| B2 2|61+665 207 61+760 239 2.67 2.67 -2.67] 0.3098| 1.62283918| 0.71169309
9 3|62+200 237 62+227 234 3.17 3.17 -3.17] 0.2967| 1.55421687| 0.6815989
10 B2_invert 1[61+764 239 61+799 242 2.72 2.72 -2.72] 0.3085| 1.61602933| 0.70870664
| 11 c1 1[61+600 207 61+633 200 2.61 2.61 -2.61 0.3144| 1.64693557| 0.72226051
12 2|62+678 205 62+716 194 3.56 3.56 -3.56 0.2863| 1.49973808| 0.65770733
| 13| 1[62+644 210 62+678 205 3.5 3.5 -3.5) 0.2879] 1.50811943| 0.66138295
14 c2 2|61+806 243 61+923 252 2.78 2.78 -2.78] 0.307] 1.60817182| 0.70526074
15 3|64+340 32 64+475 28 5.11 5.11 -5.11 0.2471] 1.29439497| 0.56765449
16 1[61+923 252 61+978 248 2.89 2.89 -2.89 0.3041] 1.59298062 0.69859867
| 17| 2|62+000 239 62+030 223 2.94 2.94 -2.94] 0.3028| 1.58617077| 0.69561222
| 18| oM 3|62+030 223 62+070 230 3.06 3.06 -3.06 0.2996| 1.56940807 0.68826097
| 19| 4|62+070 230 62+106 230 3.06 3.06 -3.06 0.2996| 1.56940807 0.68826097
20 5|64+260 50 64+340 33 5 5 -5| 0.2497] 1.30801467| 0.57362738
21 6/64+150 70 64+260 50 4.94 4.94 -4.94] 0.2512] 1.31587218| 0.57707328
| 22| 1162+106 230 62+200 237 3.11 3.11 -3.11 0.2982| 1.56207438| 0.6850448
| 23] 2|62+347 208 62+644 210 3.39 3.39 -3.39) 0.2908| 1.52331063 0.66804503
24 cM 3|62+721 192 62+825 146 3.64 3.64 -3.64 0.2841] 1.48821372| 0.65265334
| 25| 4/64+050 98 64+150 71 4.83 4.83 -4.83] 0.2538| 1.32949188| 0.58304618
| 26| 5/63+940 132 64+050 98 4.78 4.78 -4.78] 0.255| 1.33577789] 0.58580289
27 6/63+880 155 63+940 132 4.72 4.72 -4.72] 0.2565| 1.34363541| 0.58924879
28 L2 1[64+475 10 64+494 2 5.17 5.17 -5.17] 0.2457| 1.28706129| 0.56443832
29 1]152+729 164 52+752 173 3.67 3.67 -3.67] 0.2834| 1.48454688| 0.65104526
[ 30| Option-3 2|63+800| 162 |63+850] 158 4.67 4.67 -4.67] 0.2577 1.34992142| 0.59200551
31 3|53+900 155 53+950 132 4.83 4.83 -4.83] 0.2538| 1.32949188| 0.58304618
32| Option-4 163+680| 162 [63+800] 162 4.56 4.56 -4.56 0.2604| 1.36406496| 0.59820813
33 1[62+820 146 62+900 119 3.72 3.72 -3.72) 0.282| 1.4772132] 0.64782908
| 34 Pilot T. 2|53+650 162 53+720 162 4.61 4.61 -4.61 0.2592| 1.35777894| 0.59545141
35 3|63+600 162 63+660 162 4.33 4.33 -4.33] 0.2662| 1.39444735| 0.61153228
35| BoluS: 8.01 8.01 801 0.1909)
37| Duzce S. 0 9.71 87 04353
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Table 4.5 Calculation of distance scaling as a result of Kocaeli earthquake

Calculations for Distance Scaling According to Abrahamson & Silva
Section Starting Chainage| Ending Chainage (2008) for Bolu and Duizce Stations as result of Kocaeli EQ
Tvpe Type CDOevpetrh ((r::) g)evp;? (cr:) 8 Rrup Rx Vs=760 Amp_B Amp_D
No. |KM: KM:
I 10614222 20  |61+240 34 444 51.3 44.4]  0.07552] 1.07211811] 0.33050328
2 2|61+197 9 |61+215 18 44.4 51.3 44.4]  0.07552] 1.07211811] 0.33050328
| 3| 1l61+309| 85 |61+519] 195 44.4 51.3 44.4]  0.07552] 1.07211811| 0.33050328
I 2061+523| 197 [61+590] 201 444 51.3 44.4]  0.07552] 1.07211811| 0.33050328
| 5| 3l62+227| 234 |e2+275| 223 45.1 52.1 451 0.07461] 1.05919932| 0.32652079
6 4l62+275| 223 |e2+326] 211 45.1 52.1 45.1|  0.07461[ 1.05919932| 0.32652079
| 7| 10614251 40  |61+309 85 444 51.3 444]  0.07552| 1.07211811| 0.33050328
| 8| B2 2|61+665| 207 |e1+760] 239 444 51.3 444]  0.07552| 1.07211811| 0.33050328
9 3l62+200| 237 |62+227| 234 45.1 52.1 451 0.07461| 1.05919932| 0.32652079
10| B2-invert 1l61+764| 239 |61+799] 242 45.1 52.1 45.1]  0.07461| 1.05919932| 0.32652079
IEE] . 1l61+600| 207 |61+633] 200 444 51.3 444]  0.07552| 1.07211811| 0.33050328
12 2l62+678| 205  |e2+716| 194 45.7 52.8 457 0.07383| 1.048126086| 0.32310722
13 1l62+644| 210 |e2+678] 205 45.7 52.8 45.7]  0.07383| 1.04812606| 0.32310722
[ 14 €2 2061+806| 243 |61+923] 252 45.1 52.1 45.1]  0.07461| 1.05919932| 0.32652079
15 3l64+340| 32 |ea+a7s| 28 46 53.1 46 0.07351| 1.04358319| 0.32170678
| 16| 1l61+923| 252 |e1+o78] 248 45.1 52.1 45.1]  0.07461| 1.05919932| 0.32652079
17 2|62+000| 239 |62+030] 223 45.1 52.1 451 0.07461| 1.05919932| 0.32652079
L] 3|62+030| 223 |e2+070] 230 45.1 52.1 45.1]  0.07461| 1.05919932| 0.32652079
| 19] 4l62+070| 230 |62+108] 230 45.1 52.1 45.1]  0.07461| 1.05919932| 0.32652079
| 20| 564+260| 50  |64+340 33 46 53.1 46| 0.07351| 1.04358319| 0.32170678
21 6l64+150| 70  |64+260 50 46 53.1 46| 0.07351| 1.04358319| 0.32170678
| 22| 1062+106| 230  |62+200] 237 45.1 52.1 45.1]  0.07461| 1.05919932| 0.32652079
| 23] 2|62+347| 208 |e2+644] 210 45.7 52.8 457 0.07383| 1.048126086| 0.32310722
| 24) 3l62+721| 192 |62+825] 146 45.7 52.8 45.7]  0.07383| 1.04812606| 0.32310722
25 4[64+050| 98  |64+150 71 46 53.1 46| 0.07351| 1.04358319| 0.32170678
26 563+940| 132 |64+050 98 46 53.1 46 0.07351| 1.04358319| 0.32170678
27 6/63+880| 155 [63+940] 132 46 53.1 46| 0.07351| 1.04358319| 0.32170678
28] 12 1l64+475] 10 |64+494 2 46 53.1 46| 0.07351| 1.04358319| 0.32170678
29 10524729 164 |52+752] 173 45.7 52.8 45.7|  0.07383[ 1.04812606| 0.32310722
39| Option-3 2|63+800| 162 [63+850] 158 46 53.1 46| 0.07351] 1.04358319] 0.32170678
31 3|53+900| 155 |53+950] 132 46 53.1 46| 0.07351| 1.04358319| 0.32170678
3p| Option-4 1l63+680| 162 |63+800] 162 46 53.1 46| 0.07351| 1.04358319| 0.32170678
33 1062+820| 146 |62+900] 119 45.7 52.8 45.7|  0.07383[ 1.04812606| 0.32310722
34 FllotT. 2|53+650| 162 |53+720| 162 46 53.1 46 0.07351| 1.04358319| 0.32170678
35 3|63+600| 162 |63+660] 162 46 53.1 46| 0.07351| 1.04358319| 0.32170678
36| BOMS. 48.56 56.06 48.56]  0.07044
37| Dzce S. 8.3 11.79 83 02285
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Figure 4.10 Summary of the general calculation scheme for the evaluation of

dynamic loading for the tunnels

4.3. Evaluation of Geotechnical Properties for Sections of Bolu Tunnels and
Dynamic Analyses

Bolu Tunnel is a well-instrumented case among the tunnels built in Turkey.
Geological and geotechnical characteristics of soil and rock formations were
documented in a detailed manner in various sources. Engineering properties of the
in-situ materials were also published in literature as well as geotechnical properties
given in design documents. However, missing properties related to Bolu Tunnels
were adopted from the literature for the same materials and behavior. Among these,
static parameters were evaluated on the basis of classical soil and rock mechanics
principles. On the other hand, deformability parameters at low strain were used for
the dynamic analyses. Utilized modulus and damping factors compatible with the
strains induced in the soil deposit and the earth structures can be found in Appendix
F. Through the analyses, all the material properties published in Aygar (2000),
Cakan (2000), Aygar (2007), Dalgi¢ (1997) and Ascioglu (2007) were reviewed and

utilized.

Since there is no shear wave velocity measurement at the site, shear wave velocity

profiling was done by the help of literature. To achieve this, equations of shear wave
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velocity change with respect to depth proposed by Boore and Joyner (1997) for
generic rock sites were utilized (see Table 4.6). As it is seen in Figure 4.11, shear
wave velocity for generic rock sites (heavy solid line) are plotted with the equations
that they proposed. Velocity model proposed by Boore (1986) and shear wave
velocity profile for very hard rock sites are also plotted in the same figure for

comparison.

Table 4.6 Velocity for generic rock site (after Boore and Joyner ,1997)

Diepth (km) Shear Velocity (km/sec)*
7 = 0.001 0.245

0.001 < z = 0.03 2.206z°7

003 <z=019 3.542.™0

019 <z:=4.00 2.505z™1%°

400 <z=800 2.92770086

#Vyo = 0.618 km/sec.

Normalized secant stiffness graphs of the materials in Bolu Tunnels are given in
Figure 4.12. The curves can be used in the equivalent linear analyses after
factorizing with initial effective vertical stresses. However, these curves are not
enough for the complete equivalent linear analyses since, damping reduction curves
are missing. In literature, studies on modulus and damping reduction curves for
rocks are limited with respect to soil classes. Thus, modulus damping reduction
curves for rock used in EPRI (1993) as quoted by the study of Hartzell et al. (2004)
were utilized in this study (see Appendix F). These modulus and damping reduction
curves change with respect to depth. Curves are divided into 8 depth groups, ranging
between 0 to 20 ft, 21 to 50 ft, 51 to 120 ft, 121 to 250 ft, 251 to 500 ft, 501 to 1000
ft, 1001 to 2000 ft and 2001 to 5000 ft. Instead of assigning an average shear wave
velocity and using one set of modulus and damping reduction curve in the equivalent
linear analyses, shear wave velocities calculated for the mentioned depth intervals

are adopted for the analyzed rock profile. In Figure 4.13, shear wave velocity versus
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depth curves are drawn with the methods and procedures mentioned in the previous

paragraphs.

As it seen from Figure 4.13, the shear wave velocity profile proposed by Astaldi
(2000) is lower than the profile proposed by Boore and Joyner (1997). The profile of
Astaldi (2000) seems to be an underestimate of Boore and Joyner (1997). However,
the curves of Astaldi (2000) are the results of experiments done for a more faulted
section of the Bolu Tunnels at the Elmalik side than for the sections which are
located at the Asarsuyu side of the tunnels. Therefore, through the analyses, a shear
wave profile which is a little bit lower than the average profile of Boore and Joyner
(1997) was utilized for rock sections on Asarsuyu side. For the sections on Elmalik

side, shear wave velocity profiles calculated by Astaldi (2000) were utilized for
rather soft materials.
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Figure 4.11 Shear wave velocity versus depth (after Boore and Joyner ,1997)
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It is very difficult to determine the bedrock depth to use in the dynamic analyses.
There is no clear borehole data or seismic measurement available. So, depth to
bedrock had to be forecasted by utilizing the available geotechnical information
related to site and literature. By using the adopted shear wave velocity profile shown
in Figure 4.13, dynamic analyses were made for a sample section with ordinal
number 1 as shown on Table 3.1 assuming the depth to bedrock below tunnel is 5 m,
10 m, 15 m, 30 m, 50 m, 75 m and 100 m, respectively. The horizontal
displacements of the soil profiles due to dynamic excitation are shown in Figure
4.14. The order of the horizontal displacement difference between the tunnel crown
and invert seems to be between 3-5 mm. The curves display a quite similar trend.
However, when Figure 4.15 is carefully examined, a clue can be found to obtain the

real bedrock depth.

According to Boore and Joyner (1997), the amplifications on rock sites can be in
excess of 3.5 at high frequencies, in contrast to the amplifications of less than 1.2 on
very hard rock sites. The site effect for the soil sites exceeds a factor of 2 over a
wide range of frequencies of importance in engineering (see Table 4.7 and Table

4.8).

Table 4.7 Node points for amplification @) for generic rock site (V30=620 m/s) b)
for generic very hard rock site (V30=2900 m/s) (after Boore and Joyner ,1997)

Frequency (Hz) Amplification®
0.01 1.00
0.09 1.10
0.16 1.18
0.51 1.42
0.84 1.58
1.25 1.74
2.26 2.06
3.17 225
6.05 2.58

16.6 313
61.2 4.00

*Amplifications at other frequencies are obtained by interpolation, as-
suming a linear dependence between log frequency and log amplification
(e.g., function sire_amp_facior in rvtdsubs. for of Boore, 1996).

a)
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Table 4.7 Continued

Frequency (Hz) Amplification®
0.01 1.00
0.10 L.o2
0.20 1.03
0.30 1.05
0.50 107
0.50 1.09
1.25 1.11
1.80 1.12
3.00 1.13
5.30 .14
8.00 1,15

14.00 115

*Amplifications at other frequencies are obtained by interpolation, as-
suming a linear dependence between log frequency and log amplification
(e.g., function site_amp_ facror in rvidsubs. for of Boore, 1996),

b)

With the amplification values in mind, it can be said easily that the bedrock depths
under the tunnels can not be smaller than 15 m, because the amplification values of
the profiles with depths 5 m and 10 m are closer to that of the very hard rock sites.
However, the site concerned in this study is not a very hard rock site. Thus, 4
choices were left. Furthermore, because in rock profiles it is expected that after a
certain depth, the value of peak ground acceleration (PGA) had to be fixed. This
behavior can be seen in the profiles with the depths of 30 m and 50 m. However, the
pseudo-static and full-dynamic analyses results of the 50 m bedrock depth were not
close to each other. The final decision was made according to comparison with the
results of pseudo-static and full-dynamic analyses. Only for the 30 m bedrock depth,
the results of the dynamic analyses came closer to each other. So, bedrock depth was
chosen as 30 m in the analyses. Dynamic analyses results of the mentioned study
above can be seen in Table 4.10. Shear wave velocity profile and finite element

models can also be seen in Appendix G and Appendix H, respectively.
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Table 4.8 Node points of amplification for various sites characterized by the average

shear-wave velocity over the upper 30 m (after Boore and Joyner ,1997)

Amplification®

Vi = 520 misec Vip = 310 m/sec Vi = 255 m/sec

Freg. (Hz) (NEHRP class C) (gemeric soil) (NEHRP class D))
0.01 1.00 1.00 1.00
0.09 1.21 1.34 1.43
0.16 1.32 1.57 1.71
051 1.59 224 2.51
0.84 1.77 2.57 292
1.25 1.96 276 3.10
2.26 225 208 3.23
3.17 242 2.95 3.18
6.05 2,70 3.05 3.18
16.60 3.25 3.18 3.18
61.20 4.15 3.21 3.18

*Values assume i, = 0.035 sec and are based on the generic rock am-
plifications (Table 3), modified by the Boore er al. (1994) site factors for
frequencies between 0.5 and 10 Hz. The modifications for frequencies out-
side this range are based on subjective judgment and are not constrained
by data. Amplifications at frequencies other than those tabulated are ob-
tained by interpolation, assuming a linear dependence between log fre-
guency and log amplification (e.g., function site_amp_factor in
rtdsubs. for of Boore, 1996).

Finite Element code PLAXIS was utilized through all dynamic analyses. To model
the behavior of geomaterials, Mohr-Coulomb model was used. For comparison, the
resultant forces are plotted on a moment interaction diagram. Moment interaction
diagrams of the analyzed tunnel sections are calculated with the code named

Response2000 (Bentz, 2001).
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4.3.1. Section for A2

A2 support class is developed especially for competent rock classes. This type of
support classes were implemented at the Asarsuyu Portals of the Bolu Tunnels,
where competent rock conditions are prevailing. In this type of rock class, rock is
stable and behaves nearly elastic. There is a possibility of local rock spalling due to
joints and gravity. Rock bolts together with shotcrete can be used to prevent local
rock spallings (see Figure 4.16). Excavation is made in stages with conventional
drill & ballast method. Deformations due to excavation are small. Detailed geometry

and properties of the section for A2 support class is given in Figure B.1.

Material: Metacrystalline Rock

Parameters:

v =23 kN/m® ¢=600 kPa

E=2000 MPa

D. v= 01430 o =40°
cover G(‘/Gy:950

Shotcrete
C20 ds=5cm

Final Lining
C30 ds=40cm

I% ~155m %I

Figure 4.16 General properties of section A2

Geotechnical properties and support details of the analyzed sections are also given in
Table 3.1 and Table 3.2 in addition to Figure 4.16. In this part of the chapter,
sections with the ordinal number 1 and 2 as shown in these tables were analyzed.
According to the drawings, the average rock cover, D¢over, above the tunnel crown
which is considered in the finite element analyses are 27.0 m and 13.5 m,
respectively. In these sections, rock formation is classified as metacrystalline and it

is slightly weathered. A summary of details is given in Table 4.9 for the analyzed
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tunnel sections. Rock strength ranges from strong to very strong having an
unconfined compressive strength ranging between 50-100 MPa to 100-250 MPa.
Parameters used in the dynamic analyses are also shown in Figure 4.16. Shear wave
velocity profiles used in the dynamic analyses are presented respectively in Figure

G.1 and Figure G.2.

Table 4.9 Summary of details for the analyzed sections (A2 Rock Class)

Deover Depth and Type of Rock Layers in the FE Model
Analyzed Depth (m) Number of Layer-1 Layer-2 Layer-3
sections rock layers
Type Depth (m) Type Depth (m) Type Depth (m)
Section-1 27 1 Metacrystalline 67 - - - -
Section-2 13.5 1 Metacrystalline 53.5

Finite element models constructed with the aid of PLAXIS software are presented in
Appendix H. As it is also seen from the previous parts of this study, results of
dynamic analyses of section A2 also correlates well with the damage data. These
sections of the tunnels survived from the 1999 earthquakes with no damage.
Resulting internal force components of the final lining obtained from the simplified,
pseudo-static and full-dynamic analyses are shown in Table 4.10. Moment
interaction diagrams of the related sections are presented in Figure 1.1 and Figure

1.2, respectively.

Table 4.10 Final results (envelope of maximum values)

Simplified Solution,
Penzien (2000), No-Slip
Section No.| N(kN/m) V(KN/m) | M(kN.m/m)| N(kN/m) V(KN/m) | M(kN.m/m) ] N(kN/m) V(KN/m) | M(kN.m/m)

1 -2191.75 12.45 24.9 -2150 -99.01 54.92 -2290 343 50.75
2 -1244.95 18.55 37.1 -1170 95.32 32.77 -1430 280 43.95

Pseudo-static Solution Full Dynamic Solution
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4.3.2. Section for B1

B1 support class is developed especially for tunnels in competent rock classes with
high overburden or intermediate rock classes at shallow depths. This type of support
class was implemented at the Asarsuyu side of the Bolu Tunnels, where these types
of rock conditions are prevailing. In this type of rock class, rock is friable. There is a
possibility of rock spalling. Rock bolts together with shotcrete can be used to
prevent rock spallings (see Figure 4.17). Excavation is made with classical drill &
ballast method in stages. Deformations due to excavation rapidly decrease. Detailed

geometry and properties of the section for B1 support class is given in Figure B.2.

Material: Marble Material: Metacrystalline Rock Material: Metasediment

Parameters: Parameters: Parameters:

y =25 kN/m® ¢=500 kPa y =23 kN/m® ¢=600 kPa v =23 kKN/m’ ¢=25 kPa

E=4000 MPa E=2000 MPa E=0.2(c’) MPa

v=0.25 ¢ =40° v=0.30 ¢ =40° v=0.30 o =20°
Dcover GJ/c', =High Gy/o', =950 G/, =825

SN-Rock Bolts Material: Fault Gouge Clay

O=28mm

Shotcrete
C20 ds=10cm

Parameters:

¥ =20 kN/m’ ¢=75 kPa
E=200 MPa

v=0.30 p=21°
Gy/c', =700

Final Lining
C30 ds=40cm

~10.0 m

Shotcrete
C20 ds=5cm

Figure 4.17 General properties of section B1

Geotechnical properties and support details of the analyzed sections are also given in
Table 3.1 and Table 3.2 in addition to Figure 4.17. In this part of the chapter,
sections with the ordinal number 3, 4 and 5 as shown in these tables were analyzed.
According to the drawings, the average rock cover, D¢over, above the tunnel crown
which is considered in the finite element analyses are 130.0 m, 201.0 m and 229.0
m, respectively. In sections 3 and 4, rock formation is classified as metacrystalline

and it is slightly to moderately weathered. Rock strength can be ranged from strong
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to very strong having an unconfined compressive strength ranging between 50-100
MPa to 100-250 MPa. Additionally, only for section 4, there is a metasediment rock
layer at the top of metacrystalline layer. These layers are separated with gouge clay
formation. In section 5, rock formation is classified as marble and it is slightly to
moderately weathered. Rock strength ranges from strong to very strong having an
unconfined compressive strength ranging between 50-100 MPa to 100-250 MPa.
Parameters used in the dynamic analyses are also shown in Figure 4.17. A summary
of details is given in Table 4.11 for the analyzed tunnel sections. Shear wave
velocity profiles used in the dynamic analyses are presented in Figure G.3, Figure

G.4 and Figure G.5, respectively.

Table 4.11 Summary of details for the analyzed sections (B1 Rock Class)

Decover Depth and Type of Rock Layers in the FE Model
Analyzed Depth (m) Number of Layer-1 Layer-2 Layer-3
sections rock layers
Type Depth (m) Type Depth (m) Type Depth (m)
Section-3 130 1 Metacrystalline 170 - - - -
Section-4 201 3 Metasediment 75 Fault Gouge Clay 5 Metacrystalline 161
Section-5 229 1 Marble 269

Finite element models constructed with the aid of PLAXIS software are presented in
Appendix H. As it is also seen from the previous parts of this study, results of
dynamic analyses of section Bl also correlates well with the damage data. These
sections of the tunnels survived from the 1999 earthquakes with no damage.
Resulting internal force components of the final lining obtained from the simplified,
pseudo-static and full-dynamic analyses are shown in Table 4.12. Moment
interaction diagrams of the related sections are presented in Figure 1.3, Figure 1.4

and Figure 1.5, respectively.

Table 4.12 Final results (envelope of maximum values)

Simplified Solution,

Penzien (2000), No-Slip Pseudo-static Solution Full Dynamic Solution

Section No.| N(kN/m) V(KN/m) | M(kN.m/m) | N(kN/m) V(KN/m) | M(KN.m/m) ] N(kN/m) V(kKN/m) | M(KN.m/m)
3 -5341.06 -14.18 -28.37 -6580 -520.57 179.66 -5840 -617.3 180.03
4 -5876.22 -10.64 -21.28 -5490 410.37 131.29 -4530 874.04 195.78
5 -5950.44 -13.24 -26.48 -7480 871 167 -4880 -494.43 145.45
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4.3.3. Section for B2

B2 support class is developed especially for tunnels in intermediate rock classes
with high overburden or weak rock classes at shallow depths. This type of support
class was implemented at the Asarsuyu side of the Bolu Tunnels, where these types
of rock conditions are prevailing. In this type of rock class, rock is heavily friable.
Stand-up time of unsupported span is short. A systematic support pattern is required
with rock bolts and shotcrete (see Figure 4.18). Excavation is made with drill and
ballast method or mechanical excavation equipments in stages. There is a potential
of deep and sudden failures if systematic support installation is delayed. Detailed

geometry and properties of the section for B2 support class is given in Figure B.3.

Material: Metacrystalline Rock

Parameters:

¥ =23 kN/m’ ¢=600 kPa
E=2000 MPa

v=0.30 o =40°
Dcover Gy/o, =950

Rock Bolts
O=28mm

Final Lining
C30 ds=40cm

Shotcrete
C20 ds=15cm

Figure 4.18 General properties of section B2

Geotechnical properties and support details of the analyzed sections are also given in
Table 3.1 and Table 3.2 in addition to Figure 4.18. In this part of the chapter, section
with the ordinal number 7 as shown in these tables was analyzed. According to the
drawings, the average rock cover, D¢over, above the tunnel crown considered in the

finite element analyses is 62.5 m. In section 7, rock formation is classified as
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metacrystalline and it is slightly to moderately weathered. Rock strength ranges
from medium strong to strong having an unconfined compressive strength ranging
between 25-50 MPa to 50-100 MPa. Parameters used in the dynamic analyses are
also shown in Figure 4.18. A summary of details is given in Table 4.13 for the
analyzed tunnel section. Shear wave velocity profile used in the dynamic analyses is

presented in Figure G.6.

Table 4.13 Summary of details for the analyzed sections (B2 Rock Class)

Dcover Depth and Type of Rock Layers in the FE Model
Analyzed Depth (m) Number of Layer-1 Layer-2 Layer-3
sections rock layers
Type Depth (m) Type Depth (m) Type Depth (m)
Section-7 62.5 1 Metacrystalline 102.5 - - - -

Finite element models constructed with the aid of PLAXIS software are presented in
Appendix H. As it is also seen from the previous parts of this study, results of
dynamic analyses of section B2 also correlates well with the damage data. This
section of the tunnels survived from the 1999 earthquakes with no damage.
Resulting internal force components of the final lining obtained from the simplified,
pseudo-static and full-dynamic analyses are shown in Table 4.14. Moment

interaction diagrams of the related section are presented in Figure 1.6.

Table 4.14 Final results (envelope of maximum values)

Simplified Solution,
Penzien (2000), No-Slip
Section No.| N(kN/m) | V(kN/m) [M(kN.m/m)

7 3114.91] -18.63] -37.25

Pseudo-static Solution Full Dynamic Solution

N(kN/m) | V(kN/m) [M(kN.m/m)
-3930] -382.83] 99.63)

N(kN/m) | V(kN/m) [M(kN.m/m)
-3020] -489.76| 65.3
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4.3.4 Section for CM

Generally C support classes are developed especially for tunnels in highly pressure
exerting rock masses. As Ascioglu (2007) summarizes, this kind of rock masses are
characterized by plastic and deep failure zones extending far into the rock masses.
However, C support classes had to be modified during the construction of the
tunnels due to the long lasting deformation rates. Aygar (2000) stated that the
solution to this problem was to design a more rigid lining system. With this idea,
CM (C modified) support classes started to be implemented at Bolu Tunnels. In his
thesis, he called all the support types which were out of NATM principles as CM
support classes including Option-3 and Option-4. This type support class was
implemented at the Asarsuyu metasediments, Elmalik flyschoid series and clayey
fault zones. A heavy systematic support pattern is required with rock bolts in a dense
pattern and a thick shotcrete (see Figure 4.19). Excavation is made with smooth
blasting method and conventional excavators in a top heading, bench and invert
sequences. Detailed geometry and properties of the section for CM support class is

given in Figure B.4.

Geotechnical properties and support details of the analyzed sections are also given in
Table 3.1 and Table 3.2 in addition to Figure 4.19. In this part of the study, sections
with the ordinal number 25, 26 and 27 as shown in these tables were analyzed.
According to the drawings, the average rock cover, Deover, above the tunnel crown
which is considered in the finite element analyses are 75 m, 105 m and 120 m,
respectively. In section 25 rock formation is classified as metacrystalline and it is
moderately to completely weathered. Rock strength ranges from medium strong to
very weak having an unconfined compressive strength ranging between 1-5 MPa to
25-50 MPa. Additionally, there are fault gouge clay and flyschoid layers at the top
of metacrystalline layer. In sections 26 and 27, rock formation is classified as highly
plastic brown to red and black fault gouge clay. Weathering grade of the rock
masses ranges from residual soil to highly weathered. Rock strength ranges from
extremely weak to weak having an unconfined compressive strength ranging
between 0.25-1 MPa to 5-25 MPa. Parameters used in the dynamic analyses are also

shown in Figure 4.19. A summary of details is given in Table 4.15 for the analyzed
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tunnel sections. Shear wave velocity profiles used in the dynamic analyses are

presented in Figure G.7, Figure G.8 and Figure G.9, respectively.

Material: Heavily Faulted Metacrystalline Rock

Parameters:

y =23 kN/m® ¢c=50 kPa
E=300 MPa

v=0.30 h=25°
Go/c'y =600

DCOVCT

Material: Flyschoid Rock Material: Brecciated Sandstone Material: Fault Gouge Clay
Parameters: Parameters: Parameters:

v =23 kN/m’ c=100 kPa y =23 kN/m’ c=150 kPa y =20 kN/m’ ¢=75 kPa
E=0.386(c")""' MPa E=550 MPa E=200 MPa

v=030  ¢=22°(Low PI), 17° (High PI) v=0.30 p=21° v=0.30 $=21°
Gy/o ', =650 (Low PI), 500 (High PI) G/o’, =700 Gy/c, =700

Material: High PI Fault Gouge Clay

Parameters:

y =23 kN/m’ ¢c=100 kPa

E=250 MPa
v=0.30
Go/o'y =600

IBO-Rock Bolts

Shotcrete
C20 ds=45cm

®=32/20mm

~15.0m

Figure 4.19 General properties of section CM

p=24

Final Lining
C30 ds=40cm

Reinforced-Concrete
Invert C30

Detailed construction sequences and geotechnical properties are also found in Cakan

(2000), Asgioglu (2007) and Aygar (2007).
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Table 4.15 Summary of details for the analyzed sections (CM Rock Class)

Deover Depth and Type of Rock Layers in the FE Model
Analyzed Number of Layer-1 Layer-2 Layer-3 Layer-4 Layer-5
: Depth (m)
sections rock layers
Type Depth (m) Type Depth (m) Type Depth (m) Type Depth (m) Type Depth (m)
Section-25 75 3 High P Flyschoid 15 Fault Gouge Clay| ~ 47.5 Heavlly Falted 58 -
X Brecoiated Figh P Fault

Section-26 105 4 Fault Gouge Clay| 22 antsions 14 High P Flyshoid 44 égwge i 78
Section-27 120 5 Low PI Flyschoid 31 Fault Gouge Clay} 3 Brecciated Sandstone 20 High P Flyschoid 53 r:s‘i::e‘ ET:" 58

Finite element models constructed with the aid of PLAXIS software can be seen in

Appendix H. As it is also seen from the previous parts of the study, results of

dynamic analyses of section CM also correlates well with the damage data. These

sections of the tunnels collapsed during the 1999 earthquakes. Resulting internal

force components of the shotcrete lining obtained from the simplified, pseudo-static

and full-dynamic analyses are shown in Table 4.16. Moment interaction diagrams of

the related sections are presented in Figure 1.7, Figure 1.8 and Figure 1.9,

respectively.

Table 4.16 Final results (envelope of maximum values)

Simplified Solution,
Penzien (2000), No-Slip

Pseudo-static So

lution

Full Dynamic Solution

Section No.| N(kN/m) V(KN/m) | M(kN.m/m) | N(kN/m) V(KN/m) | M(kN.m/m) ] N(kN/m) V(KN/m) | M(kN.m/m)
25 -7924.65 -37.39 -74.79 -11020 -1750 787 -28790 -2400 861.94
26 -10757.38 -30.12 -60.25 -12540 -2280 833.8 -36500 -3350 813.79
27 -11274.05 -30.13 -60.26 -12280 -2160 670.22 -35770 -3280 1530
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4.3.5. Section for Option-3

Option-3 is a construction technique developed particularly for the excavation of
flyschoid sequences and clay gouge zones not longer than 20 m. As Cakan (2000)
stated, this type of support class was implemented at the Elmalik side of the Bolu
Tunnels, where long term creep deformation was expected, but no sudden
deformation close to the face was predicted. Rock, where this type of support was
implemented, is unstable and shows plastic behavior. Excavation is performed with
conventional excavators and back-hoes in top heading, bench and invert sequence
using shotcrete and rock bolts. Initial support system involves advancing top
heading face with a shotcrete thickness of 40 cm. There is an additional temporary
shotcrete invert of 50 cm to stabilize the fast ground deformations. The lengths of
rock bolts used were 9.0 m and 12.0 m. Following the ring closure with a deep
monolithic concrete invert, initial support system was fortified by 60 cm thick cast
in-situ C40 concrete intermediary (Bernold) lining. Ductility of the lining was
increased with addition of steel fibers. Detailed geometry and properties of the

section for Option-3 is given in Figure B.5.

Geotechnical properties and support details of the analyzed sections are also given in
Table 3.1 and Table 3.2 in addition to Figure 4.20. In this part of the chapter,
sections with the ordinal number 29, 30 and 31 as shown in these tables were
analyzed. According to the drawings, the average rock cover, Dcover, above the
tunnel crown which is considered in the finite element analyses are 170.0 m, 147.0
m and 97.0 m, respectively. In Section-29, rock formation is classified as
metasediment underlain by fault gouge clay and it is moderately to completely
weathered. Rock strength can be ranged from extremely weak to very weak having
an unconfined compressive strength ranging between 0.25-1 MPa to 1-5 MPa.
Section-30 is composed of 5 different rock types and Section-31 is composed of 3
different rock types as shown in Table 4.17. Tunnel was excavated through highly
faulted rock series. Rock strength ranges from very weak to extremely weak having
an unconfined compressive strength ranging between 0.25-1 MPa to 1-5 MPa.
Parameters used in the dynamic analyses are also shown in Figure 4.17. A summary

of details is given in Table 4.17 for the analyzed tunnel sections. Shear wave
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velocity profiles used in the dynamic analyses are presented in Figure G.10, Figure

G.11 and Figure G.12, respectively.

DCOVSI‘

~16.0 m

Material: Calcerous Sandstone

Parameters:

y =23 kN/m’ ¢=50 kPa
E=0.386(c")""' MPa
v=10.30 ¢=30°
Go/c ', =825

Material: Brecciated Sandstone

Parameters:

y =23 kN/m® c=150 kPa
E=550 MPa

v=0.30 o=21°
Gy/c', =700

IBO-Rock Bolts
®=32/20mm

[ €&—— ~190m

Material: Metasediment

Parameters:

y =23 kN/m’ ¢c=25 kPa
E=0.2(c’) MPa

v=0.30 ¢ =20°
G,/o’, =825

Material: High PI Fault Gouge Clay
Parameters:

v =23 kN/m® ¢=100 kPa

E=250 MPa

v=0.30
G/, =600

¢=24°

Excavation Stage 1

Excavation Stage 2

Excavation Stage 3

Figure 4.20 General properties of Option-3

Material: Fault Gouge Clay

Parameters:

¥ =20 kN/m® ¢c=75 kPa
E=200 MPa

v=0.30 o=21°
Gy/c', =700

Material: Flyschoid Rock

Parameters:

v =23 kN/m® ¢=100 kPa
E=0.386(c")""' MPa
v=0.30
G/, =650 (Low PI), 500 (High PI)

¢ =22° (Low PI), 17° (High PI)

Final Lining
C40 ds=60cm

Bernold Lining
C40 ds=60cm

Shotcrete

C20 ds=40cm

Reinforced-Concrete
Invert C30

Detailed construction sequences and geotechnical properties are also found in Cakan

(2000), Asgroglu (2007) and Aygar (2007).

Table 4.17 Summary of details for the analyzed sections (Option-3 Rock Class)

Deover Depth and Type of Rock Layers in the FE Model
Analyzed Depth (m) Number of Layer-1 Layer-2 Layer-3 Layer-4 Layer-5
sections rock layers
Type Depth (m) Type Depth (m) Type Depth (m) Type Depth (m) Type Depth (m)
Section-29 170 3 Soloorous 42 Metasediment 141 Fault Gouge Clay 33 - - - -
Section-30 147 5 Low PI Flyschoid 59 Fault Gouge Clay] 5 :;‘ZCS'::T\Z 19 High PI Flyschoid| 52 *:3“9):;' ET:“ 58
Section-31 97 3 Fault Gouge Clay 34 High PI Fyschoid 50 222;‘ 2:}:‘ 59

72




Finite element models constructed with the aid of PLAXIS software can be seen in

Appendix H. As it is also seen from the previous parts of the study, results of

dynamic analyses of Option-3 also correlates well with the damage data. These

sections of the tunnels collapsed during the 1999 earthquakes. Resulting internal

force components of the Bernold lining obtained from the simplified, pseudo-static

and full-dynamic analyses are shown in Table 4.18. Moment interaction diagrams of

the related sections are presented in Figure 1.10, Figure 1.11 and Figure 1.12,

respectively.

Table 4.18 Final results (envelope of maximum values)

Simplified Solution,
Penzien (2000), No-Slip

Pseudo-static Solution

Full Dynamic Solution

Section No.| N(kN/m) V(kN/m) [M(KN.m/m)] N(kKN/m) V(kN/m) [M(KN.m/m)] N(kKN/m) V(KN/m)  [M(kN.m/m)
29 -13730.21 -47.71 -95.42 -12590 -3160 1410 -43240 4720 1570
30 -14994.94 -62.25 124.49 -11410 -2750 1360 -28480 5270 2570
31 -12119.8 -81.48 -162.96 -13060 -2340 1820 -23450 2640 2280
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4.3.6. Section for Option-4

Option-4 is the only solution for the unfavorable ground conditions. It is a

construction technique developed particularly for the excavation of clay gouge zones

longer than 20 m which was a case at the Elmalik side of the Bolu Tunnels. As

Cakan (2000) stated, the main philosophy is the precreation of a stiff abutment for

the top heading prior to main tunnel advance. For this reason, two 5 m diameter pilot

tunnels were excavated at bench level. Then these bench pilot tunnels were

backfilled with C30 reinforced concrete. Excavation was performed with

conventional excavators and back-hoes in top heading, bench and invert sequence.

Due to the rather stiff support system, rock bolts were not installed. Detailed

geometry and properties of the section for Option-4 is given in Figure B.6.

Material: Flyschoid Rock Material: Brecciated Sandstone Material: Fault Gouge Clay
Parameters: Parameters: Parameters:
y =23 kN/m’ c=100 kPa y =23 kN/m® ¢=150 kPa y =20 kN/m® c=75 kPa
E=0.386(c")""' MPa E=550 MPa E=200 MPa
v=030  ¢=22°(Low PI), 17° (HighPI) v =0.30 $=21° v=030 $=21°
Degver  Go/o'v =650 (Low PI), 500 (High PT) G,/c’, =700 G/, =700
Final Lining
C30 ds=60cm
S Bernold Lining
C40 ds=80cm
Bench Pilot Tunnel | i
Shotcrete N SN
C20 ds=30cm Shoterete
C20 ds=30cm
Excavation Stage 1
Reinforced-Concrete
~16.0 m Bench Pilot Tunnel C30
D=5.7m
Excavation Stage 2
Reinforced-Concrete
/ Invert C30
Excavation Stage 3 "

[ ~24.5m

Figure 4.21 General properties of Option-4
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Geotechnical properties and support details of the analyzed sections are also given in
Table 3.1 and Table 3.2 in addition to Figure 4.21. In this part of the chapter, section
with the ordinal number 32 as shown in these tables is analyzed. According to the
drawings, the average rock cover, Dcover, above the tunnel crown which is considered
in the finite element analyses is 156.5 m. In Section-32, rock formation is classified
as flyschoid and it is moderately to completely weathered. Rock strength ranges
from extremely weak to very weak having an unconfined compressive strength
ranging between 0.25-1 MPa to 1-5 MPa. Parameters used in the dynamic analyses
are also shown in Figure 4.21. A summary of details is given in Table 4.19 for the
analyzed tunnel sections. Shear wave velocity profile used in the dynamic analyses

is presented in Figure G.13.

Table 4.19 Summary of details for the analyzed section (Option-4 Rock Class)

Deover Depth and Type of Rock Layers in the FE Model
Analyzed Depth (m) number of Layer-1 Layer-2 Layer-3 Layer-4
sections rock layers
Type Depth (m) Type Depth (m) Type Depth (m) Type Depth (m)
Section-32 156.5 4 Low Pl Flyschoid 78 Fault Gouge Clay 6 ::Zi‘f;ig 35 High P! Flyschoid 83

Detailed construction sequences and geotechnical properties are also found in Cakan

(2000), Asgioglu (2007) and Aygar (2007).

Finite element models constructed with the aid of PLAXIS software can be seen in
Appendix H. As it is also seen from the previous parts of this study, results of
dynamic analyses of Option-4 also correlates well with the damage data. These
sections of the tunnels collapsed during the 1999 earthquakes. Resulting internal
force components of the Bernold lining obtained from the simplified, pseudo-static
and full-dynamic analyses are shown in Table 4.20. Moment interaction diagrams of

the related section are presented in Figure 1.13.

Table 4.20 Final results (envelope of maximum values)

Simplified Solution,

Penzien (2000), No-Slip

Pseudo-static Solution

Full Dynamic Solution

Section No.

N(KN/m) | V(kN/m)_[M(kN.m/m)

N(KN/m)_|_V(kN/m) | M(kN.m/m)

N(KN/mM)_|_V(kNIm) | M(kN.m/m)

32

-15439] -125.13] -250.26

-16900 -2330] 4300

-30610| 5850] 5780
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4.3.7. Section for Pilot Tunnels

Pilot tunnel was driven due to the unfavorable ground conditions for ground
investigation purposes. This tunnel was excavated in full face within the left tube of
Bolu Tunnels. By the help of this pilot tunnel sufficient geotechnical data was
gained for the excavation of the problematic sections of the Bolu Tunnels. Pilot

Tunnel has a 4.6 m inner diameter. The supporting element is shotcrete.

Material: Brecciated Sandstone Material: Flyschoid Rock Material: Fault Gouge Clay
Parameters: Parameters: Parameters:
v =23 kN/m’ c=150 kPa y =23 kKN/m’ ¢c=100 kPa ¥ =20 kN/m’ ¢c=75 kPa
E=550 MPa E=0.386(c")"’' MPa E=200 MPa
v=0.30 p=21° v=030  ¢=22°(LowPI), 17° (HighPI) ~ v=0.30 $=21°
Gy/c', =700 G/, =650 (Low PI), 500 (High PI) Go/c , =700
Deover Material: Metasediment Material: Calcerous Sandstone
Parameters: Parameters:
y =23 kN/m’ c=25 kPa y =23 kN/m’ ¢=50 kPa
E=0.2(c") MPa E=0.386(c")""' MPa
v=0.30 ¢=20° v=030 $=30°
- Go/o =825 GJo, =825
~58m Shotcrete
C30 ds=45cm

Figure 4.22 General properties of Pilot Tunnel

Geotechnical properties and support details of the analyzed sections are also given in
Table 3.1 and Table 3.2 in addition to Figure 4.22. In this part of the chapter, section
with the ordinal number 33 and 34 as shown in these tables are analyzed. According
to the drawings, the average rock cover, D¢over, above the tunnel crown which is
considered in the finite element analyses are 147 m and 163 m, respectively. In
Section-33, rock formation is classified as high PI fault gouge clay and it is
moderately to completely weathered. In Section-34, rock formation is classified as
flyschoid and it is moderately to completely weathered. For both rock formations,

rock strength ranges from extremely weak to very weak having an unconfined
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compressive strength ranging between 0.25-1 MPa to 1-5 MPa. Parameters used in
the dynamic analyses are also shown in Figure 4.22. A summary of details is given
in Table 4.22 for the analyzed tunnel sections. Shear wave velocity profiles used in

the dynamic analyses are presented in Figure G.14 and Figure G.15, respectively.

Table 4.21 Summary of details for the analyzed section (Pilot Tunnel)

Decover Depth and Type of Rock Layers in the FE Model
Analyzed Depth (m) number of Layer-1 Layer-2 Layer-3 Layer-4
sections rock layers
Type Depth (m) Type Depth (m) Type Depth (m) Type Depth (m)
Section-33 147 3 Satoerous 63 Metasediment 56 Fault Gouge Clay 64 _
Section-34 163 4 Low Pl Flyschoid 78 Fault Gouge Clay 6 ::Zi‘f;ig 35 High P! Flyschoid 83

Finite element models constructed with the aid of PLAXIS software can be seen in
Appendix H. As it is also seen from the previous parts of the study, results of
dynamic analyses of pilot tunnels also correlates well with the damage data. These
sections of the tunnels were heavily damaged and collapsed during the 1999
earthquakes. Resulting internal force components of the shotcrete lining obtained
from the simplified, pseudo-static and full-dynamic analyses are shown in Table
4.22. Moment interaction diagrams of the related sections are presented in Figure

1.14 and Figure 1.15, respectively.

Table 4.22 Final results (envelope of maximum values)

Simplified Solution,
Penzien (2000), No-Slip
Section No.] N(kN/m) V(kN/m) |M(kN.m/m) | N(kN/m) V(KN/m) |M(kkN.m/m) ] N(kN/m) V(KN/m) [M(kN.m/m)

33 -6377.45 -57.38 -114.75 -10370 -568.09 455.9 -15170 2060 2500

Pseudo-static Solution Full Dynamic Solution

34 -7630.86 -79.15 -158.29 -10580 -447.37 416.27, -13130 1190 1180
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4.4. Seismic Response Analysis Results for Vulnerability Assessment

To make vulnerability assessment and to construct the respective fragility curves
pseudo-static dynamic analyses of the selected sections were repeated in this part for
the preselected earthquakes as explained at the beginning of this chapter. Tunnel
sections used in this vulnerability assessment were selected amongst the collapsed
and heavily damaged ones. Totally 5 sections were prepared and these were
analyzed with 4 different earthquakes each scaled to peak ground accelerations of
0.2g, 0.4g, 0.6g, 0.8g and 1.0g, respectively. Hence, each tunnel section was
analyzed with 20 time histories and a total of 100 pseudo-static dynamic analyses
were performed. For each time history, free-field displacements were calculated, and
then these horizontal displacements are applied to the calibrated finite-element

models.

Displacements applied to the finite element models and calculated damage indexes

for the selected 5 sections are presented in Appendix J.
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CHAPTER 5

ASSESSMENT OF FRAGILITY CURVES FOR TUNNELS

In this part, analytical fragility curves are developed based on the approach of
Argyroudis et al. (2007). In the fragility formulations, lognormal distribution is
assumed as recommended by ALA (2001). Fragility curves are generated using the

expression given below:
1S

F(@S,) = d{—ln(—a)} (5.1)
FA

where, F is the cumulative distribution function, ® is the standard cumulative
distribution function showing the probability of i damage state to occur for a given
peak ground acceleration of S,, B is the logarithmic standard deviation of S, and A;

is the median spectral acceleration necessary to cause the it damage state.

For the construction of fragility curves, the damage index ranges presented in Table
5.1 corresponding to the defined damage states proposed by Argyroudis et al. (2005)
based on the past experience of observed damage in tunnels and the engineering
judgment were studied as a reference together with his methodology. In this study,
as previously stated, quantification of the damage states was based on a damage
index (DI) that is defined as the ratio of the developing moment as a result of the
earthquake loading (M) to the moment resistance of the tunnel lining (Mq). The
ranges of damage index which were used for the construction of fragility curves in

this study are shown in Table 5.2.
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Table 5.1 Relationship between damage index (DI=M.q/M;q) and the damage state

(after Argyroudis et al., 2005)

Damage Index-Dl

Damage State

DI<0.70

No Damage

0.70<DI<1.00

Minor Damage

1.00<DI<1.30

Moderate Damage

1.30 <DI<1.80

Extensive Damage

In the literature, damage is defined based on four or five states as similar to
Argyroudis et al. (2005) in Table 5.1, which are identified as from no damage to
failure damage state. Due to the difficulty involved in quantification between the
minor and moderate damage states for tunnels, damage was categorized into 3 states
in this study. New damage indexes as a result of this study with the modification of

Argyroudis et al. (2005) are presented in Table 5.2.

Table 5.2 Proposed ranges of damage index and the corresponding damage states

Damage Index-DlI Damage State
DI<0.65 No Damage
0.65<DI<1.00 Minor and Moderate Damage
1.00<DI<1.50 Extensive Damage and Failure

The upper limit damage index value of 0.65 corresponding to no damage state was
evaluated through the seismic response analyses of the undamaged sections as
summarized in Table 3.1. The evaluation of the damage index value is based on the
moment-interaction diagrams which were calculated from the pseudo-static seismic
response analyses of the tunnel sections. Damage index value of 0.65 can also be
checked from the moment interaction diagrams presented in Appendix I (see Figure

I.1 through Figure 1.6).
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The lower limit damage index value of 1.00 corresponding to extensive damage and
failure was evaluated through the seismic response analyses of heavily damaged and
failed sections as summarized in Table 3.1. The value is based on the moment-
interaction diagrams which were developed utilizing the outcome of the pseudo-
static seismic response analyses of the tunnel sections. Damage index value of 1.00
can also be checked from the moment interaction diagrams presented in Appendix I

(see Figure 1.7 through Figure 1.13).

The upper limit damage index value of 1.50 corresponding to extensive damage and
failure was evaluated graphically by the methodology proposed by Argyroudis et al.
(2007). Following this methodology, seismic response was calculated at the tunnel
sections by the pseudo-static method for a set of 100 time histories using finite
element models as explained in detail in Chapter 4 of this study. The finite element
models and the calculated pseudo-static deformations are presented in Appendices H
and J, respectively. Finally, the damage indexes are calculated in Appendix J and
plotted in Figure 5.1 for calculating the median damage spectral acceleration for

extensive damage and failure.

Three curves were fitted to the data presented in Figure 5.1 for comparison. To
remain on the safe side exponential fit was selected amongst, which yields higher
damage index values. An upper value of damage index for extensive damage and
failure was needed to quantify the median spectral acceleration for this damage state.
The upper value was selected as that corresponding to the possible maximum value
of peak ground acceleration on rock (PGARgeck). Although quite uncommon, values
in excess of 1.0g are reported in literature for PGAgek. As an upper limit for the
PGA of graph in Figure 5.1, 1.2g was selected based on Strasser and Bommer
(2009). When the best fit curves in Figure 5.1 are examined, it is observed that the
damage index values corresponding to 1.2g exceed 1.5 in all of the curves.

Therefore, 1.5 was selected for an upper boundary.
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As it is observed in Figure 5.1, median spectral acceleration for extensive damage
and failure was determined as 0.91g. With this value in hand, corresponding fragility
curve is finally generated in Figure 5.2. Lognormal standard deviation value 3, was

taken as 0.5 as recommended by ALA (2000) in plotting of the curve.

FRAGILITY CURVES
! = P
¢/ -
/
0.8 K4
/
z L)
E 06" 1)
° ‘ /
£ ')
& { / /
g . - ALA Minor Damage
S 04 — - - ALA Moderate Damage
ALA Extensive Damage
— - HAZUS Minor Damage
ook HAZUS Moderate Damage | |
’ BOLU Damage
—— BOLU Minor and Moderate Damage
P BOLU Extensive Damage and Failurg
. 1 I
0 0.5 1 1.5 2

PGA Rock
Figure 5.2 Comparison of fragility curves

To compare with the fragility curves which existing in literature, fragility curves for
no damage and minor and moderate damage states can also be generated with the
derived data. The fragility curve corresponding to the no damage state is the damage
curve. From Figure 5.1, median spectral acceleration for no damage and minor and
moderate damage states can be determined as 0.40g and 0.76g, respectively.
Lognormal standard deviation values [, were taken as 0.4 and 0.6 as recommended
by ALA (2000). With these values, corresponding fragility curves are generated in
Figure 5.2 by utilizing Equation 5.1.

83



CHAPTER 6

RESULTS AND DISCUSSION

While evaluating the bedrock motions for the stations, a wide range of PGA values
were calculated especially for the Bolu station. This can be attributed to the broad
variability of the ground properties. Additionally, selection of modulus and damping
curves used in the analyses of site response affects the results. Using the PGA values
in that wide range, representative realistic bedrock accelerograms can be derived
based on comparisons with the inflicted damage recorded in Bolu Tunnels. This

approach was used for the analyzed sections of Bolu Tunnels in Chapter 4.

Due to the process of deconvolution, shown schematically in Figure 4.10, at the
depth of tunnels peak accelerations in Bolu and Diizce earthquake records were
reduced with respect to PGA. This observation is in compliance with the findings of
the study by Shimizu et al. (1996), which consisted of monitoring distant earthquake
strong motion vibrations in the underground test facility at the Kamaishi Mine,
Japan. They concluded that, the accelerations at 650 m and 150 m below the ground

surface were in the range of 50-25% and 100-50% of the surface value, respectively.

Based on the results attained in the dynamic analyses, it can be said that the methods
performed better for shallow tunnels with respect to deep tunnels. Compared to the
pseudo-static and full-dynamic methods, the predictive capability of the analytical
(simplified) method is low due to limitations relating to the tunnel geometry and
excavation phases involved in the construction process. However, with the approach
used in this study, the predictive capability of the analytical method under dynamic

excitation was enhanced particularly for the case of axial forces in the lining. For
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this purpose, the average dynamic modulus of elasticity (Egyn)ave Was utilized in
place of the average static modulus of elasticity of the medium (Eeq)ave into which
the tunnel is built, as proposed by Penzien and Wu (1998). In this study, (Edyn)ave 18
calculated based on the average shear wave velocity profile of the geotechnical
model. A typical calculation spread-sheet is shown in Appendix A. On the other
hand, enhancement in the prediction capability of the analytical method for the shear

forces and moments developing in the liner was not as much that for the axial forces.

The shear forces and moments estimated by the simplified solution appear to be
relatively smaller than those resulting from the pseudo-static and full-dynamic
solutions. This difference can be attributed to the assumption that the internal forces
caused only by the ovaling deformations, which means that the variations in the
earth load triggered due to seismic activity is not taken into account in the analytical
approach. If the ground is considered to be massless in the pseudo-static and full-
dynamic solutions, results attained using simplified approach can be validated in
terms of shear forces and moments as well, as it was also shown by Hashash (2005).
For validating the dynamic sectional resultants calculated by the simplified method,
Penzien (2000) recommends to add these resultants with those due to geostatic
stresses which can be calculated roughly by the methods described by AFTES
(1988). However, with the formulations used in this study for analytical solution,
superposition of static and dynamic axial forces is not required. On the other hand,
the results for shear forces and moments calculated with this methodology should be

studied in greater detail.

The pseudo-static and full-dynamic solution results attained in this study appear to
be closer to each other for each modeled section. The pseudo-static internal force
resultants agree well with the full-dynamic solutions in general (see Figure I.1
through Figure 1.6). This is a justified result for deep tunnels which was not reported
earlier in the literature. Results agreed well with the observed damage levels in
general. However, the predictive capability of the pseudo-static approach was
observed to be limited for particular cases with reference to the full-dynamic

method, especially for the sections with increasingly difficult ground conditions.
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When moment interactions diagrams are compared for the extensively damaged and
collapsed sections, collapse cases are observed to be clearly identified by the full-

dynamic solutions as presented in Appendix I (see Figure 1.7 through Figure 1.13).

The run time, storage space and the effort required for the model preparation for a
typical full-dynamic solution is rather high when compared to those for pseudo-
static solution. Therefore, for ordinary projects, pseudo-static solution can be
preferred. As a recommendation, however, both pseudo-static and full-dynamic
solutions should be carried out and the outcomes should be compared as a cross-

check.

Fragility curves provide a useful tool in assessing the seismic vulnerability for
tunnel structures. To construct the fragility curves in the case of tunnels, the damage
states are quantified based on a damage index (DI) which is by and large defined as
the ratio of the developing moment as a result of earthquake loading (M.q) to the
moment resistance of the tunnel lining (M;q). As it can be recognized from an overall
evaluation of the dynamic analyses results presented in this study, using a definition
of damage index based on the ratio of moments appears to be more reliable when
compared to those of the normal and shear forces while developing fragility curves.
Accordingly, the quantification of damage was based on the moment ratios by
utilizing the pseudo-static dynamic analysis method as proposed by Argyroudis et al.

(2007).

In the literature, damage is generally classified into four states, which are identified
as from no damage to failure state. Due to the difficulty involved in quantification
between the minor and moderate damage states for tunnels, three damage states were
utilized to quantify the damage in this study. Hence, after moderate damage state
tunnel structures go into extensive and failure damage state suddenly. The damage

margins thus identified are presented in Table 5.2.

The limits presented in Table 5.2 are obtained without considering any safety

factors. Safety factors, however, are incorporated in design and they are subject to
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variations depending on the country or region. Hence, when utilizing the
vulnerability concept in design practice, the damage indexes in Table 5.2 should

comprise the appropriate safety factors.

The fragility curves derived in this study are presented in Figure 5.2. The curves
were developed by utilizing five different sections of the tunnels damaged during
Diizce earthquake. Besides, the fragility curves for damage and minor/moderate
damage states developed from the same sections are also presented to make a
comparison. These curves can be improved by incorporation of additional sections,
especially the undamaged sections of the tunnels. When compared with the
empirical fragility curves of HAZUS (FEMA, 2003) and ALA (2001), the fragility
curves developed in this study generally provide lower bounds and hence appear to
be conservative with small margins, with the exception of moderate damage state
when compared with ALA (2001). Extensive damage fragility curve provided by
this study gives higher damage probability than ALA (2001), whereas the
corresponding curve is not available in HAZUS (FEMA, 2003).

During 1999 Diizce earthquake, peak ground accelerations on rock at the site of
Bolu Tunnels were calculated to be around 0.75g. Entering this value in Figure 5.2,
damage probability is seen to exceed 40%, which is a rather high value. If such
curves are incorporated with the site specific seismic hazard studies, catastrophic
failures can be prevented. On the other hand, the design PGA. value for the Bolu
Tunnels Project site was originally presumed as 0.40g in accordance with the
requirements of Earthquake Code of Turkey (TEC). Entering this value in Figure
5.2, the corresponding damage probability remains below 10% which is acceptable.

The PGA .k Was, however, 0.75g at the site during the Diizce earthquake.

Proposed fragility curves are to be used together with the corresponding damage
indexes, because Figure 5.2 contains information neither about the structural
condition of the tunnel and nor the geotechnical circumstances at the site. Hence
Figure 5.2 should be used together with Table 5.2 to decide on the probability of the

corresponding damage state to occur due to a seismic activity. To further clarify the
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case, the situation summarized in the previous paragraph can be taken as an
example. With the PGA,.ck value of 0.75g, there is a probability of 94% for damage,
49% for minor and moderate damage and 35% for extensive damage and failure.
These probabilities are quite high from damage point of view, so the support system
and geotechnical circumstances at the site should be checked. The site under
consideration may consist of competent rock or the tunnel excavation might be
provided with heavy support, either of which results in a low damage index. On the
contrary, if there exist unfavorable geotechnical conditions at the site or the tunnel
support is relatively weak, a higher damage index results and precautions must be

taken.
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CHAPTER 7

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1. Summary

The analytical, pseudo-static and full-dynamic analysis methods are applied to Bolu
Tunnels as a case study, which were under construction during the November 12,
1999 Diizce earthquake and experienced diverse levels of damage including
collapse. The fragility curves are developed using the available damage data at a

number of sections of the tunnels.

The available literature covering the dynamic analyses of tunnels was reviewed in
detail. Besides, all geotechnical and structural data belonging to Bolu Tunnels was
searched and collected both from literature and detailed project documents. Sifting
through the collected data regarding the Bolu Tunnels required investigations in
diverse fields including seismology and geology as well as geotechnical, structural

and earthquake engineering.

7.2. Conclusions

Seismically induced damage levels at particular sections of the tunnels were back-
analyzed with the three approaches. As it is reported in literature, the results of the
all three methods yield more or less consistent results in the case of shallow tunnels.
For deep tunnels, however, the results of the analytical method, particularly in terms
of shear forces and moments, deviated from those of the other two as observed in
this study. This was attributed to the limitations of the analytical method, in the case
of modeling complex geometries and excavation phases involved in the construction

process.
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The results obtained from the pseudo-static and full-dynamic analyses methods were
in well conformance with various damage levels observed at particular sections of
the tunnels. However, the predictive capability of the pseudo-static approach was
observed to be limited in certain cases with particular reference to the full-dynamic
solution. This was further apparent for the sections with more difficult ground
conditions. Accordingly, especially the cases of collapse were more clearly

identified with the full-dynamic analysis.

Although the full-dynamic solution is superior in a number of ways to the other two
methods, for ordinary projects which consist of shallow tunnels in competent ground
conditions and preferably circular sectional geometries, analytical and pseudo-static
solutions can be preferred due to the much lower run time and storage space
requirements and the effort involved for the model preparation. On the other hand,
that analytical solution appears to have some shortcomings in the case of deep
tunnels and complex construction geometries. As a recommendation, however, both
pseudo-static and full-dynamic solutions should be carried out and the outcomes

should be compared as a cross-check.

Fragility curves provide a useful tool in assessing the seismic vulnerability for
tunnel structures. Novel fragility curves were presented as a result of this study.
Three damage states were utilized to quantify the damage, which are identified as

from no damage to failure damage state.

The fragility curves were developed particularly for extensive damage and failure
damage states by utilizing the five sections damaged during the Diizce earthquake.
The fragility curves for damage and minor/moderate damage states developed from

the same sections are also presented for the purpose of comparison.

When compared with the empirical fragility curves provided by HAZUS (FEMA,
2003) and ALA (2001), the fragility curves developed in this study generally yield
lower bounds and seem to be conservative or approximately equal with respect to

those available in literature due to the actual damage data utilized, except for the
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moderate damage state when compared with ALA (2001). Extensive damage
fragility curve provided by this study gives higher damage probability than ALA
(2001), whereas the corresponding curve is not available in HAZUS (FEMA, 2003).

If such curves are used with site specific seismic hazard studies, catastrophic
accidents could be prevented. On the other hand, the presumed design PGA, o value
for the Bolu Tunnels Project site was 0.40g according to TEC. Entering this value in
Figure 5.2, the corresponding damage probability is lower than 10%, which is

reasonable. However, the Diizce earthquake struck the site with 0.75g.

7.3. Recommendations for Future Studies and Limitations

The analyses of some of the sections of Bolu Tunnels could not be carried out within
the framework of this study due to time limitations. Analyses of the sections with
1999 Kocaeli earthquake are also missing due to the same reason. Those can be
completed to improve the analytical fragility curves for damage and moderate

damage states.

Additional observed seismic damage data of tunnels from the literature can be
combined with this study for further improvement of the fragility curves and damage
indexes. Example damage inventory is presented in Appendix K from ALA (2001)

which was collected from earthquakes in Japan.

Bolu and Diizce stations were under forward directivity effect of fault rupture during
the Kocaeli earthquake, whereas during the November 12 Diizce earthquake only the
Bolu station experienced such effect. This was evidenced by the short duration and
high intensity of the strong motion recorded at the Bolu Station compared to that of
the Diizce record (Durukal, 2002). This effect, which can be decisive on the

response, can be investigated further in the future studies.
Although, being a quite user-friendly software, PLAXIS has some limitations. One

of these is that the control of the user over the mesh generation is limited and the

mesh is generated automatically according to the predefined mesh fineness.
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Furthermore, the upper limit of the elements that can be utilized in a model is 5000.
Finally, the software does not provide a time-history of the sectional forces and
moments but reports only the envelope of maximum values. More sophisticated

software, free from such drawbacks is recommended to be used in future studies.
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APPENDIX A

EXAMPLE CALCULATION SHEET FOR ANALYTICAL SOLUTION
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APPENDIX B

DETAILED CONSTRUCTION DRAWINGS OF TUNNELS
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Figure B.2 Details of B1 support-class (after Astaldi SpA, 1993-2006)
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CLASS B2 INVERTSIZ

CLASS B2 INVERTSIZ13.08.2001,10.10.2001 VE 13.05.2002
TARIHLERINDE YAPILAN PROTOKOL'LARA GORE HESAPLANMISTIR
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Q -0.91 [ 107 KAZI GDEME HATTI YAY BOYU mt| 20641 | 45512 | 15893 | 45.636
€ 091 107 GNLENEMEYEN KAZI BO'LU N .
= js WA ONEL PUSKURTVE BETONU  (7.50m) mm| 1548 | 03412 |  0.000 2231
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NOTLAR
1. Butun olculer mt.dir
2. BU (iziM 13.08.2001,10.10.2001 VE 13.05.2002 TARIHLERINDE
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= Figure B.3 Details of B2 support-class (after Astaldi SpA, 1993-2006)
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Figure B.4 Details of CM support-class (after Astaldi SpA, 1993-2006)
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Figure B.5 Details of Option-3 support-class (after Astaldi SpA, 1993-2006)




—_—

OPTION 4
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Figure B.6 Details of Option-4 support-class (after Astaldi SpA, 1993-2006)




APPENDIX C

DETAILED GEOLOGICAL PROFILES OF BOLU TUNNEL

Figure C.1 Detailed geological profile of initial alignment Bolu Tunnels (after
Astaldi SpA, 1993-2006)
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Figure C.2 Detailed geological profile of final alignment of Bolu Tunnels — LEFT
TUBE (after Astaldi SpA, 1993-2006)
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Figure C.3 Detailed geological profile of final alignment of Bolu Tunnels — RIGHT
TUBE (after Astaldi SpA, 1993-2006)
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APPENDIX D

BOREHOLE LOGS OF DUZCE STATION

Vikdenici | Proje | Project Tgwaran | Cilent ‘Sandaj No. ve Yeri | Boring No. & Localiy
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i | gmb ) 15 [ 30 [45 [ 1020304050 | kPa | USCS P vk | % | % | %
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T L jomkm
£ k!
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el | | s .
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Figure D.1 Borehole logs of Diizce Station, pg.1/2 (after ERD and EERC, 2009)




Yuklenicl | Contrator Proje | Project weren | Chent Sondaj No. ve Yeri | Boring No. & Localty |
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Figure D.2 Borehole logs of Diizce Station, pg.2/2 (after ERD and EERC, 2009)
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APPENDIX E

BOREHOLE LOGS OF BOLU STATION

ikienic| | Contractor Praje | Project sveren | Cirers e, ve Yer | No.
TURKITE ILUSAL KINVETLI ViR HARERETIRATT | ODTU DEPREM MUHENDISLIGT  ARASTIRMA
bilgi ™ wws ',;“‘;"F?“-W' Ao Hepy ,,m' Al_D10_BOL
- iy El SHAN URL OGH
np. 7, FECORDRNG STATIONS - BORRIGS AN EARTHGUAKE ENGINEERING RESEARCH “YWR"'"‘E;E"E, ,u'ﬁn 0
i L LCENTER.
SONDAJ LOGU | BORING LOG
Derinlik | Depth () 3045 z 746 | SayTa No | Page No 112
Sonda] Yinteml | Dritlig Mehod |PU0ESU00RRER G petan i = 40.74636 T Tiirdh / Rod Type aw
Sondaj Makinas | Drill Rig P00 g myme ot} Y ke ¥ 31.60757 Koilaf Tiirii / Casinge Type N
Baglama Tarihi /| Start Dute 19/06/2006 ‘Hitiy Tarihi | Completion Date | ZOM06/2006 | Kbl Dvinligi 1 Caving Dotk
" =
5 . - nl 8
os75) o & £ |Es|c 8
'.g_ §" Eg ,Eé' g 5 |3 5? Zemin-Kaya Tamimlamas
%'& i§ i E‘i‘ -}E“E g -,E_E g % ,'EU Soil-Rock Description
E
a
A28 AR [JEEiaE aEil
m) | ) | m) 15| 3 [45 | 1020304050 | a | UsCH
gubowuam
} oy G - Fooyn Eshverenm FIL
1 "~ Duckray -Drk Brown CLAY
- el ST 2 59 ‘ W e B
-2
- 240300 | UD- 21| CL o] |
p-220 5
3 300043 |SPT2| 511 (W CH K - Ak Fahverens, Kaboost Topaklm loeren, B | 2]
- = ~ Yer Yer Az Eumln KIL, Cok s
=4
. 4505 |SPT3| 7 |0 13 cH n
.4
& Go0645 | SPT4| 5| 5 [ 13 CcH =
T
- THNY | STS V0@ L el a | w|wn
& z
o et + ]
- 200945 |SPT6) 4 | 8 [ 14 CL | epilime Kevereng, Yer Yer Calsli, Filk UM, Orta 18 5=
\ — — —Sk-CskSk/ Kok KIL; Cok Kaa- Sert
10 =g
\ Chreeeith Brows, Lacally Gravelty, Clayey SAND, Med
- WS095| SPTT | 6| 9| 26 | =2 9 45
Diense - Verr Demn { Samdy CLAY. Vere Sulf - Hard
SAHANIN JEOL OS] VE JEGMORFOLOJISE |
GEOLOGY AND G EOMORPHOLOGY OF THE SITE ZEMIN PARAMETRELER]/ SOIL PARAMETERS
- E ERDE SERBEST)
DEGERINE GORE KIVAM/ BASING DAYARIMINA GORE KIVAM/
oF 5 | c OF CONESIVE SOILS
VAL PES RAKED 0N Y
| 02 [Cok Yemupsk/Very St o= 0-25KPa ok Yusmugak { Very Soft|
B | 34 |Vumupk! Soft = 2050kP  |Vumupak ! Soft
| 58 |OraBan f Madum Sulf = S0-100kFs  |Orta Ban f Madium Stlf
W | 935 [Kani il 0= 100-200kPs  [Elanf Seiff
B | 16:30 {Gok Kot/ Very Suff = 200-300kPs  |Cole Elan / Very Suff
MUVATERNER Ayritmamsy Kuvaterte " 230 [Sen ! Hard [ = 400 &Py et Hard
QUARTERNAFTY U awbist QusmTiary
KAHA DANELD ZE! RDE SPT N KOHEEY ONLU ZEMINLERDE
DEGERINE GORE SIKILIK | DENSITY GF FLASTISITE ¢ PLASTICHTY OF
Jeomarfolofi: Akarsu Ovasi GRANTILA
04 ok Devyekf Very Logse
Geomorphology: Fluvial Plain 5-10_[Gevpek { Lovae
11 S| Medim Denie

)
31.50 [Sia / Dense
[Bicelc/Scle ~ 1250000 | 1 | >0 gk st Very Desae

Sondée | Cperstor Loga ¥ span/ Logged by
5. YILMAZ S SARING 4 E GUZEL

Figure E.1 Borehole logs of Bolu Station, pg.1/2 (after ERD and EERC, 2009)
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Figure E.2 Borehole logs of Bolu Station, pg.2/2 (after ERD and EERC, 2009)
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APPENDIX F

MODULUS REDUCTION AND DAMPING CURVES

I\/Iuls Reduction Curves for Rock
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Figure F.1 EPRI (1993) Modulus reduction and damping curves for rock (quoted by
Hartzell, 2004)
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APPENDIX G

SHEAR WAVE VELOCITY PROFILES OF ANALYZED SECTIONS
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Figure G.1 Shear wave velocity profile of Section No.1
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Figure G.2 Shear wave velocity profile of Section No.2
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Figure G.3 Shear wave velocity profile of Section No.3
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Figure G.4 Shear wave velocity profile of Section No.4
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Figure G.5 Shear wave velocity profile of Section No.5
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Figure G.6 Shear wave velocity profile of Section No.7
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Figure G.7 Shear wave velocity profile of Section No.25
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Figure G.8 Shear wave velocity profile of Section No.26
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Figure G.9 Shear wave velocity profile of Section No.27
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Figure G.10 Shear wave velocity profile of Section No.29
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Figure G.11 Shear wave velocity profile of Section No.30
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Figure G.12 Shear wave velocity profile of Section No.31
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Figure G.13 Shear wave velocity profile of Section No.32

123



0

Shear wave velocity (m/s)
500 1000 1500

0

20 A

40 ~

60 -

80 -

100 ~

Depth (m)

120 ~

140 -

160 -

180 -

200

Figure G.14 Shear wave velocity profile of Section No.33
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Figure G.15 Shear wave velocity profile of Section No.34
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APPENDIX H

FINITE ELEMENT MODELS OF SOLVED TUNNEL SECTIONS
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Figure H.2 Pseudo-static FE model for Section No.l (Rock Class A2)
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Figure H.3 Full-dynamic FE model for Section No.2 (Rock Class A2)
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Figure H.4 Pseudo-static FE model for Section No.2 (Rock Class A2)
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Figure H.5 Full-dynamic FE model for Section No.3 (Rock Class B1)
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Figure H.6 Pseudo-static FE model for Section No.3 (Rock Class B1)
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Figure H.7 Full-dynamic FE model for Section No.4 (Rock Class B1)
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Figure H.8 Pseudo-static FE model for Section No.4 (Rock Class B1)
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Figure H.9 Full-dynamic FE model for Section No.5 (Rock Class B1)
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Figure H.10 Pseudo-static FE model for Section No.5 (Rock Class B1)
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Figure H.11 Full-dynamic FE model for Section No.7 (Rock Class B2)
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Figure H.12 Pseudo-static FE model for Section No.7 (Rock Class B2)
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Figure H.13 Full-dynamic FE model for Section No.25 (Rock Class CM)
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Figure H.14 Pseudo-static FE model for Section No.25 (Rock Class CM)
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Figure H.15 Full-dynamic FE model for Section No.26 (Rock Class CM)
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Figure H.16 Pseudo-static FE model for Section No.26 (Rock Class CM)
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Figure H.17 Full-dynamic FE model for Section No.27 (Rock Class CM)
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Figure H.18 Pseudo-static FE model for Section No.27 (Rock Class CM)
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Figure H.19 Full-dynamic FE model for Section No0.29 (Rock Class Option-3)
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Figure H.20 Pseudo-static FE model for Section No.29 (Rock Class Option-3)
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Figure H.21 Full-dynamic FE model for Section No0.30 (Rock Class Option-3)
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Figure H.22 Pseudo-static FE model for Section No.30 (Rock Class Option-3)
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Figure H.23 Full-dynamic FE model for Section No.31 (Rock Class Option-3)
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Figure H.24 Pseudo-static FE model for Section No.31 (Rock Class Option-3)
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Figure H.25 Full-dynamic FE model for Section No.32 (Rock Class Option-4)
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Figure H.26 Pseudo-static FE model for Section No.32 (Rock Class Option-4)
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Figure H.27 Full-dynamic FE model for Section No.33 (Rock Class CM Pilot T.)
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Figure H.28 Pseudo-static FE model for Section No.33 (Rock Class CM Pilot T.)
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Figure H.29 Full-dynamic FE model for Section No.34 (Rock Class CM Pilot T.)
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Figure H.30 Pseudo-static FE model for Section No.34 (Rock Class CM Pilot T.)
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APPENDIX |

MOMENT INTERACTION DIAGRAMS

Moment Interaction Diagram of Section-1, A2 Rock Class
C30, t=40 cm, Plain Concrete-Final Lining
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Figure 1.1 Moment interaction diagram of Section No.1
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Moment Interaction Diagram of Section-2, A2 Rock Class
C30, t=40 cm, Plain Concrete-Final Lining
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Figure 1.2 Moment interaction diagram of Section No.2

Moment Interaction Diagram of Section-3, B1 Rock Class
C30, t=40 cm, Plain Concrete-Final Lining
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Figure 1.3 Moment interaction diagram of Section No.3

141



Moment Interaction Diagram of Section-4, B1 Rock Class
C30, t=40 cm, Plain Concrete-Final Lining
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Figure 1.4 Moment interaction diagram of Section No.4
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Moment Interaction Diagram of Section-5, B1 Rock Class
C30, t=40 cm, Plain Concrete-Final Lining
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Figure 1.5 Moment interaction diagram of Section No.5
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Moment Interaction Diagram of Section-7, B2 Rock Class
C30, t=40 cm, Plain Concrete-Final Lining
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Figure 1.6 Moment interaction diagram of Section No.7

Moment Interaction Diagram of Section-25, CM Rock Class
C30, t=45 cm, Plain Concrete-Shotcrete Lining
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Figure 1.7 Moment interaction diagram of Section No.25
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Moment Interaction Diagram of Section-26, CM Rock Class
C30, t=45 cm, Plain Concrete-Shotcrete Lining
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Figure 1.8 Moment interaction diagram of Section No.26

Moment Interaction Diagram of Section-27, CM Rock Class
C30, t=45 cm, Plain Concrete-Shotcrete Lining
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Figure 1.9 Moment interaction diagram of Section No.27
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Moment Interaction Diagram of Section-29, Option-3 Rock Class
C40, t=60 cm, Plain Concrete-Bernold Lining
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Figure 1.10 Moment interaction diagram of Section No.29

Moment Interaction Diagram of Section-30, Option-3 Rock Class
C40, t=60 cm, Plain Concrete-Bernold Lining
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Figure 1.11 Moment interaction diagram of Section No.30
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Moment Interaction Diagram of Section-31, Option-3 Rock Class
C40, t=60 cm, Plain Concrete-Bernold Lining
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Figure 1.12 Moment interaction diagram of Section No.31
Moment Interaction Diagram of Section-32, Option-4 Rock Class
C40, t=80 cm, Plain Concrete-Bernold Lining
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Figure 1.13 Moment interaction diagram of Section No.32

146



Moment Interaction Diagram of Section-33, CM Rock Class Pilot Tunnel
C30, t=45 cm, Plain Concrete-Shotcrete Lining
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Figure 1.14 Moment interaction diagram of Section No.33

Moment Interaction Diagram of Section-34, CM Rock Class - Pilot Tunnel
C30, t=45 cm, Plain Concrete-Shotcrete Lining
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Figure 1.15 Moment interaction diagram of Section No.34
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APPENDIX J

FRAGILITY CALCULATIONS

Displacements Applied to Section No:29

Horizontal Ground Displacement (m)
0.050 0.100 0.150 0.200 0.250 0.300 0.350

A o e —

/ // // o

Depth (m)

250
—&—coyote_0.2g —#— coyote_0.4g coyote_0.6g coyote_0.8g —*—coyote_1.0g
—e—mammoth_0.2g —+—mammoth_0.4g —=—mammoth_0.6g mammoth_0.8g mammoth_1.0g
morgan_0.2g morgan_0.4g morgan_0.6g morgan_0.8g morgan_1.0g
supersitition_0.2g —— supersitition_0.4g supersitition_0.6g supersitition_0.8g supersitition_1.0g

Figure J.1 Displacements calculated using 1-D site response analysis that are

applied to Section No.29 for vulnerability assessment

Table J.1 Calculated damage indexes for Section No.29

Section-29
Damage indexes according to PGAs of earthquakes
Earthquake 0.2g 0.4g 0.69 0.8g 1.0g
Supersitition 0.32 0.71 1.01 1.50 1.78
Mammoth_Lake 0.19 0.25 0.33 0.38 0.47
DI(Meg/M;q)

Morgan_Hills 0.23 0.29 047 0.53 0.64
Coyote 0.32 0.83 1.22 1.69 1.78
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Displacements Applied to Section No:30

Horizontal Ground Displacement (m)

0.150

0.200 0.250

0.350

Depth (m)
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——coyote_0.2g —&— coyote_0.4g coyote_0.6g coyote_0.8g
—e—mammoth_0.2g —+—mammoth_0.4g —=—mammoth_0.6g mammoth_0.8g
morgan_0.2g morgan_0.4g morgan_0.6g morgan_0.8g
supersitition_0.2g —— supersitition_0.4g supersitition_0.6g supersitition_0.8g

—%— coyote_1.0g

mammoth_1.0g

morgan_1.0g

supersitition_1.0g

Figure J.2 Displacements calculated using 1-D site response analysis that are

applied to Section No.30 for vulnerability assessment

Table J.2 Calculated damage indexes for Section No.30

Section-30
Damage indexes according to PGAs of earthquakes
Earthquake 0.2g 0.4g 0.69 0.8g 1.0g
Supersitition 0.23 0.63 0.96 1.33 1.69
Mammoth_Lake 0.12 0.17 0.20 0.26 0.29
DI(Meq/M;q)

Morgan_Hills 0.16 0.22 0.24 0.44 0.65
Coyote 0.24 0.63 0.97 1.43 1.84
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Displacements Applied to Section No:31

Horizontal Ground Displacement (m)

0.000 0.050 0.100 0.150 0.200 0.250
01 — } — :
wl //I
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—e—mammoth_0.2g —+—mammoth_0.4g —=—mammoth_0.6g mammoth_0.8g mammoth_1.0g
morgan_0.2g morgan_0.4g morgan_0.6g morgan_0.8g morgan_1.0g
supersitition_0.2g —— supersitition_0.4g supersitition_0.6g supersitition_0.8g supersitition_1.0g

Figure J.3 Displacements calculated using 1-D site response analysis that are

applied to Section No.31 for vulnerability assessment

Table J.3 Calculated damage indexes for Section No.31

Section-31
Damage indexes according to PGAs of earthquakes
Earthquake 0.2g 0.4g 0.69 0.8g 1.0g
Supersitition 0.32 0.89 1.29 1.65 1.95
Mammoth_Lake 0.17 0.18 0.28 0.40 0.57
DI(Meq/M;q)

Morgan_Hills 0.20 0.26 048 0.68 0.84
Coyote 0.36 0.89 1.20 1.56 1.90
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Displacements Applied to Section No:33

Horizontal Ground Displacement (m)

0.050 0.100
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coyote_0.8g
mammoth_0.8g
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supersitition_0.8g
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morgan_1.0g
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Figure J.4 Displacements calculated using 1-D site response analysis that are

applied to Section No.33 for vulnerability assessment

Table J.4 Calculated damage indexes for Section No.33

Section-33
Damage indexes according to PGAs of earthquakes
Earthquake 0.2g 0.4g 0.69 0.8g 1.0g
Supersitition 0.10 0.38 2.00 3.92 5.72
Mammoth_Lake 0.06 0.07 0.09 0.11 0.13
DI(Meq/M;q)

Morgan_Hills 0.06 0.07 0.09 0.16 0.27
Coyote 0.09 040 1.83 5.00 6.70
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Displacements Applied to Section No:34

Horizontal Ground Displacement (m)
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supersitition_0.8g
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Figure J.5 Displacements calculated using 1-D site response analysis that are

applied to Section No.34 for vulnerability assessment

Table J.5 Calculated damage indexes for Section No.34

Section-34
Damage indexes according to PGAs of earthquakes
Earthquake 0.2g 0.4g 0.69 0.8g 1.0g
Supersitition 0.11 0.24 1.00 3.10 5.85
Mammoth_Lake 0.06 0.08 0.09 0.11 0.13
DI(Meq/M;q)

Morgan_Hills 0.06 0.09 0.11 0.17 0.03
Coyote 0.09 0.31 143 3.20 6.00
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APPENDIX K

EXAMPLE DAMAGE INVENTORY
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