RELIABILITY-BASED ANALYSIS OF TIME-DEPENDENT SCOURING AT
BRIDGE ABUTMENTS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

SIBEL KERPICCI KARA

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
CIVIL ENGINEERING

FEBRUARY 2009



Approval of the thesis:

RELIABILITY-BASED ANALYSIS OF TIME-DEPENDENT SCOURING
AT BRIDGE ABUTMENTS

submitted by SIBEL KERPICCI KARA in partial fulfillment of the requirements
for the degree of Master of Science in Civil Engineering Department, Middle
East Technical University by,

Prof. Dr. Canan Ozgen
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Giiney Ozcebe
Head of Department, Civil Engineering

Prof. Dr. A. Melih Yanmaz
Supervisor, Civil Engineering Dept., METU

Asst. Prof. Dr. El¢in Kentel
Co-supervisor, Civil Engineering Dept., METU

Examining Committee Members:

Prof. Dr. Uygur Sendil
Civil Engineering Dept., METU

Prof. Dr. A. M. Yanmaz
Civil Engineering Dept., METU

Asst. Prof. Dr. Sahnaz Tigrek
Civil Engineering Dept., METU

Asst. Prof. Dr. El¢in Kentel
Civil Engineering Dept., METU

Tugsan Celebi (M.S.C.E.)
Palet Insaat

Date: 06.02.2009




I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also
declare that, as required by these rules and conduct, I have fully cited and
referenced all material and results that are not original to this work.

Name, Last name: Sibel KERPICCI KARA

Signature

il



ABSTRACT

RELIABILITY-BASED ANALYSIS OF TIME-DEPENDENT SCOURING AT
BRIDGE ABUTMENTS

Kerpicci Kara, Sibel
MS, Department of Civil Engineering
Supervisor: Prof. Dr. A. Melih Yanmaz
Co-Supervisor: Asst. Prof. Dr. El¢in Kentel

February 2009, 161 pages

Deterministic scour prediction equations for bridge abutments do not involve
uncertainties coming from scouring parameters and they only consider effects of
hydraulic parameters. However, in order to safely design bridge abutments,
treatment of these uncertainties and evaluation of possible risks are required. Two
artificial neural network (ANN) models are constructed to describe scouring
phenomenon using the parameters of two different equations. The equation to be
used in the reliability analysis is then determined according to ANN modeling
results. To conduct reliability analysis, Monte Carlo simulation technique is used in
which different distributions and coefficients of variations are used for random
variables to examine their effects on reliability. It is observed that probability
distributions of governing variables have no impact on reliability. However,

coefficients of variations of these variables influence reliability.

Key words: Bridge, abutment, clear water scour, reliability, time
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KOPRU KENAR AYAKLARI ETRAFINDAKI ZAMANA BAGLI YEREL
OYULMALARIN GUVENILIRLIK ANALIiZi

Kerpiggi Kara, Sibel
Yiiksek Lisans, insaat Miithendisligi Boliimii
Tez Yoneticisi: Prof. Dr. A. Melih Yanmaz
Ortak Tez Yoneticisi: Y. Dog. Dr. El¢in Kentel

Subat 2009, 161 sayfa

Koprii kenar ayaklart oyulmalarmin belirleyici tahmin denklemleri, oyulma
parametrelerinden  gelen belirsizlikleri barindirmaz ve sadece hidrolik
parametrelerin etkilerini ele alir. Ancak, koprii ayaklarim1i emniyetli sekilde
tasarlamak i¢in, bu belirsizliklerin ele alinmasi ve olasi risk degerlendirmelerinin
yapilmasi gereklidir. Oyulma olgusunu tanimlamak i¢in, iki yapay sinir ag1 (YSA)
modeli iki farkli denklem parametrelerini kullanarak kurulmaktadir. Giivenilirlik
hesaplarinda kullanilacak denklem YSA modellerinin sonuglarina gore
kararlastirilmaktadir. Giivenilirlik analizini yiiriitmek i¢cin Monte Carlo simiilasyon
teknigi rastlantisal degiskenler i¢in farkli dagilimlar ve farkli varyasyon katsayilari
icin kullanilarak bunlarin  giivenilirlik iizerindeki etkilerinin incelenmesi
amaclanmaktadir. Baglica degiskenlerin olasilik dagilimlarinin  giivenilirlik
iizerinde etkisi olmadigi gozlemlenmektedir. Fakat degiskenlerin varyasyon

katsayilar1 giivenilirligi etkilemektedir.

Anahtar Kelimeler: Koprii, kenar ayak, temiz su oyulmasi, giivenilirlik, zaman
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

Bridges crossing wide rivers are subject to various external effects that may cause
some defects. Some of these events include floods, earthquakes and chemical
spills. The remaining adverse effects may result from the improper design,
construction, maintenance, and deterioration in time and fatigue (Yanmaz et al.,
2007). A number of statistical surveys were carried out to investigate the reasons of
bridge failures. These surveys implied that most of the failures were induced by
hydraulic-oriented problems such as excessive scouring at infrastructural elements.
As a result of this, considerable damage may occur as shown in Figure 1.1 or the

bridge fails completely.

Wardhana and Hadipriono (2003) observed more than 500 failures of bridges in the
United States between 1989 and 2000. They concluded that the most frequent
causes of bridge failures were attributed to floods and collisions. Floods represent
53% of all failures, whereas human-induced external events that constitute 20% of
all failures include bridge overloads and lateral impact of land and marine vehicles
on bridges (Wardhana and Hadipriono, 2003). Therefore, it is obvious that
hydraulic aspects should be accounted for in detail both in the design stage and
throughout the operational life of the bridges. In the design stage, the overall
performance of the bridge should be assessed considering hydraulic, geotechnical,
and structural aspects jointly. On the other hand, life long maintenance and

rehabilitative measures should be taken and implemented according to hydraulic-



Figure 2.1 Abutment scour after a flood at Lobutcha Creek (Wilson, 1979)

oriented deficiencies. Therefore, relevant data should be collected continuously to
take the necessary actions on time. Insufficient evaluation of interactions among
the aforementioned aspects may lead to high uncertainties, and hence a pronounced
failure risk. Accurate modelling of the failure risk, however, is relatively difficult
because of inability to model various risk components effectively and to establish
the link among various failure modes. It is, therefore, almost impossible to fully
estimate the overall uncertainty and risk since the dependency between the

aforementioned interactions have not been understood clearly.

The literature is rich in experimental investigation of bridge pier scouring.
Abutment scour, however, is more complicated than that of bridge pier because of
insufficient knowledge of the interaction of flow with the bank and embankment.
Although several abutment scour equations have been reported in the literature,
there are only few methods that deal with the flow distribution at the upstream of
bridges crossing wide rivers with floodplains. Most empirical scour-prediction
equations are based on simplified laboratory conditions because of inability to

model the prototype conditions entirely in the laboratory. The proposed models are,



therefore, subject to uncertainties resulting from the model and parameters.
Furthermore, the available field data reflecting local scour information at
infrastructural elements of bridges under severe flow conditions are limited.
Besides, the data are normally not precise because of dynamic nature of governing
parameters involved in sediment-laden flow. Observational difficulties at bridge
sites may also be considered as one of the restrictions in calibration studies
(Yanmaz and Celebi, 2002). Therefore, scour prediction models are mainly
developed and calibrated using the experimental data obtained under limited

laboratory conditions.

1.2 Scope of the Thesis

The scope of the present study is limited to the assessment of bridge failures
induced by excessive scouring at abutments. Owing to the random nature and
complexity of the overall scouring phenomenon through the bridge opening, there
exist several hydraulic-oriented uncertainties leading to an unavoidable risk in
bridge foundation design. This thesis is concerned with the development of a new
reliability model for the assessment of time-dependent local scour around bridge
abutments. An overview of the mechanism of local scour at bridge abutments is
presented in Chapter 2. Basic concepts of reliability theory and a brief review of
reliability modelling for bridge scour are presented in Chapter 3, whereas Chapter 4
gives the framework for model development. Summary and concluding remarks are

presented in Chapter 5.



CHAPTER 2

MECHANISM OF LOCAL SCOUR AT BRIDGE ABUTMENTS

2.1 General

Safe and realistic design of bridge foundations is based on accurate estimation of
the maximum possible depth of scour around infrastructural elements, such as piers
and abutments. Since this study deals with the abutment scouring, only the
mechanism of this phenomenon will be described briefly in this chapter. The
governing variables involved in this phenomenon are introduced and the effects of

such variables on the mechanism are discussed.

2.2 Local Scour at Bridge Abutments

Presence of infrastructural elements at bridge openings form obstacles in the flow
field. The accelerated flow at the bridge constriction may have a potential hazard
for the safety of the bridge according to the severity of the problem or degree of the
constriction. There is a sudden increase in pressure at the upstream face of an
abutment because of stagnation. Since stagnation pressure decreases from the free
surface towards the riverbed, a downflow generates at the upstream face of the
abutment. This flow hits the loose bed and lead to a groove at the bed level.
Primary vortices develop in the separated region, which migrate downstream past
the abutment. These vortices are capable of transporting considerable amount of
bed material according to the flow intensity. Wake vortices generate in the wake
region because of shear stress gradients. The whole vortex system, i.e. primary

vortices and wake vortices scour the loose bed and yield the development of a



scour hole around the abutment. A definition sketch showing this vortex system is

presented in Figure 2.1.

/ /
Surface roller _/

N
/\v Wake vortices

Downflow
/ [y o /

Scour hole

Loose bed =Primary vortices

Figure 2.1 Vortex system at a bridge abutment (Yanmaz, 2002)

A dimensional analysis needs to be carried out to establish a functional relationship
among governing scouring variables. The depth of scour (ds) at an abutment is
influenced by the abutment length perpendicular to the flow direction (L), the mean
approach flow velocity (u), water density (p), sediment density (ps), kinematic
viscosity of water (v), mean approach threshold velocity (u.), gravitational
acceleration (g), approach water depth (y), median sediment size (Ds), geometric
standard deviation of particle size distribution (o), abutment shape (K;), approach
channel geometry (Kg), and time (t). Dimensionless parameters characterizing the
scouring phenomenon can be obtained via Buckingum’s- m theorem. In this
analysis, the repeating variables are selected as p, u, and L. The dimensionless

parameters can be re-arranged to end up with more practical results. Hence

Yanmaz and Kose (2007) obtains
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where R, is the Reynolds number, uy/v, F4 is the densimetric particle Froude
number, u/(AgDso)">, A=(ps - p)/p (relative density); Ts is the dimensionless time
parameter, which is taken tDso(AgD5o)O‘5 /L? as also previously used by Yanmaz and
Altinbilek (1991) and Yanmaz (2006). Equation (2.1) is composed of many
parameters which restricts the development of a practical expression. Therefore,
some terms, which may have less importance relative to the others, can be ignored
under some particular conditions. For fully developed turbulent flow, the effect of
Reynolds number is negligible. Furthermore, the effect of L/Dso term on the scour
development diminishes for L/Dsy>25, which reflects most of the actual prototype
conditions (Melville and Coleman, 2000). Therefore, for a given type of abutment
mounted in the main channel with negligible floodplains under clear water
conditions having uniform bed material, Equation (2.1) reduces to following

equation stated in Yanmaz and Kdése (2007)

iy
—f[Fd o Ts] 22)

2.2.1 Effect of Froude Number and Scaling

The scale effect for abutment experiments can be explained using the abutment
Froude number which accounts specifically for the effect local energy gradients for
flow around abutments. The stagnation pressure head at the upstream face of an
abutment is u’/2g (Yanmaz, 2002). This can be converted to a dimensionless
quantity by dividing it by the abutment size to obtain the form of the square of
abutment Froude number, u’/gL. The study carried out by Ettema et al. (1998)
indicated that the scour depth at piers did not scale linearly with pier width unless
there was complete geometric similitude of pier, flow, and sediment particles

forming the bed. Similitude of scour depth data requires the constancy of F,, u/u,



and y/L values in both laboratory and prototype conditions. Flume experiments are
conducted by bed materials, which have comparable sizes as the prototype since
very fine particles in a laboratory medium would be subject to suspension.
Therefore, to maintain similar modes of sediment transportation, the term reflecting
the effect of sediment coarseness, L/Dsy, cannot satisfy the length scale selected.
So, L/Dsy cannot be the same in the laboratory and the prototype conditions.
Furthermore, to attain a desired particle mobility level, the value of u/u, should be
the same in the laboratory and the field. This implies that greater values of u than
needed in Froude number simulation are needed in experimental conditions, which
implies that the Froude number used in laboratory experiments may be larger than
that for the corresponding field conditions. On the other hand, as can be seen in
Figure 2.2, the relative scour depth, dy/L, increases with increasing Froude number.
However, to formulate the effect of the Froude number, a wider range of data than
used in Figure 2.2. is needed. Therefore, clear water conditions in a laboratory
medium can cause deeper scour holes, relative to the abutment length, than any

likely to occur at bridge abutments in rivers.
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Figure 2.2 Variation of dy/L against F; (Yanmaz and Kdse, 2006)



It can, therefore, be stated that the empirical scour-prediction equations derived
using laboratory data overestimate the scour depths. So, they may give

conservative values for the design.
2.2.2 Effects of Flow Intensity and Flow Shallowness

The flow intensity, u/u. is a measure of the type of bed regime. For a given
sediment size, the mean threshold velocity, u,, is directly proportional to the flow
depth. Yanmaz and Kose (2006) investigated the combined effect of the relative
approach flow depth and flow intensity under clear water conditions, i.e.
m=(y/L)(u/u.) using the data shown in Figure 2.3. For m<1.0, the relative scour
depth for all data sets increases almost linearly, whereas it tends to approximately
2.0 in the range, m>1.0. A linear multiple regression analysis is carried out for the

data presented in Figure 2.3 by Yanmaz and Kose (2006) to obtain

d 0.46 0.94
s = 1.36(1] (l] (2.3)
L L u,

Equation (2.3) has a correlation coefficient of 0.88. For live bed conditions, the

effect of flow intensity on scour development is negligible because of random

sediment supply from the upstream and progressive changes in bed resistance.
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Placement of an abutment into a flow section leads to development of a surface
roller, which has an opposite sense of rotation as the principal vortex at the bed
level (See Figure 2.4). For shallow flows, the surface roller tends to retard the
downflow, which it results in reduction of scour depth. Melville and Coleman
(2000) classify the abutments as short, intermediate length, and long with respect to
y/L ratio using the following limiting values. For deep flows and short abutments
(y/L>1.0), the scour depth is independent of flow depth but depends on L.
Conversely, for shallow flows with greater abutment lengths (y/L<0.04), the scour
depth is independent of L but varies linearly with y. For long abutments only a
portion of abutment, close to the bridge opening yield the deepest scour hole.
Towards the banks, however, the slowly moving reversed eddy as shown in Figure
2.4 is not capable of producing scour along the upstream face of the abutment

(Yanmaz and Kdse, 2006).
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Therefore, for long abutments, the scour depth is found to be independent of the
abutment length. For intermediary ranges, i.e. 0.04<y/L<1.0, the scour depth is
proportional to the (yL)*>. A plot of clear water data in the form of dy/L versus y/L
verifies that the design curves suggested by Melville and Coleman (2000) envelope
these data (See Figure 2.5). Melville and Coleman (2000) showed that the live bed
data are also bounded by these limiting curves. Therefore, these limits may be used

for design applications.
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2.2.3 Effects of Sediment Coarseness and Bed Material Gradation

The term L/Dsy has practically no effect on the scour development for L/Dsy>50.
This range reflects most of the actual prototype conditions. For grain sizes with
L/Dsp<50, the grains are large enough relative to the width of the groove excavated
by downflow which impedes the scouring process (Melville and Coleman, 2000).
The studies conducted on the effect of bed material gradation on bridge scouring,
especially for live bed conditions are limited. The depth of scour around piers and
abutments generally tends to decrease with increasing value of o, due to the

armouring effect at the riverbed.
2.2.4 Effect of Time
Empirical clear water scour equations are generally based on equilibrium

conditions. However, the duration needed to achieve equilibrium is reached in

several days in a laboratory medium (Melville and Coleman, 2000). According to
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Lim (1997) the required time to reach the equilibrium scour at abutments in clear
water scour is 3 to 8 days, depending on the flow and sediment conditions. The
corresponding equilibrium duration in prototype conditions may be unrealistically
long for most small to medium size basins. The design of bridge foundations on the
basis of equilibrium clear water scour depths may then yield considerably greater
values than may occur if the flow is of short duration. For a known flow duration of
design flood, smaller scour depths may be obtained, which reduce the total cost of
construction (Yanmaz and Altinbilek, 1991). Therefore, investigation of temporal
variation of clear water scour at bridge piers and abutments is of importance.
Melville and Chiew (1999) assumed that the equilibrium duration was reached
when the rate of increase of scour depth did not exceed 5% of the pier diameter in

the succeeding 24 h period.

Besides, Yanmaz and Altinbilek (1991), Mia and Nago (2003), and Yanmaz (2006)
presented semi-empirical models for temporal variation of clear water scour at
cylindrical piers. Another semi-empirical model was developed by Yanmaz and
Kose (2009) for time-dependent clear water scouring around vertical-wall
abutments. Application of these semi-empirical approaches is based on the solution

of a differential equation. These approaches will not be presented in this text.

Coleman et al. (2003) proposed the following expression for temporal variation of

scour at vertical-wall abutments.

(2.4)

where dg is the equilibrium scour depth at an abutment and t. is the time to develop
equilibrium scour depth. The equilibrium depth of scour, ds, at a vertical abutment

can be determined from (Melville and Coleman, 2000)

12
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where Ky is a factor accounting for the effects of flow depth and abutment length,
K is the flow intensity factor which can be taken as u/u. for clear water conditions
in uniform bed material, Ky is a factor indicating the effects of abutment inclination
with the approach flow and Ky is a factor reflecting the effects of abutment length
and particle size. Details on these adjustment coefficients can be found in Melville
and Coleman (2000). For L/Dsy>60, the value of t. in seconds is determined from

(Coleman et al. 2003)

t = 10"’(%{3{1.2(1}} fory/L<l  (2.6)
u L

3
t, = 1.8*106[£j[lj fory/L>1  (2.7)

The precision of time-dependent scour depths given by Equation (2.4) is based on
the accuracy of the equilibrium parameters. Since there is no universally accepted
common definition of equilibrium state, the results obtained from different
equations dealing with equilibrium scour may differ widely from each other
(Yanmaz, 2002). Another equation was derived by Oliveto and Hager (2002) for

time-dependent scour depth at vertical-wall abutments under clear water conditions

d
= =0.0850,"F} " logT, (2.8)

R

in which LR=L2/ 3y1/ 3 , Tg=t/tg, and ‘[RZLR/(AgDm)O'5 . Contrary to the Coleman et al.
(2003) approach, Equation. (2.8) does not require equilibrium scouring parameters.
Furthermore, another time dependent scour depth equation used for the vertical

wall abutments under clear water conditions was proposed by Yanmaz and Kose

(2007)
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d L 0.15
= 0.25F % [—] (logT, )™ (2.9)
y

where T is a dimensionless time parameter and it equals to t Dso (AgDso)™"/ L%

Time variation of scour depth at bridge abutments have also been studied by
several other investigators, such as Wong (1982), Tey (1984), Hoffmans and
Verheij (1997), Cardoso and Bettess (1999), Ballio and Orsi (2001), Kothyari and
Ranga Raju (2001), Santos and Cardoso (2001), Dey and Barbhuiya (2005), and
Oliveto and Hager (2005). However, there is still no universally accepted equation
valid for wide ranges of flow conditions, bed material properties, and abutment
shape configurations because of difficulties of precise modelling of the
phenomenon in a laboratory medium. Lack of understanding of complex flow
conditions and simplified modelling of the phenomenon, would lead to pronounced
modelling uncertainty (Yanmaz and Cicekdag, 2001). That is why probabilistic

assesment of scour has been gaining pronounced importance.
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CHAPTER 3

FRAMEWORK FOR RELIABILITY MODEL DEVELOPMENT

3.1 Overview of the Reliability Theory

Application of the reliability theory to the design and operation of hydrosystems is
a growing issue. It enables relevant decision-making for the desired task of such
systems, which are subject to uncertainty. To carry out the reliability computations,
possible uncertainties associated with the variables involved in the phenomenon
should be identified, quantified, and treated. Uncertainties can be expressed in
terms of coefficients of variations of the variables. Therefore, it is important to
identify all potential governing parameters involved in the phenomenon concerned.
The precision of reliability modelling is then dictated by how satisfactorily or
precisely the coefficients of variations and probability distributions of the variables
are selected. For verification purposes, a sensitivity analysis should be carried out.
This analysis facilitates the identification of the effects of the aforementioned

statistical parameters on reliability computations.

The coefficients of variations in hydraulic variables, such as energy slope, flow
depth, and velocity reflect possible measurement errors that may be small in
elaborate laboratory conditions. On the contrary, these values may attain relatively
larger values in prototype conditions depending on the location of measurement,
sediment transport capacity of the river, precision of the instrument, and human-
induced errors. Several techniques have been employed for reliability analysis of
hydrosystems. In the composite risk analysis of a hydrosystem using resistance-

loading interference, the risks resulting from various sources of uncertainty i.e.
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hydrologic, hydraulic, geotechnical, structural, economical, etc. can be
incorporated to produce an overall risk assessment for the design of the system
(Chow et al. 1988). The loading, X, on a system is the measure of the impact of
external events, whereas the resistance, Y, is the measure of the ability of the
system to withstand the loading. Therefore, the reliability, a, of a system can be
expressed as the probability that the resistance of the system equals or exceeds the
loading, a=P(SM>0), where P is the probability. The safety margin of the system
can be defined as SM=Y-X. If the resistance and loading are dependent variables,

the system reliability becomes (Mays and Tung, 1992)

o =

S8

j fy (X, V)XY 3.1)

where fxyv(X,Y) is the joint probability density function of the resistance and
loading. Composite reliability models for scouring around bridge piers developed
by Yanmaz and Cicekdag (2001) and Yanmaz and Ustiin (2001) are examples to
the application of Equation (3.1). Another application was the reliability-based
analysis of the scouring of various types of abutments (Yanmaz and Celebi, 2004).

When the loading and resistance are independent Equation (3.1) becomes
© Y
a=[f (Y){ [ 14 (X)dX}dY (32)
0 0

Yanmaz (2000) used Equation (3.2) for assessing the reliability of a diversion
facility against overtopping event. Determination of the exact system reliability
using Equations (3.1) or (3.2) requires the knowledge of probability density
functions (PDFs) of the random resistance and loading. For most hydraulic
applications, this information is difficult to obtain because of lack of data.
Furthermore, the reliability expression is relatively complicated to end up with an
analytical solution. That is why some approximate methods have been developed to

offset these difficulties, such as the First Order Second Method (FOSM), the
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Advanced First Order Second Moment (AFOSM), and the Second Order
Reliability Method (SORM) (Hasofer and Lind, 1974; Melchers, 2002). The Monte
Carlo simulation technique may also be applied under such conditions, which will
be used in reliability modelling in this study. For a general non-linear performance
function, the correct reliability may be evaluated through large-sample Monte
Carlo simulations (Ang and Tang, 1984). In this analysis, random numbers
between 0 and 1 are generated for the variables having uniform distribution. These
random numbers are then transformed to the desired distribution through an inverse

transform method using a computer algorithm (Yanmaz, 2003).

3.2 Assessment of Uncertainties

In a phenomenon involving random variables, there may exist three types of
uncertainty. Natural uncertainty arises from the random variability of the
phenomenon and cannot be controlled. Model uncertainty arises due to
approximations made when representing the phenomena by equations, i.e. it is
related to the sufficiency of the equations to represent the phenomenon. It can be
incorporated into the model or equation by a model correction factor. Parameter
uncertainty results from the unknown nature of the coefficients in the equations
(Chow et al. 1988). The model correction factor, however, cannot be quantified
since all methods are based on several simplifying assumptions. Yanmaz and
Celebi (2002) compare the variation of some abutment scour equations at a
constant Froude number of 0.3 (See Figure 3.1). As can be seen from Figure 3.1
there is a considerable difference between the variations of equations. So a model
correction factor obtained using a specific equation would reflect only the nature of

the equation concerned (Yanmaz, 2003).
In water resources engineering problems, the statistical information available is

often limited only to the first two moments of the variables because of insufficient

data. That is why the first order uncertainty analysis is usually carried out for the

17



Laursen (1963)
8 i
Laursen (1980)
6 i
kS Liuet al. (1961)
< 4l Froehlich (1989)
2 i
0 T T T T T T
0 5 10 15 20 25 30 35

Ly

Figure 3.1 Comparison of some abutment scour equations at F,=0.3

(Yanmaz and Celebi, 2002)

reliability evaluations in hydrosystems (Yen et al. 1986). Ignoring the model
uncertainty, the parameter uncertainty of a phenomenon, W, which is a function of
n random independent variables of x;, X»,..., X, can be estimated by first order

analysis using (Tung and Mays 1980)

where Q; is the coefficient of variation of an independent variable involved in the
phenomenon concerned. In the equation, bar signs show the average values of the
parameters. Since there exist many scour-prediction equations, a practical equation
needs to be selected in the reliability computation to be held in this study.
Therefore, the relevant equation will be selected according to an artificial neural
network (ANN) analysis. A brief information on the use of ANN analysis and the

results of this application are presented in the following section.
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3.3 Artificial Neural Network (ANN) Analysis

Artificial Neural Network (ANN) is a mathematical model using data or
observations to produce a model that can simulate the actual phenomenon. ANN
achieves this by learning the process from data, generating a relation between the
inputs and the outputs. Therefore, for the situations whose environment cannot be
expressed clearly or for the situations whose forming parameters’ relations are not

understood well, ANN models can be used.

3.3.1 Structure of ANN

Artificial neural network is a model constructed by inspiration from the networks
of biological brain cells (Choi and Cheong, 2006). These cells are called neurons
and compose the basic elements of brain neural network. A biological neuron is
formed by four main regions: cell body, dendrites which are two offshoots from
cell body and axons (Artificial Neural Networks, 2009). The cell body of a
biological neuron gets information from other neurons with the help of dendrites
and it analyses the data. Then, this analyzed information is emitted to other neurons
as through axons. Artificial neural networks have layers composed of artificial
neurons (nodes) similar to biological neurons that all human brains have. These
neurons get data from previous neurons by considering the weights showing the
strength of connections between two nodes. Then, they send the results to the nodes

in the following layer after applying some activation functions to the data.

An ANN model can be constructed with only an input layer and an output layer.
However, it also can be formed by an input layer, intermediate (hidden) layers and
an output layer. All these layers may contain one or more nodes. The optimum
number of layers and nodes in each layer are determined by a trial and error
procedure. In this study, number of hidden layers is selected as one as a first

assumption to make the trial and error procedure simpler. Therefore, a three layered
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ANN architecture was constructed. These three layers are input layer, intermediate

(hidden) layer and output layer (See Figure 3.2).

Input Layer (i) Hidden Layer (j) Output Layer (k)

Figure 3.2 Architecture of three layered Artificial Neural Network

The process starts with the multiplication of all input values with the predetermined
interconnection weights representing the connection strengths between the nodes in
the input layer (i) and the nodes in the hidden layer (j). Then, all multiplied values
are added in order to produce a single value as an input for the nodes in the hidden

layer (DACS, 2009).

Sum ; = Z WX (3.4)

where X; is the input value supplied to node in the input layer (i), w;; is the weight
between the nodes in the input layer (i) and nodes in the hidden layer (j).

Furthermore, Sum; is the input for the nodes located in the hidden layer (j).

In the nodes of hidden layer, the Sum; value is used in an activation function

serving to restrict the output values between fixed values such as 0 and 1. Sigmoid,
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threshold, step and linear functions are some of the activation functions applied in
ANN (Sarlak et al.,2006). In this study, log-sigmoid function giving the output

between the range of 0 and 1 is used as an activation function (See Figure 3.3).

1/(1+e%)
1 _

0.8 4

Figure 3.3 Log-Sigmoid Function

The output value of a node in the hidden layer is obtained by application of the

sigmoid function to the input of that node and it is represented as f(Sumy;).

1

The values obtained from the activation functions of the each node in the hidden
layer are sent to the nodes of output layer as inputs. Then, same mechanism works
in the nodes of output layer. By each node, every input is multiplied by its
interconnection weights, the product is summed and this sum is applied in transfer
function in order to obtain outputs (Muzzammil, 2008). The working mechanism of

a neuron can be presented as in Figure 3.4.
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Figure 3.4 Working mechanism of a neuron

In ANN structure, if there is not any interconnection between the nodes of same
layer and only connection exists from a node in the previous layer to other nodes in
the following layer, this ANN structure is called feed forward ANN (Oztiirk, 2005).
In this study, ANN models were created according to feed forward ANN structures.

3.3.2 Back Propagation in ANN

Back propagation is a learning algorithm used in ANN models. A back propagation
network uses examples in learning, so that a learning set consisting of input
examples and their correct outputs must be supplied to the network (McCollum,
2009). For a given set of input examples, one example case is applied to the
network and output is obtained. Then, this output is compared to correct output by
calculation of mean square error (MSE). Furthermore, this calculated error is
propagated backward from the output layer to input layer and as being scaled by
the learning function, it is multiplied by the incoming connection weights to adjust
them (DACS, 2009). Moreover, the whole process is repeated for each case of
examples and turned back to first case. This cycle is repeated until overall error
value becomes lower than the predetermined threshold (McCollum, 2009). In the

present study, ANN models were created using back propagation learning
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algorithm as getting required learning set involving input examples and their

corresponding correct outputs.

3.3.3 Parameters in Construction of an ANN Model

In artificial neural network model construction; there is no specific rule to be
followed. Construction of an ANN model requires determination of the number of
hidden layers and the number of neurons in each layer. Also, the number of
iterations and the values of other parameters such as momentum coefficient and
learning rate changing according to type of training function should be decided.
Furthermore, decision of proper values for these variables requires a trial and error

procedure in ANN model construction.

In this study, ANN models are constructed using MATLAB Neural Network
Toolbox (Mathworks Inc., 2004). Moreover, in the networks gradient descent with
momentum back propagation (traingdm) is used as training function while log-
sigmoid and gradient descent with momentum learning function (learngdm) are
used as transfer function and adaptation learning function, respectively. Also, mean

square error (MSE) is chosen as performance function.

For the training function used in ANN model construction, the values of learning
rate and momentum coefficient are also required. Learning rate is the rate at which
weights are readjusted throughout the back propagation. In order to get a rapid
learning, this rate must be high enough. However, high learning rate may force the
training towards local minimum or may result in oscillation (Sarlak et al., 2006).
By using a low learning rate, the problem of being stuck in a local minimum or
oscillation can be solved. However, low learning rate means low learning speed
and it causes the training time to increase. Therefore, a parameter called
momentum coefficient is used in order to solve this problem. Momentum
coefficient is multiplied by previous change of weight so that as keeping the

learning rate low, changes are made rapidly (Sarlak ez al., 2006).
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In ANN model construction, determination of the number of iterations (epoch) is
very important due to the fact that if the optimal epoch number is exceeded, further
training causes memorization of the training data. Therefore, optimal epoch number

should be determined in order to prevent memorization.

There are other parameters such as goal, max_fail, min_grad, show and time which
are taken as same values for all models in ANN model construction in MATLAB
Neural Network Toolbox. When, the performance function is below goal or
gradient’s magnitude is less than min_grad or training takes longer time than the
time seconds, training stops. Moreover, with show parameter the status of training
is demonstrated for all iterations of algorithm. Furthermore, max fail is related
with the technique of early stopping and it is used during the training process while
the error in validation data is monitored (Mathworks Inc., 2004). In this study,

different epoch numbers were tried instead of early stopping technique.

As stated before, in this study, the number of hidden layers is selected as one for
the sake of simplicity. Moreover, the number of neurons, the number of iterations
and the values of momentum coefficient and learning rate are determined through a

trial and error procedure.

3.3.4 Construction of an ANN Model

In this study, three equations giving time dependent scour depth at abutments are
examined. These equations are of Oliveto and Hager (2002), of Coleman et al.
(2003) and of Yanmaz and Kose (2007) discussed in detail in Chapter 2. In order to
examine the performance of each of these equations, they are applied on 429 data
obtained from the experiments carried out by Yanmaz and Kdése (2007). These
experiments are presented in Table 3.1 in which experiments E6-E10 and E15-E19

are excluded in the ANN analysis.
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Table 3.4 Scope of the experiments (Yanmaz and Kdse, 2007)

Runno | L (cm) |Dsy (mm)| u/u, y(cm) |ty (min) T,
El 12.5 1.8 0.777 8.9 360 424.7
E2 12.5 1.8 0.751 8.3 360 424.7
E3 12.5 1.8 0.741 7.5 360 424.7
E4 12.5 1.8 0.713 6.8 360 424.7
ES 12.5 1.8 0.682 6.1 360 424.7
E6 12.5 1.8 0.777 8.9 5 5.9
E7 12.5 1.8 0.777 8.9 20 23.6
E8 12.5 1.8 0.777 8.9 60 70.8
E9 12.5 1.8 0.777 8.9 100 118
E10 12.5 1.8 0.777 8.9 150 177
Ell 10 1.8 0.777 8.9 360 663.6
E12 10 1.8 0.751 8.3 360 663.6
E13 10 1.8 0.741 7.5 360 663.6
E14 10 1.8 0.713 6.8 360 663.6
E15 10 1.8 0.777 8.9 5 9.2
E16 10 1.8 0.777 8.9 20 36.9
E17 10 1.8 0.777 8.9 60 110.6
E18 10 1.8 0.777 8.9 100 184.3
E19 10 1.8 0.777 8.9 150 276.5
E20 12.5 0.9 0.985 5.2 360 150.2
E21 12.5 0.9 0.899 4.4 360 150.2
E22 10 0.9 0.985 5.2 360 234.6
E23 10 0.9 0.899 4.4 360 234.6

Moreover, scour depths calculated with the equations are compared with the actual
scour depths obtained from experiments. Mean square errors are calculated for each

one of these equations are given in Table 3.2.

Table 3.5 Mean square errors for 429 data

MSE
0.000157
0.000344
0.000524

Equation
Oliveto and Hager (2002)
Yanmaz and Kose (2007)
Coleman et al. (2003)
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It is seen from Table 3.2 that the minimum mean square error is produced by
Oliveto and Hager (2002) equation. Therefore, it is decided to construct the ANN
model by using the parameters of this equation. The parameters of Oliveto and
Hager’s (2002) equation are ds / Lr , o, Fq and T4 The geometric standard
deviation of particle size (o) is constant in the 429 data. Therefore, it did not take

place in the ANN model. The structure of the ANN model is given in Figure 3.5.

Fq
dy/Lr
T,
Input Hidden Output
Layer Layer Layer

Figure 3.5 Architecture of the ANN model with parameters of
Oliveto and Hager (2002) equation

As a first step, 429 data is normalized and is divided into three sets as training data,
testing data 1 and 2 with 300, 100 and 29 members, respectively. As, it is not
feasible to try all values and their different combinations for the parameters of
program, the ranges and their combinations that have been used in a study carried
by Jeng, Bateni and Lockett (2006) to determine scour depth around bridge piers
are used in this study. The number of neurons in the hidden layer is taken as 2, 3, 4,
5,6, 7,8, 9 and the number of epochs as 1000, 2000, 3000, 4000, 5000 6000, 7000,
8000, 9000. Furthermore, the range of the momentum coefficient is chosen as 0.1

to 0.7 and the range of the learning rate is selected as 0.3 to 0.8. A total of 189
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combinations are examined in order to identify the best ANN architecture in

determining the maximum scour depth around bridge abutments.

In this study, a systematic way is used for the ANN model construction. Firstly,
different numbers of neurons are tried with different numbers of epochs. In these
trials, momentum coefficient and learning rate are fixed as 0.2 and 0.4, respectively

(See Table 3.3).

Table 3.6 Parameters in determination of neuron number of ANN model

Trial Number of Number of Learning | Momentum
Number | Neuron |[Iteration (Epoch)| Rate Coefficient
1 2 1000 04 0.2
2 3 1000 0.4 0.2
3 4 1000 04 0.2
4 5 1000 04 0.2
5 6 1000 0.4 0.2
6 7 1000 0.4 0.2
7 8 1000 04 0.2
8 9 1000 0.4 0.2
9-16 2-9 2000 0.4 0.2
17-24 2-9 3000 04 0.2
25-32 2-9 4000 04 0.2
33-40 2-9 5000 0.4 0.2
41-48 2-9 6000 04 0.2
49-56 2-9 7000 04 0.2
57-64 2-9 8000 0.4 0.2
65-72 2-9 9000 0.4 0.2

As can be seen from Table 3.3, a total number of 72 ANN architectures are formed
by using training data. Then, 100 testing data is used as input to each of these ANN
models and dy/Lgr values are estimated. Then, the mean square errors (MSE) are
calculated. Number of neurons corresponding to the ANN model with the smallest
mean square error is selected as the final number of neurons in the hidden layer. In

this study, a total of 9 neurons is selected for the hidden layer because, the ANN
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model corresponding to this case gives minimum MSE of 0.010479 (See Table
A.2). Moreover, for this model, number of epochs, learning rate, and momentum

coefficient are 8000, 0.4 and, 0.2, respectively.

After obtaining the number of neurons as 9, new ANN models are constructed
using training data. In these ANN models, momentum coefficients are tried in
order to determine the final momentum coefficient. In each of these models

learning rate value is fixed to 0.4. (See Table 3.4)

Table 3.7 Parameters in determination of momentum coefficient of ANN model

with parameters of Oliveto and Hager (2002) equation

Trial Number of Number of Learning | Momentum
Number | Neuron | Iteration (Epoch)| Rate Coefficient
73 9 1000 0.4 0.1
74 9 1000 0.4 0.2
75 9 1000 0.4 0.3
76 9 1000 0.4 0.4
77 9 1000 0.4 0.5
78 9 1000 0.4 0.6
79 9 1000 0.4 0.7
80-86 9 2000 0.4 0.1-0.7
87-93 9 3000 0.4 0.1-0.7
94-100 9 4000 0.4 0.1-0.7
101-107 9 5000 0.4 0.1-0.7
108-114 9 6000 0.4 0.1-0.7
115-121 9 7000 0.4 0.1-0.7
122-128 9 8000 0.4 0.1-0.7
129-135 9 9000 0.4 0.1-0.7

Using these new ANN models, 100 testing data is simulated and MSE values are
calculated. ANN model with the momentum coefficient giving the minimum MSE
value as 0.010479 is chosen as the optimum model and the final momentum
coefficient for this application is determined as 0.2 (See Table A.3). This ANN
model is the same with the model obtained in the previous experiment set that is

used to select the number of neuron.
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After determining the value of momentum coefficient, new ANN models are
constructed to obtain the final learning rate. In these models, number of neurons

and momentum coefficient are taken as 9 and 0.2, respectively. (See Table 3.5)

Table 3.8 Parameters in determination of learning rate of ANN model with

parameters of Oliveto and Hager (2002) equation

Trial Number of | Number of Learning | Momentum
Number Neuron Iteration Rate Coefficient
136 9 1000 0.3 0.2
137 9 1000 0.4 0.2
138 9 1000 0.5 0.2
139 9 1000 0.6 0.2
140 9 1000 0.7 0.2
141 9 1000 0.8 0.2
142-147 9 2000 0.3-0.8 0.2
148-153 9 3000 0.3-0.8 0.2
154-159 9 4000 0.3-0.8 0.2
160-165 9 5000 0.3-0.8 0.2
166-171 9 6000 0.3-0.8 0.2
172-177 9 7000 0.3-0.8 0.2
178-183 9 8000 0.3-0.8 0.2
184-189 9 9000 0.3-0.8 0.2

Then, 100 testing data is simulated with each of these ANN models and MSE are
calculated. ANN model giving the minimum MSE of 0.010479 is chosen as the
final ANN architecture (See Table A.4). In this model, the number of neuron is 9,
the number of epochs, momentum coefficient, and learning rate are 8000, 0.2, and
0.4, respectively. Final model that produced the minimum MSE is the same with
the models obtained from previous experiments conducted for the determination of

the number of neurons and the momentum coefficient.

The final ANN model is used with 129 testing data (sum of testing data 1 and

testing data 2). The aim of this simulation is to validate the model. In validation,
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using test data 1 is reasonable, since this data set is not used for training. To be able
to compare the results of this final ANN model with those of the results obtained
from Oliveto and Hager (2002), Coleman et al. (2003) and Yanmaz and Kdse
(2007) equations the MSE value is calculated using the transformed results (i.e.
normalized results are transformed back to original ds values) of the model. MSE
for the final ANN model is calculated as 0.000494 from this 129 testing data. The
equations of Oliveto and Hager (2002), Coleman et al. (2003) and Yanmaz and
Kose (2007) are applied to the set of data and MSE values are calculated (See
Table 3.6).

Table 3.9 Mean square errors of 129 data from equations and ANN model with
parameters of Oliveto and Hager (2002) equation

Equation MSE
Oliveto and Hager (2002) [ 0.000167
Yanmaz and Kose (2007) [ 0.000364
ANN Model 0.000494
Coleman et al . (2003) 0.000525

As can be seen from Table 3.6, the ANN model which uses the parameters of
Oliveto and Hager (2002) equation does not produce as successful results as the
original equation. Therefore, it was determined to construct new ANN models
using Yanmaz and Kose (2007) equation’s parameters which are Fg, L/y and T

(See Figure 3.6).
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dyL
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T,
Input Layer Hidden Layer Output Layer

Figure 3.6 Architecture of the ANN model with parameters of
Yanmaz and Kose (2007) equation

To construct the ANN model same systematic approach is used. First, all the data is
normalized. Then, training data is used in order to get the optimum number of
neurons, the number of epochs, the momentum coefficient and the learning rate.

Each ANN model is used with 100 testing data and MSE values are calculated.

Optimum number of neurons is determined according to MSE results of ANN
models constructed with the combinations of parameters given in Table 3.3.
Moreover, number of neurons is determined as 7, since ANN model having number
of neuron as 7, the number of epochs as 7000, the momentum coefficient as 0.2 and

the learning rate as 0.4 gives the minimum MSE of 0.003860 (See Table B.2).

After determination of number of neurons as 7, new ANN models are constructed
to determine the momentum coefficient of the final ANN model using MSE results
of them. The combinations of parameters used in the construction of these ANN
models are presented in Table 3.7. Furthermore, the momentum coefficient is
determined as 0.3 since ANN model having number of neurons as 7, the number of
epochs as 9000, the momentum coefficient as 0.3, and the learning rate as 0.4

yields minimum MSE value of 0.003381 (See Table B.3).
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Table 3.7 Parameters in determination of momentum coefficient of ANN model

with parameters of Yanmaz and Kose (2007) equation

Trial |Number off Number of Learning | Momentum
Number | Neuron |[Iteration (Epoch)| Rate Coefficient
73 7 1000 0.4 0.1
74 7 1000 0.4 0.2
75 7 1000 0.4 0.3
76 7 1000 0.4 0.4
77 7 1000 0.4 0.5
78 7 1000 0.4 0.6
79 7 1000 0.4 0.7
80-86 7 2000 0.4 0.1-0.7
87-93 7 3000 0.4 0.1-0.7
94-100 7 4000 0.4 0.1-0.7
101-107 7 5000 0.4 0.1-0.7
108-114 7 6000 0.4 0.1-0.7
115-121 7 7000 0.4 0.1-0.7
122-128 7 8000 0.4 0.1-0.7
129-135 7 9000 0.4 0.1-0.7

Determining number of neuron as 7 and momentum coefficient as 0.3 for the final
ANN model, new ANN models are constructed for determination of final value of
the learning rate. The combinations of parameters used in the construction of these
ANN models are given in Table 3.8. The learning rate is determined as 0.5 since
the final ANN model having number of neurons as 7, the number of epochs as
9000, the momentum coefficient as 0.3, and the learning rate as 0.5 yields

minimum MSE value of 0.003041(See Table B.4).

This final ANN model is run with 129 testing data (sum of testing 1 and testing 2)
for validation. Then, normalized results of ANN were converted to original results
of ds values and MSE is calculated as 0.000039 for 129 testing data. The
comparison of MSE values generated by the ANN model and three equations (i.e.
Oliveto and Hager (2002), Coleman et al. (2003) and Yanmaz and Kd&se (2007)) is
given in Table 3.9. It can be concluded that the ANN model constructed with the

32



parameters of Yanmaz and Kdose (2007) equation estimates the time dependent

scour depths at vertical-wall abutments the best.

Table 3.8 Parameters in determination of learning rate of ANN model with

parameters of Yanmaz and Kose (2007) equation

Trial Number of |Number of Iteration| Learning | Momentum
Number Neuron (Epoch) Rate Coefficient
136 7 1000 0.3 0.3
137 7 1000 0.4 0.3
138 7 1000 0.5 0.3
139 7 1000 0.6 0.3
140 7 1000 0.7 0.3
141 7 1000 0.8 0.3
142-147 7 2000 0.3-0.8 0.3
148-153 7 3000 0.3-0.8 0.3
154-159 7 4000 0.3-0.8 0.3
160-165 7 5000 0.3-0.8 0.3
166-171 7 6000 0.3-0.8 0.3
172-177 7 7000 0.3-0.8 0.3
178-183 7 8000 0.3-0.8 0.3
184-189 7 9000 0.3-0.8 0.3

Table 3.9 Mean square errors of 129 data from equations and ANN model with

parameters of Yanmaz and Kdse (2007) equation

Equation MSE
ANN Model 0.000039
Oliveto and Hager (2002)[ 0.000167
Yanmaz and Kose (2006)| 0.000364
Coleman ef al. (2003) | 0.000525

In order to graphically show how ds values change with time the ANN model is

used with 429 experimental data. The results comparing observed values with those
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obtained from Oliveto and Hager (2002), Coleman et al. (2003) and Yanmaz and
Kose (2007) equations and the ANN model are given in Figures 3.7 to 3.19.
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3.4 Discussions

Before construction of ANN models, it is stated that in order to examine their
efficiency Oliveto Hager (2002), Coleman et al. (2003) and Yanmaz and Kose
(2007) equations are applied on 429 experimental data and their MSE values are
calculated between the results of these equations and desired values. In the result of
these calculations, it is observed that differences in MSEs obtained for each of the
equations are in the same order of magnitude. However, after construction of two
ANN models it is seen that ANN model involving the parameters of Yanmaz and
Kose (2007) equation gives better results than ANN model constructed by using
the parameters of Oliveto and Hager (2002) equation. This situation can be the
result of the systematic approach (i.e number of neuron is determined firstly,
momentum coefficient secondly and learning rate lastly) used in the construction of
ANN models since with this approach a limited number of combinations of
parameters are used instead of using all combinations. Moreover, in ANN model
construction with the parameters of Oliveto and Hager (2002) equation, the
parameter of geometric standard deviation of particle size distribution included in
this equation is not taken in ANN model due to having same value throughout the
experimental data. Therefore, exclusion of this parameter may cause some

reduction in the expression of the actual phenomenon.

In the ANN study, after getting the best ANN model with the parameters of
Yanmaz and Kose (2007) equation, another ANN model including the parameters

of equation of Coleman et al. (2003) is not constructed.

As a consequence of this ANN study, an ANN model giving more accurate results
than the other equations used for scouring depth estimations is obtained.
Furthermore, with this ANN model created according to a systematic approach,
parameters expressing the actual scouring phenomenon are determined as the ones
used in Yanmaz and Kdose (2007) equation. Therefore, this ANN model should be

used in reliability analysis since it provides the minimum MSE for d, values.
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To conduct the reliability analysis, software called Crystal Ball (Oracle, 2008) is
planned to be utilized. Crystal Ball requires an analytical equation in reliability
simulation. Since it is not possible to obtain the analytical equation associated with
the ANN model developed by the parameters of Yanmaz and Kdse (2007)
equation, Crystal Ball cannot be used with this model. Therefore, having the same
order of magnitude for MSE values of 429 data obtained by application of three
equations (i.e. Oliveto Hager (2002), Coleman et al. (2003) and Yanmaz and Kdse
(2007) ) and getting the best ANN model using the parameters of it, Yanmaz and

Kose (2007) equation is determined as the equation used in reliability analysis.
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CHAPTER 4

RELIABILITY MODEL

4.1 Model Development

In this part of the study, the aim is to develop a reliability model for the assessment
of time-dependent clear water scour around vertical-wall bridge abutments using

Monte Carlo simulation technique.

Monte Carlo simulation is a technique used in problems having random variables
with known or assumed probability distributions. This technique requires repeating
a simulation process with particular set of values selected from the distributions of
the random variables. For each set of generated random numbers the simulation
process becomes deterministic (Ang and Tang,1984). In the analysis, these random
numbers are generated for the determination of probability of safety margin which
is greater than or equal to zero. Here, as considering the loading and resistance
terms expressed in Chapter 3 in very detail, safety margin (SM) can be defined as

in the following equation :

SM= d¢-d, (4.1)

in which d¢ is the depth of abutment footing and it is considered as resistance term
showing the system resistance level with respect to erosion and d; is a loading term
representing depth of scour around abutment. Here, safety margin can be expressed
by dimensionless form of dr and ds and this is achieved by dividing both parameters

to abutment length (L). In this case Equation (4.1) becomes
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d
SM - 4.2
7 (4.2)

4
L

Applying equation of Yanmaz and Kdose (2007), Equation (4.2) becomes

s

d 0.15
SM'sz- 0.25F "% [é} (logT. )** (4.3)

Here, approach flow depth, y, mean approach flow velocity, u, median sediment
size, D5, abutment length, L, and depth of abutment footing, dy are assumed to be
random variables. In deterministic approach, it is necessary to have SM™O0.
However, the possible question is how much SM' should be greater than zero. In
fact, determination of the reliability is more realistic and the final decision can be
given on the numerical value of the reliability, which should be relatively high, e.g.
more than 99%. These variables will be presented by probability density functions
in the model in order to include the uncertainties associated with them. In these
functions, coefficients of variations of these variables are used as the main
indicator of the degree of uncertainties coming with these variables. Since, limited
information is available on the values of coefficients of variations of hydraulic
variables, previous studies were referred. Coefficients of variations of the variables
forming the parameters in Equation (4.3) are assigned with respect to Johnson
(1996), Yanmaz and Cigekdag (2001), Yanmaz and Ustiin (2001) and Yanmaz and
Celebi (2004) and presented in Table 4.1.

Table 4.1 Coefficient of variations of variables

. Coefficient of
Varible Variation (Q)
y 0.10
u 0.01
Dy 0.05
L 0.01
d; 0.01
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Total coefficient of variation, which is the measure of total parameter uncertainty
of Equation (4.3) are calculated by using first order analysis expressed by Equation

(3.3) and calculated values are given in Table 4.2.

Table 4.2 Coefficient of variations of parameters

Parameter Coefficient of
Variation (Q)

d/L 0.0141

Fq4 0.0269

Ly 0.1000

T, 0.0776

In the Monte Carlo analysis, the number of simulation cycles need to be identified
first. This number of simulation cycles affects the reliability level. In Monte Carlo
simulations, the number of cycles must be large to get significant sampling for
simulation events. Therefore, the sample can be considered as population

throughout the simulation process (Yanmaz, 2003).

For a particular simulation cycle, it is possible to estimate the accuracy of mean
reliability by the coefficient of variation of reliability (€);) which is a value
decreasing with increasing sample size (Melchers, 2002). Therefore, in order to
obtain a relatively small value for €, simulations are carried out with different
number of cycles (See Table C.1). In the simulations, distribution for each
parameter is assumed to be normal and simulations are carried out for the mean
values of d¢/L =0.65, F4=1.95, L/y=1.1 and T=50. Change of Q, with number of
cycles is given in Figure 4.1. It can be observed from Figure 4.1 that Q, decreases
with increasing number of cycles and it approaches approximately 0.0006.

Therefore, 80000 cycles is chosen for this analysis.
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Monte Carlo simulations are carried out for a large number of cases. Different
mean values for each one of the random variables are combined to form each one
of these different cases. All the combinations are given in Table 4.3. It is seen from
Table 4.3 that d¢/L value is taken as 1.00 throughout the analysis. Moreover,
dimensionless time values are taken as 10, 25, 50, 100 and after, T >100, the T

values are taken in increment of 100 up to 1000.
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Table 4.3 Monte Carlo simulations

Mean Value [Mean Value |Mean Value |Mean Value
for Fy for d/L for L/y for T,
1.95 1.00 1.10 10-1000
1.95 1.00 1.30 10-1000
1.95 1.00 1.50 10-1000
1.95 1.00 1.70 10-1000
1.95 1.00 1.90 10-1000
1.95 1.00 2.10 10-1000
1.95 1.00 2.30 10-1000
1.95 1.00 2.50 10-1000
1.95 1.00 2.70 10-1000
1.95 1.00 2.80 10-1000
2.10 1.00 1.10 10-1000
2.10 1.00 1.30 10-1000
2.10 1.00 1.50 10-1000
2.10 1.00 1.70 10-1000
2.10 1.00 1.90 10-1000
2.10 1.00 2.10 10-1000
2.10 1.00 2.30 10-1000
2.10 1.00 2.50 10-1000
2.10 1.00 2.70 10-1000
2.10 1.00 2.80 10-1000
2.25 1.00 1.30 10-1000
2.25 1.00 1.50 10-1000
2.25 1.00 1.70 10-1000
2.25 1.00 1.90 10-1000
2.25 1.00 2.10 10-1000
2.25 1.00 2.30 10-1000
2.25 1.00 2.50 10-1000
2.25 1.00 2.70 10-1000
2.25 1.00 2.80 10-1000
2.50 1.00 1.10 10-1000
2.50 1.00 1.30 10-1000
2.50 1.00 1.50 10-1000
2.50 1.00 1.70 10-1000
2.50 1.00 1.90 10-1000
2.50 1.00 2.10 10-1000
2.50 1.00 2.30 10-1000
2.50 1.00 2.50 10-1000
2.50 1.00 2.70 10-1000
2.50 1.00 2.80 10-1000
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The reliability analysis is initially conducted with normal distributions for all the
parameters given in Equation (4.3) and simulations are carried out for each one of
the combinations presented in Table 4.3. For each combination, a reliability value
is obtained and provided in Table C.2. Reliability results presented in these tables
are then summarized and presented in concise manner for practical purposes. To
this end, the relationship between the reliability against dimensionless time is
plotted for various L/y values under a constant F4 value. Similar graphs are also
obtained for the other values of F4. Moreover, these graphs are presented in Figures
4.2 to 4.5. The general trend in all curves is the same that reliability decreases with
increasing T and L/y value. Furthermore, for a given Ts and L/y, the reliability

decreases also with increasing Fq4 value.
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Figure 4.2 Variation of reliability against parameters with normal distribution in

case of mean value of F4=1.95
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Figure 4.5 Variation of reliability against parameters with normal distribution in

case of mean value of F4=2.50

Sensitivity analyses need to be carried out to observe the effects of probability
distributions and coefficients of variation of parameters used in reliability
computations. To this end, triangular distribution is assumed for each distribution
of parameters in Equation (4.3) and coefficient of variations given in Table 4.2 are
taken to express the uncertainty coming by these variables. Moreover,
combinations for mean values of parameters shown in Table 4.3 are used in
simulations. The reliability results obtained from these simulations are given in

Table C.3. These results are also demonstrated in Figures 4.6 to 4.9.
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case of mean value of F4=2.10
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case of mean value of F4=2.25
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Figure 4.9 Variation of reliability against parameters with triangular distribution in

case of mean value of F4=2.50
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In sensitivity analysis, also uniform distribution is assumed as the probability
distributions of each parameter in Equation (4.3). In the simulations, combinations
of the mean values of parameters given in Table 4.3 are used. In order to express
the uncertainties coming with these parameters, coefficient of variations presented
in Table 4.2 are used in simulations. The reliability results obtained from these

simulations are given in Table C.4 and also shown in Figures 4.10 to 4.13.
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Figure 4.10 Variation of reliability against parameters with uniform distribution in

case of mean value of F4=1.95
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Figure 4.11 Variation of reliability against parameters with uniform distribution in

case of mean value of F4=2.10

Fd:2'25
100 - \ =
90 )
80
70
N
S 60 -
=y —a—Liy=1.10
Z50 4 | ——Li=1.30
= —a—L/y=1.50
240 4 | —e—Liy=1.70
—%—L/y=1.90
30 1 | —e—Li=2.10
20 —e—L/y=230
h —a—L/y=2.50
101 | ——Ly=270
—e—L/y=2.80 ; A ‘
0 T T T V . - 1
0 200 400 600 800 1000 1200

Figure 4.12 Variation of reliability against parameters with uniform distribution in

case of mean value of F4=2.25
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Fd:2.50
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Figure 4.13 Variation of reliability against parameters with uniform distributions in

case of mean value of F4=2.50

In order to examine the effects of probability distributions of the parameters given
in Equation (4.3), mean values of reliability results obtained from the cases in
which all parameters have normal, triangular or uniform distribution are calculated.
Each mean value is calculated for different combinations of parameters in which Fy

values are the same.

As it is seen from Table 4.4 that for each case, difference between mean values of
reliability results obtained by assuming different distributions for parameters in
Equation (4.3) expressing the safety margin is not significant. Moreover, it can be
inferred from these results that Equation (4.3) gives nearly the same reliability
results when all of its parameters have normal, triangular or uniform probability
distributions. Since nearly the same reliability results for three different probability
distributions are obtained, it is determined to use normal distribution as the

distribution of each parameter in Equation (4.3) for further analysis.
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Table 4.4 Mean values of reliability results

Mean Values of Parameters Mean Values of Reliability Results
Fq4 dy/L Ly T, Normal Dist. | Triangular Dist.|Uniform Dist.
1.95 1.00 1.10 10-1000
1.95 1.00 1.30 10-1000
1.95 1.00 1.50 10-1000
1.95 1.00 1.70 10-1000
1.95 1.00 1.90 10-1000
195 T00 10 T0-1000 97.733 97.772 97.812
1.95 1.00 2.30 10-1000
1.95 1.00 2.50 10-1000
1.95 1.00 2.70 10-1000
1.95 1.00 2.80 10-1000
2.10 1.00 1.10 10-1000
2.10 1.00 1.30 10-1000
2.10 1.00 1.50 10-1000
2.10 1.00 1.70 10-1000
2.10 1.00 1.90 10-1000
510 T00 10 T0-1000 84.138 84.180 84.221
2.10 1.00 2.30 10-1000
2.10 1.00 2.50 10-1000
2.10 1.00 2.70 10-1000
2.10 1.00 2.80 10-1000
2.25 1.00 1.10 10-1000
2.25 1.00 1.30 10-1000
2.25 1.00 1.50 10-1000
2.25 1.00 1.70 10-1000
2.25 1.00 1.90 10-1000
>33 T00 > 10 T0-1000 64.252 64.248 64.213
2.25 1.00 2.30 10-1000
2.25 1.00 2.50 10-1000
2.25 1.00 2.70 10-1000
2.25 1.00 2.80 10-1000
2.50 1.00 1.10 10-1000
2.50 1.00 1.30 10-1000
2.50 1.00 1.50 10-1000
2.50 1.00 1.70 10-1000
2.50 1.00 1.90 10-1000
250 T00 210 T0-1000 39.359 39.295 39.352
2.50 1.00 2.30 10-1000
2.50 1.00 2.50 10-1000
2.50 1.00 2.70 10-1000
2.50 1.00 2.80 10-1000

In further reliability analysis, the effects of coefficient of variation (COV) of each
parameter in Equation (4.3) are examined. As stated before, distributions of all

parameters are taken as normal distribution throughout the analysis. In these
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analyses, instead of using whole combinations of mean values of parameters given

in Table 4.3, a part of them presented in Table 4.4 is used (see Table 4.5).

Table 4.5 Monte Carlo Simulations for different COV's

Mean value| Mean value| Mean value | Mean value
for Fy for d/L for L/y for T,
1.95 1.00 2.70 10
1.95 1.00 2.70 25
1.95 1.00 2.70 50
1.95 1.00 2.70 100
1.95 1.00 2.70 200
1.95 1.00 2.70 300
1.95 1.00 2.70 400
1.95 1.00 2.70 500
1.95 1.00 2.70 600
1.95 1.00 2.70 700
1.95 1.00 2.70 800
1.95 1.00 2.70 900
1.95 1.00 2.70 1000

In order to examine the reliability based effects of COVs of each parameter in

Equation (4.3), different COVs are used for each parameter.

In the first analysis, the COVs of parameters presented in Table 4.2 are used for all
parameters except parameter Fyq. For parameter Fy, the COV is doubled and
calculated value of 0.0538 is used in the analysis. In simulations, the combinations
expressed in Table 4.4 are used and their reliability results are given in Table C.5.
In order to express the situation analytically, the mean value of these results are
calculated. For these simulations the mean value is calculated as 89.65 %.
Furthermore, reliability results are also given in Figure 4.14 with the simulation
results of same combinations in which all parameters including parameter F4 have

the COVs presented in Table 4.2 for which mean value of the reliability results are

57



obtained as 93.12%. It is seen from Figure 4.14 that increment in the uncertainty

value of COV of parameter F4 decreases the reliability results.

Fq=1.95, L/y=2.70, d#/L=1.00
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30 1 —a— COV of Fd=0.0538
20
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0 T \ \ \ \ \
0 200 400 600 800 1000 1200
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Reliability %

Figure 4.14 Variation of reliability results due to the change in
COVof Fqparameter

In further reliability analysis, same approach stated in the previous analysis is
carried out. However, in this analysis only COV for the parameter L/y is doubled
and its calculated value of 0.2 is used. In the results of simulations, the reliability
results are obtained and they are given in Table C.6. Moreover, their mean values
are calculated as 91.85%. Also, these results are given in Figure 4.15 with the
reliability results obtained by simulation of same combinations of parameters in
which all parameters including parameter L/y have the COVs presented in Table
4.2. Tt is seen from Figure 4.15 that increasing COV for L/y parameter decreases

the reliability results of Equation (4.3).

58



F,=1.95, Liy=2.70, d/L=1.00

100 a
90 -
80 -
70
60 -

50 —=— COV of L/y=0.100

40 —a— COV of L/y=0.200
30 |

20
10

Reliability %

0 200 400 600 800 1000 1200
T

S

Figure 4.15 Variation of reliability results due to the change in
COVof L/y parameter

In another reliability analysis, the effect of COV of parameter T on reliability of
Equation (4.3) is examined. In this analysis, same approach applied in the previous
analysis is carried out. However, in this case the COV of parameter T is doubled
and the calculated value of 0.1552 is used. The results obtained from simulations
are given in Table C.7 and their mean values are obtained as 93.11%. These results
are also presented in Figure 4.16 with the reliability results got from the simulation
of same parameters combinations whose parameters including T have the COVs as
presented in Table 4.2. It is seen from Figure 4.16 that the reliability results of
simulations carried out for two different cases are nearly the same. Therefore, it can
be inferred from Figure 4.16 that increasing COV for T, parameter does not any

effect on reliability results.
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Figure 4.16 Variation of reliability results due to the change in

Furthermore, applying the same approach used in the previous analysis, the effect
of the COV of parameter d¢/L. on reliability of Equation (4.3) is examined.
Moreover, COV for the d¢/L value is doubled and calculated value of 0.0282 is
used in the analysis. The reliability results obtained from simulations are given in
Table C.8 and mean value of them is calculated as 90.90%. These results are also
given in Figure 4.17 including the results of simulations of same combinations in
which all parameters including parameter d¢/L have the COVs presented in Table

4.2. It is seen from Figure 4.17 that increasing COV for d¢/L parameter causes to

COVof T, parameter

decreasing reliability results for Equation (4.3).
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Figure 4.17 Variation of reliability results due to the change in
COVof d¢/L parameter

In the last analysis, the COVs of all parameters given in Table 4.2 are doubled and
calculated values of 0.0538, 0.200, 0.1552, and 0.0282 are used for Fq4, L/y, Ts, and
d¢/L parameters, respectively. As applying same approach in the previous analysis,
the required simulations are carried out and the obtained reliability results from
them are presented in Table C.9. The mean values of these results calculated as
87.39% and these results are also expressed in Figure 4.18 with the reliability
results obtained by the simulations of combination of parameters having COVs
given in Table 4.2. It is seen from Figure 4.18 that increment in COVs of all

parameters in Equation (4.3) results in decreasing reliability results.
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Figure 4.18 Variation of reliability results due to the change in

COVs of all parameters

In the result of simulations carried out for different COVs of parameters in
Equation (4.3) with the combinations given in Table 4.2, reliability results are
obtained and given in Figures 4.14 to 4.18. With these figures, the effects of
uncertainties expressed by COVs of each parameter on reliability are presented
clearly. In order to represent the situation also in analytical way, the mean values of
reliability results are calculated for each situation. According to these results, it can
be concluded that the reliability of Equation (4.3) depends mostly on COV of
parameter Fy between the COVs of parameters L/y and d¢/L. Moreover, it is

independent from the COV of parameter Ts.
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CHAPTER 5

SUMMARY AND CONCLUDING REMARKS

5.1 Summary

In this study, a reliability model is developed for the assessment of time-dependent
clear water scour around vertical-wall bridge abutments using Monte Carlo
technique. The model is based on the simulation of a safety margin equation which
can be expressed as the difference between dimensionless term for depth of
abutment footing and dimensionless term for depth of scour around bridge
abutments. In the model, scour depth is accepted to represent the external loading
and depth of abutment footing is accepted as the system resistance. In reliability
analysis, the equation representing the external loading is determined by using the
results of artificial neural networks (ANN). Oliveto and Hager (2002) and Yanmaz
and Kdse (2007) equations’ parameters are considered by constructing a number of
ANN models. Moreover, ANN model formed by parameters of Yanmaz and Kose
(2007) equation is determined as equation representing the external loading in
reliability analysis. The safety margin equation involving Yanmaz and Kdse (2007)
equation is presented by Equation (4.3). In the study, system reliability which is the
probability that safety margin equals or exceeds zero value is obtained for a
number of combinations of mean values of parameters in Equation (4.3) given in
Table 4.3. In the reliability analysis, Fq value is determined in the range between
1.95 and 2.50 while L/y value is between the ranges of 1.30 and 2.80 and T, value
is between the ranges of 10 and 1000. In the analysis, df /L value is assumed as

1.00 for Equation (4.3). Furthermore, normal, triangular and uniform distributions
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are assumed for the distributions of parameters of Equation (4.3) and Monte Carlo
simulations are carried out to determine the effects of distributions of parameters
on reliability. In the results of these analysis, it is seen that type of distributions of
the parameters do not have any effects on reliability. Therefore, further reliability
analysis carried out for the cases in which all of the parameters in Equation (4.3)
have normal distributions. In these analysis, the effects of COVs of parameters
which are the indicators used for expression of uncertainities are examined.
Therefore, a number of simulations are carried out for the combinations with
different COVs for F4=1.95, d¢/L=1.00, L/y=2.70 and T ranging between 10 and
1000. In the results of these analysis it is observed that COVs of parameters Fq,
d¢/L and L/y have great impact on reliability while COV of parameter T has no

significant impact on it.

5.2  Concluding Remarks

In the result of the studies, an ANN model giving the best results between three
equations (i.e. Oliveto and Hager (2002), Coleman et al. (2003) and Yanmaz and
Kose (2007) equations) giving scour depth estimations at bridge abutments is
obtained. Moreover, for reliability model constructed by using Yanmaz and Kdse
(2007) equation, it is concluded that for all parameters normal, triangular or
uniform distributions can be used since it does not affect the reliability results.
Furthermore, in this model COVs for the parameters of Fg4, d¢/L and L/y should be
chosen carefully due to the fact that they change the reliability results considerably.

In the study, all reliability results obtained from Monte Carlo simulations are also
demonstrated with graphs. Therefore, determination of reliability results obtained
for the parameters whose probability distributions and COVs are expressed before
become more practical. Furthermore, it is concluded that these kind of graphs
obtained for different combinations of distributions and COVs of parameters can be
used for analysis and design purposes. In the analysis stage, the reliability level of

an existing bridge abutment whose length and footing depth is known can be
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obtained from these graphs for the given flow conditions. In the design stage,
abutment length and depth of abutment footing corresponding to required

reliability can be determined with these graphs.
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APPENDIX A

CONSTRUCTION OF THE ANN MODEL WITH
PARAMETERS OF OLIVETO AND HAGER (2002) EQUATION

Table A.1 Data used in ANN model with parameters of Oliveto and Hager (2002)

equation

Data No Fq4 Tq ds/Lr

2.3834 91.0810 0.6000
2.3834 182.1619 0.6269
2.3834 273.2429 0.6448
2.3834 364.3239 0.6627
2.3834 455.4049 0.6806
2.3834 546.4858 0.6985
2.3834 637.5668 0.7165
2.3834 728.6478 0.7344
2.3834 819.7288 0.7523
2.3834 910.8097 0.7702
2.3834 1366.2146 | 0.7881
2.3834 1821.6195 | 0.8060
2.3834 2277.0243 | 0.8239
2.3834 2732.4292 | 0.8418
2.3834 3187.8341 | 0.8597
2.3834 3643.2389 | 0.8777
2.3834 4098.6438 | 0.8956
2.3834 4554.0487 | 0.9045
2.3834 5464.8584 | 0.9135
2.3834 6375.6681 | 0.9314
2.3834 7286.4778 | 0.9493
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22 2.3834 8197.2876 | 0.9672
23 2.3834 9108.0973 | 0.9851
24 2.3834 | 10018.9070 | 1.0030
25 2.3834 | 10929.7168 | 1.0210
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Table A.1 (Cont’d)

Data No Fq4 T4 dy/Lr
26 2.3834 13662.1460 | 1.0389
27 2.3834 16394.5751 | 1.0568
28 2.3834 19127.0043 | 1.0747
29 2.3834 21859.4335 | 1.0926
30 2.3834 24591.8627 | 1.1016
31 2.3834 27324.2919 | 1.1105
32 2.3834 30056.7211 | 1.1195
33 2.3834 32789.1503 | 1.1284
34 2.2773 93.2597 0.5502
35 2.2773 186.5195 0.6144
36 2.2773 279.7792 0.6419
37 2.2773 373.0390 0.6602
38 2.2773 466.2987 0.6694
39 2.2773 559.5584 0.6786
40 2.2773 652.8182 0.6877
41 2.2773 746.0779 0.6969
42 2.2773 839.3377 0.7061
43 2.2773 932.5974 0.7153
44 2.2773 1398.8961 | 0.7611
45 2.2773 1865.1948 | 0.7886
46 2.2773 2331.4935 | 0.8070
47 2.2773 2797.7922 | 0.8253
48 2.2773 3264.0909 | 0.8436
49 2.2773 3730.3896 | 0.8620
50 2.2773 4196.6883 | 0.8803
51 2.2773 4662.9870 | 0.8895
52 2.2773 5595.5844 | 0.9078
53 2.2773 6528.1818 | 0.9262
54 2.2773 7460.7792 | 0.9445
55 2.2773 8393.3766 | 0.9628
56 2.2773 9325.9740 | 0.9812
57 2.2773 10258.5714 | 0.9904
58 2.2773 11191.1688 | 0.9995
59 2.2773 13988.9609 | 1.0270
60 2.2773 16786.7531 | 1.0545
61 2.2773 19584.5453 | 1.0729
62 2.2773 22382.3375 | 1.0912
63 2.2773 25180.1297 | 1.1004
64 2.2773 27977.9219 | 1.1096
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Table A.1 (Cont’d)

Data No Fq4 T4 dy/Lr
65 2.2773 30775.7141 | 1.1187
66 2.2773 33573.5063 | 1.1279
67 2.2006 96.4643 0.5501
68 2.2006 192.9285 0.6165
69 2.2006 289.3928 0.6450
70 2.2006 385.8571 0.6640
71 2.2006 482.3213 0.6734
72 2.2006 578.7856 0.6829
73 2.2006 675.2499 0.6924
74 2.2006 771.7141 0.7019
75 2.2006 868.1784 0.7114
76 2.2006 964.6427 0.7209
77 2.2006 1446.9640 | 0.7683
78 2.2006 1929.2854 | 0.7967
79 2.2006 2411.6067 | 0.8157
80 2.2006 2893.9281 | 0.8347
81 2.2006 3376.2494 | 0.8537
82 2.2006 3858.5707 | 0.8726
83 2.2006 4340.8921 | 0.8916
84 2.2006 4823.2134 | 0.9011
85 2.2006 5787.8561 | 0.9200
86 2.2006 6752.4988 | 0.9390
87 2.2006 7717.1415 | 0.9580
88 2.2006 8681.7842 | 0.9770
89 2.2006 9646.4268 | 0.9959
90 2.2006 10611.0695 | 1.0054
91 2.2006 11575.7122 | 1.0149
92 2.2006 14469.6403 | 1.0434
93 2.2006 17363.5683 | 1.0718
94 2.2006 20257.4964 | 1.0908
95 2.2006 23151.4244 | 1.1098
96 2.2006 26045.3525 | 1.1192
97 2.2006 28939.2805 | 1.1287
98 2.2006 31833.2086 | 1.1382
99 2.2006 34727.1366 | 1.1477
100 2.0826 99.6668 0.4900
101 2.0826 199.3336 0.5488
102 2.0826 299.0005 0.5782
103 2.0826 398.6673 0.5978
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Table A.1 (Cont’d)

Data No Fq4 Tq dy/Lr
104 2.0826 498.3341 0.6174
105 2.0826 598.0009 0.6370
106 2.0826 697.6677 0.6468
107 2.0826 797.3345 0.6566
108 2.0826 897.0014 0.6664
109 2.0826 996.6682 0.6762
110 2.0826 1495.0023 | 0.6958
111 2.0826 1993.3364 | 0.7154
112 2.0826 2491.6704 | 0.7350
113 2.0826 2990.0045 | 0.7546
114 2.0826 3488.3386 | 0.7742
115 2.0826 3986.6727 | 0.7938
116 2.0826 4485.0068 | 0.8134
117 2.0826 4983.3409 | 0.8330
118 2.0826 5980.0091 | 0.8624
119 2.0826 6976.6772 | 0.8820
120 2.0826 7973.3454 | 0.9016
121 2.0826 8970.0136 | 0.9212
122 2.0826 9966.6818 | 0.9408
123 2.0826 10963.3500 | 0.9604
124 2.0826 11960.0181 | 0.9800
125 2.0826 14950.0227 | 1.0192
126 2.0826 17940.0272 | 1.0486
127 2.0826 20930.0317 | 1.0682
128 2.0826 23920.0363 | 1.0878
129 2.0826 26910.0408 | 1.1074
130 2.0826 29900.0453 | 1.1172
131 2.0826 32890.0499 | 1.1270
132 2.0826 35880.0544 | 1.1368
133 1.9469 103.5689 0.4481
134 1.9469 207.1378 0.5295
135 1.9469 310.7067 0.5397
136 1.9469 414.2756 0.5499
137 1.9469 517.8445 0.5601
138 1.9469 621.4134 0.5703
139 1.9469 724.9823 0.5805
140 1.9469 828.5512 0.5907
141 1.9469 932.1201 0.6008
142 1.9469 1035.6890 | 0.6110
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Table A.1 (Cont’d)

Data No Fq Ty dJ/Lr
143 1.9469 1553.5335 | 0.6416
144 1.9469 2071.3780 | 0.6721
145 1.9469 2589.2224 | 0.6925
146 1.9469 3107.0669 | 0.7129
147 1.9469 36249114 | 0.7332
148 1.9469 4142.7559 | 0.7536
149 1.9469 4660.6004 | 0.7740
150 1.9469 5178.4449 | 0.7841
151 1.9469 6214.1339 | 0.8045
152 1.9469 7249.8229 | 0.8249
153 1.9469 8285.5118 | 0.8452
154 1.9469 9321.2008 | 0.8656
155 1.9469 10356.8898 | 0.8758
156 1.9469 11392.5788 | 0.8860
157 1.9469 12428.2677 | 0.8962
158 1.9469 15535.3347 | 0.9267
159 1.9469 18642.4016 | 0.9573
160 1.9469 21749.4686 | 0.9878
161 1.9469 24856.5355 | 1.0082
162 1.9469 27963.6024 | 1.0285
163 1.9469 31070.6694 | 1.0489
164 1.9469 34177.7363 | 1.0591
165 1.9469 37284.8032 | 1.0693
166 2.3834 105.6901 0.4053
167 2.3834 211.3802 0.4988
168 2.3834 317.0703 0.5716
169 2.3834 422.7604 0.5820
170 2.3834 528.4505 0.6235
171 2.3834 634.1406 0.6547
172 2.3834 739.8307 0.6963
173 2.3834 845.5209 0.7171
174 2.3834 951.2110 0.7378
175 2.3834 1056.9011 | 0.7586
176 2.3834 1585.3516 | 0.8106
177 2.3834 2113.8021 | 0.8626
178 2.3834 2642.2527 | 0.8937
179 2.3834 3170.7032 | 0.9145
180 2.3834 3699.1537 | 0.9353
181 2.3834 4227.6043 | 0.9561
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Table A.1 (Cont’d)

Data No Fq Ty dJ/Lr
182 2.3834 4756.0548 | 0.9665
183 2.3834 5284.5053 | 0.9769
184 2.3834 6341.4064 | 0.9977
185 2.3834 7398.3075 | 1.0288
186 2.3834 8455.2085 | 1.0496
187 2.3834 9512.1096 | 1.0704
188 2.3834 10569.0107 | 1.0808
189 2.3834 116259118 | 1.0912
190 2.3834 12682.8128 | 1.1016
191 2.3834 15853.5160 | 1.1224
192 2.3834 19024.2192 | 1.1431
193 2.3834 22194.9224 | 1.1639
194 2.3834 25365.6256 | 1.1847
195 2.3834 28536.3288 | 1.2055
196 2.3834 31707.0320 | 1.2263
197 2.3834 34877.7353 | 1.2471
198 2.3834 38048.4385 | 1.2575
199 2.2773 108.2183 0.4044
200 2.2773 216.4367 0.4895
201 2.2773 324.6550 0.5320
202 2.2773 432.8734 0.5746
203 2.2773 541.0917 0.6065
204 2.2773 649.3100 0.6278
205 2.2773 757.5284 0.6491
206 2.2773 865.7467 0.6704
207 2.2773 973.9651 0.6917
208 2.2773 1082.1834 | 0.7129
209 2.2773 1623.2751 | 0.7981
210 2.2773 2164.3668 | 0.8513
211 2.2773 2705.4585 | 0.8938
212 2.2773 3246.5502 | 0.9151
213 2.2773 3787.6420 | 0.9364
214 2.2773 4328.7337 | 0.9577
215 2.2773 4869.8254 | 0.9683
216 2.2773 5410.9171 | 0.9790
217 2.2773 6493.1005 | 1.0109
218 2.2773 7575.2839 | 1.0215
219 2.2773 8657.4673 1.0322
220 2.2773 9739.6507 | 1.0428
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Table A.1 (Cont’d)

Data No Fq Tq dJ/Lr
221 2.2773 | 10821.8342 | 1.0534
222 2.2773 | 11904.0176 | 1.0641
223 2.2773 | 12986.2010 | 1.0747
224 2.2773 | 16232.7512 | 1.1066
225 2.2773 | 19479.3015 | 1.1386
226 2.2773 | 22725.8517 | 1.1598
227 2.2773 | 25972.4020 | 1.1811
228 2.2773 | 29218.9522 | 1.1918
229 2.2773 | 32465.5025 | 1.2024
230 2.2773 | 35712.0527 | 1.2131
231 2.2773 | 38958.6030 | 1.2237
232 2.2006 111.9369 0.3852
233 2.2006 223.8737 0.4843
234 2.2006 335.8106 0.5283
235 2.2006 447.7475 0.5613
236 2.2006 559.6843 0.5943
237 2.2006 671.6212 0.6164
238 2.2006 783.5581 0.6384
239 2.2006 895.4949 0.6604
240 2.2006 1007.4318 | 0.6824
241 2.2006 1119.3687 | 0.6934
242 2.2006 1679.0530 | 0.7484
243 2.2006 2238.7374 | 0.8035
244 2.2006 2798.4217 | 0.8585
245 2.2006 3358.1060 | 0.8915
246 2.2006 3917.7904 | 0.9245
247 2.2006 44774747 | 0.9355
248 2.2006 5037.1591 | 0.9466
249 2.2006 5596.8434 | 0.9576
250 2.2006 6716.2121 | 0.9906
251 2.2006 7835.5807 | 1.0236
252 2.2006 8954.9494 | 1.0456
253 2.2006 | 10074.3181 | 1.0566
254 2.2006 | 11193.6868 | 1.0676
255 2.2006 | 12313.0555 | 1.0786
256 2.2006 | 13432.4241 | 1.0896
257 2.2006 | 16790.5302 | 1.1227
258 2.2006 | 20148.6362 | 1.1447
259 2.2006 | 23506.7422 | 1.1557
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Table A.1 (Cont’d)

Data No Fq4 T4 dy/Lr
260 2.2006 26864.8483 | 1.1667
261 2.2006 30222.9543 | 1.1777
262 2.2006 33581.0603 | 1.1887
263 2.2006 36939.1664 | 1.1997
264 2.2006 40297.2724 | 1.2052
265 2.0826 115.6531 0.2274
266 2.0826 231.3062 0.3525
267 2.0826 346.9593 0.3980
268 2.0826 462.6124 0.4321
269 2.0826 578.2655 0.4662
270 2.0826 693.9186 0.4890
271 2.0826 809.5717 0.5004
272 2.0826 925.2248 0.5117
273 2.0826 1040.8779 | 0.5231
274 2.0826 1156.5310 | 0.5345
275 2.0826 1734.7965 | 0.5800
276 2.0826 2313.0619 | 0.6255
277 2.0826 2891.3274 | 0.6709
278 2.0826 3469.5929 | 0.7051
279 2.0826 4047.8584 | 0.7392
280 2.0826 4626.1239 | 0.7619
281 2.0826 5204.3894 | 0.7847
282 2.0826 5782.6549 | 0.8074
283 2.0826 6939.1858 | 0.8301
284 2.0826 8095.7168 | 0.8529
285 2.0826 9252.2478 | 0.8756
286 2.0826 10408.7787 | 0.8984
287 2.0826 11565.3097 | 0.9211
288 2.0826 12721.8407 | 0.9439
289 2.0826 13878.3717 | 0.9552
290 2.0826 17347.9646 | 0.9780
291 2.0826 20817.5575 | 1.0007
292 2.0826 24287.1504 | 1.0235
293 2.0826 27756.7433 | 1.0462
294 2.0826 31226.3362 | 1.0690
295 2.0826 34695.9291 | 1.0803
296 2.0826 38165.5220 | 1.0917
297 2.0826 41635.1150 | 1.1031
298 2.5518 77.6082 0.5358
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Table A.1 (Cont’d)

Data No Fq4 Tq dy/Lr
299 2.5518 155.2165 0.5680
300 2.5518 232.8247 0.5894
301 2.5518 310.4330 0.6108
302 2.5518 388.0412 0.6216
303 2.5518 465.6495 0.6323
304 2.5518 543.2577 0.6430
305 2.5518 620.8660 0.6537
306 2.5518 698.4742 0.6644
307 2.5518 776.0824 0.6751
308 2.5518 1164.1237 | 0.6966
309 2.5518 1552.1649 | 0.7180
310 2.5518 1940.2061 | 0.7287
311 2.5518 2328.2473 | 0.7394
312 2.5518 2716.2885 | 0.7502
313 2.5518 3104.3298 | 0.7609
314 2.5518 3492.3710 | 0.7716
315 2.5518 3880.4122 | 0.7823
316 2.5518 4656.4946 | 0.7930
317 2.5518 5432.5771 | 0.8145
318 2.5518 6208.6595 | 0.8252
319 2.5518 6984.7420 | 0.8359
320 2.5518 7760.8244 | 0.8466
321 2.5518 8536.9069 | 0.8573
322 2.5518 9312.9893 | 0.8680
323 2.5518 | 11641.2366 | 0.8895
324 2.5518 | 13969.4839 | 0.9216
325 2.5518 | 16297.7313 | 0.9538
326 2.5518 | 18625.9786 | 0.9645
327 2.5518 | 20954.2259 | 0.9859
328 2.5518 | 23282.4732 | 0.9966
329 2.5518 | 25610.7206 | 1.0074
330 2.5518 | 27938.9679 | 1.0181
331 2.2619 82.0524 0.4079
332 2.2619 164.1048 0.4419
333 2.2619 246.1573 0.4645
334 2.2619 328.2097 0.4759
335 2.2619 410.2621 0.4872
336 2.2619 492.3145 0.4985
337 2.2619 574.3670 0.5042
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Table A.1 (Cont’d)

Data No Fq Ty dJ/Lr
338 2.2619 656.4194 0.5099
339 2.2619 738.4718 0.5155
340 2.2619 820.5242 0.5212
341 2.2619 1230.7864 | 0.5325
342 2.2619 1641.0485 | 0.5439
343 2.2619 2051.3106 | 0.5552
344 2.2619 2461.5727 | 0.5665
345 2.2619 2871.8348 | 0.5722
346 2.2619 3282.0969 | 0.5778
347 2.2619 3692.3591 | 0.5835
348 2.2619 4102.6212 | 0.5892
349 2.2619 4923.1454 | 0.6005
350 2.2619 5743.6697 | 0.6118
351 2.2619 6564.1939 | 0.6175
352 2.2619 7384.7181 | 0.6232
353 2.2619 8205.2424 | 0.6345
354 2.2619 9025.7666 | 0.6458
355 2.2619 9846.2908 | 0.6572
356 2.2619 12307.8635 | 0.6798
357 2.2619 14769.4362 | 0.6911
358 2.2619 17231.0090 | 0.7025
359 2.2619 19692.5817 | 0.7138
360 2.2619 22154.1544 | 0.7251
361 2.2619 24615.7271 | 0.7308
362 2.2619 27077.2998 | 0.7365
363 2.2619 29538.8725 | 0.7421
364 2.5518 90.0564 0.5894
365 2.5518 180.1128 0.6243
366 2.5518 270.1692 0.6479
367 2.5518 360.2256 0.6715
368 2.5518 450.2819 0.6827
369 2.5518 540.3383 0.6951
370 2.5518 630.3947 0.7063
371 2.5518 720.4511 0.7188
372 2.5518 810.5075 0.7300
373 2.5518 900.5639 0.7424
374 2.5518 1350.8458 | 0.7660
375 2.5518 1801.1278 | 0.7897
376 2.5518 2251.4097 | 0.8009
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Table A.1 (Cont’d)

Data No Fq4 T4 ds/Lr
377 2.5518 2701.6917 | 0.8133
378 2.5518 3151.9736 | 0.8245
379 2.5518 3602.2556 | 0.8369
380 2.5518 4052.5375 | 0.8481
381 2.5518 4502.8195 | 0.8605
382 2.5518 5403.3834 | 0.8717
383 2.5518 6303.9473 | 0.8954
384 2.5518 7204.5112 | 0.9066
385 2.5518 8105.0751 | 0.9190
386 2.5518 9005.6390 | 0.9302
387 2.5518 9906.2029 | 0.9426
388 2.5518 10806.7668 | 0.9538
389 2.5518 13508.4585 | 0.9774
390 2.5518 16210.1502 | 1.0135
391 2.5518 18911.8419 | 1.0483
392 2.5518 | 21613.5336 | 1.0608
393 2.5518 | 24315.2253 | 1.0844
394 2.5518 | 27016.9169 | 1.0956
395 2.5518 | 29718.6086 | 1.1080
396 2.5518 | 32420.3003 | 1.1192
397 2.2619 95.2134 0.4352
398 2.2619 190.4268 0.4615
399 2.2619 285.6402 0.4786
400 2.2619 380.8536 0.4957
401 2.2619 476.0670 0.5049
402 2.2619 571.2804 0.5141
403 2.2619 666.4938 0.5220
404 2.2619 761.7072 0.5312
405 2.2619 856.9206 0.5404
406 2.2619 952.1340 0.5483
407 2.2619 1428.2010 | 0.5654
408 2.2619 1904.2681 | 0.5838
409 2.2619 2380.3351 | 0.5916
410 2.2619 2856.4021 | 0.6008
411 2.2619 3332.4691 | 0.6087
412 2.2619 3808.5361 | 0.6179
413 2.2619 4284.6031 | 0.6271
414 2.2619 4760.6702 | 0.6350
415 2.2619 5712.8042 | 0.6442
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Table A.1 (Cont’d)

Data No Fq Ty dy/Lr
416 2.2619 6664.9382 | 0.6613
417 2.2619 7617.0723 | 0.6705
418 2.2619 8569.2063 | 0.6784
419 2.2619 9521.3403 | 0.6876
420 2.2619 10473.4744 | 0.6968
421 2.2619 11425.6084 | 0.7047
422 2.2619 14282.0105 | 0.7231
423 2.2619 17138.4126 | 0.7481
424 2.2619 19994.8147 | 0.7744
425 2.2619 | 22851.2168 | 0.7836
426 2.2619 | 25707.6189 | 0.8007
427 2.2619 | 28564.0210 | 0.8099
428 2.2619 | 31420.4231 | 0.8178
429 2.2619 | 34276.8252 | 0.8270

84




Table A.2 Determination of neuron number of ANN model with parameters of

Oliveto and Hager (2002) equation

Number of Ngmber of Learning Momenj[um MSE
Neurons Iteration (Epoch) Rate Coefficient
2 1000 0.4 0.2 0.012961
3 1000 0.4 0.2 0.023035
4 1000 0.4 0.2 0.024031
5 1000 0.4 0.2 0.016442
6 1000 0.4 0.2 0.022317
7 1000 0.4 0.2 0.019846
8 1000 0.4 0.2 0.019936
9 1000 0.4 0.2 0.021946
2 2000 0.4 0.2 0.011757
3 2000 0.4 0.2 0.020671
4 2000 0.4 0.2 0.018645
5 2000 0.4 0.2 0.015093
6 2000 0.4 0.2 0.021401
7 2000 0.4 0.2 0.016944
8 2000 0.4 0.2 0.014105
9 2000 0.4 0.2 0.019865
2 3000 0.4 0.2 0.011665
3 3000 0.4 0.2 0.018803
4 3000 0.4 0.2 0.027256
5 3000 0.4 0.2 0.013681
6 3000 0.4 0.2 0.014599
7 3000 0.4 0.2 0.018621
8 3000 0.4 0.2 0.021860
9 3000 0.4 0.2 0.013097
2 4000 0.4 0.2 0.011631
3 4000 0.4 0.2 0.017465
4 4000 0.4 0.2 0.026393
5 4000 0.4 0.2 0.012950
6 4000 0.4 0.2 0.013575
7 4000 0.4 0.2 0.017992
8 4000 0.4 0.2 0.021357
9 4000 0.4 0.2 0.012184
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Table A.2 (Cont’d)

Number of Ngmber of Learning Momenj[um MSE
Neurons Iteration (Epoch) Rate Coefficient
2 5000 0.4 0.2 0.011608
3 5000 0.4 0.2 0.016561
4 5000 0.4 0.2 0.025637
5 5000 0.4 0.2 0.012573
6 5000 0.4 0.2 0.013082
7 5000 0.4 0.2 0.019178
8 5000 0.4 0.2 0.010998
9 5000 0.4 0.2 0.012523
2 6000 0.4 0.2 0.011591
3 6000 0.4 0.2 0.015958
4 6000 0.4 0.2 0.024889
5 6000 0.4 0.2 0.012359
6 6000 0.4 0.2 0.012816
7 6000 0.4 0.2 0.017245
8 6000 0.4 0.2 0.020602
9 6000 0.4 0.2 0.011118
2 7000 0.4 0.2 0.011577
3 7000 0.4 0.2 0.015541
4 7000 0.4 0.2 0.024129
5 7000 0.4 0.2 0.012222
6 7000 0.4 0.2 0.012651
7 7000 0.4 0.2 0.017052
8 7000 0.4 0.2 0.020264
9 7000 0.4 0.2 0.010764
2 8000 0.4 0.2 0.011566
3 8000 0.4 0.2 0.015231
4 8000 0.4 0.2 0.023334
5 8000 0.4 0.2 0.012123
6 8000 0.4 0.2 0.012533
7 8000 0.4 0.2 0.016908
8 8000 0.4 0.2 0.019937
9 8000 0.4 0.2 0.010479
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Table A.2 (Cont’d)

Number of Ngmber of Learning Momenj[um MSE
Neurons Iteration (Epoch) Rate Coefficient

2 9000 0.4 0.2 0.042808
3 9000 0.4 0.2 0.014619
4 9000 0.4 0.2 0.014693
5 9000 0.4 0.2 0.013385
6 9000 0.4 0.2 0.014653
7 9000 0.4 0.2 0.013112
8 9000 0.4 0.2 0.014890
9 9000 0.4 0.2 0.017703
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Figure A.1 Variation of MSE according to neuron number for ANN model with

parameters of Oliveto and Hager (2002) equation
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Table A.3 Determination of momentum coefficient of ANN model with parameters

of Oliveto and Hager (2002) equation

Number of Ngmber of Learning Momenj[um MSE
Neurons | Iteration (Epoch) Rate Coefficient
9 1000 0.4 0.1 0.014692
9 1000 0.4 0.2 0.021946
9 1000 0.4 0.3 0.015519
9 1000 0.4 0.4 0.014490
9 1000 0.4 0.5 0.024666
9 1000 0.4 0.6 0.017512
9 1000 0.4 0.7 0.017170
9 2000 0.4 0.1 0.013058
9 2000 0.4 0.2 0.019865
9 2000 0.4 0.3 0.012919
9 2000 0.4 0.4 0.014941
9 2000 0.4 0.5 0.013760
9 2000 0.4 0.6 0.022686
9 2000 0.4 0.7 0.014323
9 3000 0.4 0.1 0.012358
9 3000 0.4 0.2 0.013097
9 3000 0.4 0.3 0.013979
9 3000 0.4 0.4 0.015474
9 3000 0.4 0.5 0.014541
9 3000 0.4 0.6 0.014574
9 3000 0.4 0.7 0.020452
9 4000 0.4 0.1 0.011921
9 4000 0.4 0.2 0.012184
9 4000 0.4 0.3 0.011884
9 4000 0.4 0.4 0.014231
9 4000 0.4 0.5 0.012918
9 4000 0.4 0.6 0.020935
9 4000 0.4 0.7 0.012779
9 5000 0.4 0.1 0.011646
9 5000 0.4 0.2 0.012523
9 5000 0.4 0.3 0.011741
9 5000 0.4 0.4 0.013977
9 5000 0.4 0.5 0.012602
9 5000 0.4 0.6 0.020149
9 5000 0.4 0.7 0.012478
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Table A.3 (Cont’d)

Number of Ngmber of Learning Momenj[um MSE
Neurons | Iteration (Epoch) Rate Coefficient
9 6000 0.4 0.1 0.011469
9 6000 0.4 0.2 0.011118
9 6000 0.4 0.3 0.013075
9 6000 0.4 0.4 0.015506
9 6000 0.4 0.5 0.013329
9 6000 0.4 0.6 0.012765
9 6000 0.4 0.7 0.016173
9 7000 0.4 0.1 0.011349
9 7000 0.4 0.2 0.010764
9 7000 0.4 0.3 0.011614
9 7000 0.4 0.4 0.013571
9 7000 0.4 0.5 0.012100
9 7000 0.4 0.6 0.012248
9 7000 0.4 0.7 0.011206
9 8000 0.4 0.1 0.011261
9 8000 0.4 0.2 0.010479
9 8000 0.4 0.3 0.011583
9 8000 0.4 0.4 0.013405
9 8000 0.4 0.5 0.011900
9 8000 0.4 0.6 0.018208
9 8000 0.4 0.7 0.012214
9 9000 0.4 0.1 0.011194
9 9000 0.4 0.2 0.017703
9 9000 0.4 0.3 0.011563
9 9000 0.4 0.4 0.013258
9 9000 0.4 0.5 0.011726
9 9000 0.4 0.6 0.012288
9 9000 0.4 0.7 0.010960
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Figure A.2 Variation of MSE according to momentum coefficient for ANN model

with parameters of Oliveto and Hager (2002) equation
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Table A.4 Determination of learning rate of ANN model with parameters of

Oliveto and Hager (2002) equation

Number of Ngmber of Learning Momenj[um MSE
Neurons Iteration (Epoch) Rate Coefficient
9 1000 0.3 0.2 0.016069
9 1000 0.4 0.2 0.021946
9 1000 0.5 0.2 0.014743
9 1000 0.6 0.2 0.015199
9 1000 0.7 0.2 0.013893
9 1000 0.8 0.2 0.022683
9 2000 0.3 0.2 0.013600
9 2000 0.4 0.2 0.019865
9 2000 0.5 0.2 0.012448
9 2000 0.6 0.2 0.014540
9 2000 0.7 0.2 0.013098
9 2000 0.8 0.2 0.020933
9 3000 0.3 0.2 0.012849
9 3000 0.4 0.2 0.013097
9 3000 0.5 0.2 0.011937
9 3000 0.6 0.2 0.014098
9 3000 0.7 0.2 0.012530
9 3000 0.8 0.2 0.019429
9 4000 0.3 0.2 0.012358
9 4000 0.4 0.2 0.012184
9 4000 0.5 0.2 0.011741
9 4000 0.6 0.2 0.013760
9 4000 0.7 0.2 0.012100
9 4000 0.8 0.2 0.018211
9 5000 0.3 0.2 0.012012
9 5000 0.4 0.2 0.012523
9 5000 0.5 0.2 0.011648
9 5000 0.6 0.2 0.013485
9 5000 0.7 0.2 0.011767
9 5000 0.8 0.2 0.017228
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Table A.4 (Cont’d)

Number of | Iteration (Epoch) | Learning Momenj[um MSE
Neurons Number Rate Coefficient
9 6000 0.3 0.2 0.011768
9 6000 0.4 0.2 0.011118
9 6000 0.5 0.2 0.011597
9 6000 0.6 0.2 0.013257
9 6000 0.7 0.2 0.011502
9 6000 0.8 0.2 0.016379
9 7000 0.3 0.2 0.011717
9 7000 0.4 0.2 0.010764
9 7000 0.5 0.2 0.013293
9 7000 0.6 0.2 0.011502
9 7000 0.7 0.2 0.016282
9 7000 0.8 0.2 0.012121
9 8000 0.3 0.2 0.011469
9 8000 0.4 0.2 0.010479
9 8000 0.5 0.2 0.011550
9 8000 0.6 0.2 0.012906
9 8000 0.7 0.2 0.011102
9 8000 0.8 0.2 0.014852
9 9000 0.3 0.2 0.011375
9 9000 0.4 0.2 0.017703
9 9000 0.5 0.2 0.011539
9 9000 0.6 0.2 0.012769
9 9000 0.7 0.2 0.010947
9 9000 0.8 0.2 0.014174
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Figure A.3 Variation of MSE according to learning rate for ANN model with
parameters of Oliveto and Hager (2002) equation
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APPENDIX B

CONSTRUCTION OF THE ANN MODEL WITH
PARAMETERS OF YANMAZ AND KOSE (2007) EQUATION

Table B.10 Data used in ANN model with parameters of Yanmaz and Kd&se (2007)

equation
Data No Fq4 Ly T, dy/L
1 2.3834 | 1.4029 1.1553 0.5360

2.3834 | 1.4029 2.3107 0.5600
3 2.3834 | 1.4029 3.4660 0.5760
4 2.3834 | 1.4029 4.6213 0.5920
5 2.3834 | 1.4029 5.7766 0.6080
6 2.3834 | 1.4029 6.9320 0.6240
7
8
9

2.3834 | 1.4029 8.0873 0.6400
2.3834 | 1.4029 9.2426 0.6560
2.3834 | 1.4029 | 10.3980 0.6720
10 2.3834 | 1.4029 | 11.5533 0.6880
11 2.3834 | 1.4029 | 17.3299 0.7040
12 2.3834 | 1.4029 | 23.1066 0.7200
13 2.3834 | 1.4029 | 28.8832 0.7360
14 2.3834 | 1.4029 | 34.6598 0.7520
15 2.3834 | 1.4029 | 40.4365 0.7680
16 2.3834 | 1.4029 | 46.2131 0.7840
17 2.3834 | 1.4029 | 51.9898 0.8000
18 2.3834 | 1.4029 | 57.7664 0.8080
19 2.3834 | 1.4029 | 69.3197 0.8160
20 2.3834 | 1.4029 | 80.8729 0.8320
21 2.3834 | 1.4029 | 92.4262 0.8480
22 2.3834 | 1.4029 | 103.9795 | 0.8640
23 2.3834 | 1.4029 | 115.5328 | 0.8800
24 2.3834 | 1.4029 | 127.0861 | 0.8960
25 2.3834 | 1.4029 | 138.6393 | 0.9120
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Table B.1 (Cont’d)

Data No Fq Ly T dy/L
26 2.3834 | 1.4029 | 173.2992 | 0.9280
27 2.3834 | 1.4029 | 207.9590 | 0.9440
28 2.3834 | 1.4029 | 242.6188 | 0.9600
29 2.3834 | 1.4029 | 277.2787 | 0.9760
30 2.3834 | 1.4029 | 311.9385 | 0.9840
31 2.3834 | 1.4029 | 346.5984 | 0.9920
32 2.3834 | 1.4029 | 381.2582 | 1.0000
33 2.3834 | 1.4029 | 4159180 [ 1.0080
34 2.2773 | 1.5060 1.1553 0.4800
35 2.2773 | 1.5060 2.3107 0.5360
36 2.2773 | 1.5060 3.4660 0.5600
37 2.2773 | 1.5060 4.6213 0.5760
38 2.2773 | 1.5060 5.7766 0.5840
39 2.2773 | 1.5060 6.9320 0.5920
40 2.2773 | 1.5060 8.0873 0.6000
41 2.2773 | 1.5060 9.2426 0.6080
42 2.2773 | 1.5060 | 10.3980 | 0.6160
43 22773 | 1.5060 | 11.5533 0.6240
44 22773 | 1.5060 | 17.3299 0.6640
45 22773 | 1.5060 | 23.1066 | 0.6880
46 22773 | 1.5060 | 28.8832 0.7040
47 22773 | 1.5060 | 34.6598 0.7200
48 22773 | 1.5060 | 40.4365 0.7360
49 22773 | 1.5060 | 46.2131 0.7520
50 2.2773 | 1.5060 | 51.9898 0.7680
51 22773 | 1.5060 | 57.7664 | 0.7760
52 2.2773 | 1.5060 | 69.3197 0.7920
53 2.2773 | 1.5060 | 80.8729 0.8080
54 2.2773 | 1.5060 | 92.4262 0.8240
55 2.2773 | 1.5060 | 103.9795 | 0.8400
56 22773 | 1.5060 | 115.5328 [ 0.8560
57 22773 | 1.5060 | 127.0861 [ 0.8640
58 2.2773 | 1.5060 | 138.6393 | 0.8720
59 22773 | 1.5060 | 173.2992 [ 0.8960
60 2.2773 | 1.5060 | 207.9590 [ 0.9200
61 2.2773 | 1.5060 | 242.6188 [ 0.9360
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Table B.1 (Cont’d)

Data No Fq Ly T, dy/L
62 2.2773 | 1.5060 | 277.2787 | 0.9520
63 2.2773 | 1.5060 | 311.9385 | 0.9600
64 2.2773 | 1.5060 | 346.5984 | 0.9680
65 2.2773 | 1.5060 | 381.2582 | 0.9760
66 2.2773 | 1.5060 | 415.9180 | 0.9840
67 2.2006 | 1.6667 1.1553 0.4640
68 2.2006 | 1.6667 2.3107 0.5200
69 2.2006 | 1.6667 3.4660 0.5440
70 2.2006 | 1.6667 4.6213 0.5600
71 2.2006 | 1.6667 5.7766 0.5680
72 2.2006 | 1.6667 6.9320 0.5760
73 2.2006 | 1.6667 8.0873 0.5840
74 2.2006 | 1.6667 9.2426 0.5920
75 2.2006 | 1.6667 | 10.3980 0.6000
76 2.2006 | 1.6667 | 11.5533 0.6080
77 2.2006 | 1.6667 | 17.3299 0.6480
78 2.2006 | 1.6667 | 23.1066 0.6720
79 2.2006 | 1.6667 | 28.8832 0.6880
80 2.2006 | 1.6667 | 34.6598 0.7040
81 2.2006 | 1.6667 | 40.4365 0.7200
82 2.2006 | 1.6667 | 46.2131 0.7360
83 2.2006 | 1.6667 | 51.9898 0.7520
84 2.2006 | 1.6667 | 57.7664 0.7600
85 2.2006 | 1.6667 | 69.3197 0.7760
86 2.2006 | 1.6667 | 80.8729 0.7920
87 2.2006 | 1.6667 | 92.4262 0.8080
88 2.2006 | 1.6667 | 103.9795 | 0.8240
89 2.2006 | 1.6667 | 115.5328 | 0.8400
90 2.2006 | 1.6667 | 127.0861 | 0.8480
91 2.2006 | 1.6667 | 138.6393 | 0.8560
92 2.2006 | 1.6667 | 173.2992 | 0.8800
93 2.2006 | 1.6667 | 207.9590 | 0.9040
94 2.2006 | 1.6667 | 242.6188 | 0.9200
95 2.2006 | 1.6667 | 277.2787 | 0.9360
96 2.2006 | 1.6667 | 311.9385 | 0.9440
97 2.2006 | 1.6667 | 346.5984 | 0.9520
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Table B.1 (Cont’d)

Data No Fq Ly Ts dy/L
98 2.2006 | 1.6667 | 381.2582 | 0.9600
99 2.2006 | 1.6667 | 4159180 | 0.9680
100 2.0826 | 1.8382 1.1553 0.4000
101 2.0826 | 1.8382 2.3107 0.4480
102 2.0826 | 1.8382 3.4660 0.4720
103 2.0826 | 1.8382 4.6213 0.4880
104 2.0826 | 1.8382 5.7766 0.5040
105 2.0826 | 1.8382 6.9320 0.5200
106 2.0826 | 1.8382 8.0873 0.5280
107 2.0826 | 1.8382 9.2426 0.5360
108 2.0826 | 1.8382 | 10.3980 | 0.5440
109 2.0826 | 1.8382 | 11.5533 0.5520
110 2.0826 | 1.8382 | 17.3299 0.5680
111 2.0826 | 1.8382 | 23.1066 | 0.5840
112 2.0826 | 1.8382 | 28.8832 0.6000
113 2.0826 | 1.8382 | 34.6598 0.6160
114 2.0826 | 1.8382 | 40.4365 0.6320
115 2.0826 | 1.8382 | 46.2131 0.6480
116 2.0826 | 1.8382 | 51.9898 0.6640
117 2.0826 | 1.8382 | 57.7664 | 0.6800
118 2.0826 | 1.8382 | 69.3197 0.7040
119 2.0826 | 1.8382 | 80.8729 0.7200
120 2.0826 | 1.8382 | 92.4262 0.7360
121 2.0826 | 1.8382 | 103.9795 | 0.7520
122 2.0826 | 1.8382 | 115.5328 | 0.7680
123 2.0826 | 1.8382 | 127.0861 | 0.7840
124 2.0826 | 1.8382 | 138.6393 | 0.8000
125 2.0826 | 1.8382 | 173.2992 | 0.8320
126 2.0826 | 1.8382 | 207.9590 | 0.8560
127 2.0826 | 1.8382 | 242.6188 | 0.8720
128 2.0826 | 1.8382 | 277.2787 | 0.8880
129 2.0826 | 1.8382 | 311.9385 | 0.9040
130 2.0826 | 1.8382 | 346.5984 | 0.9120
131 2.0826 | 1.8382 | 381.2582 | 0.9200
132 2.0826 | 1.8382 | 4159180 | 0.9280
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Table B.1 (Cont’d)

Data No Fq Ly Ts dys/L
133 1.9469 | 1.8382 1.1553 0.3520
134 1.9469 | 1.8382 2.3107 0.4160
135 1.9469 | 1.8382 3.4660 0.4240
136 1.9469 | 1.8382 4.6213 0.4320
137 1.9469 | 1.8382 5.7766 0.4400
138 1.9469 | 1.8382 6.9320 0.4480
139 1.9469 | 1.8382 8.0873 0.4560
140 1.9469 | 1.8382 9.2426 0.4640
141 1.9469 | 1.8382 | 10.3980 | 0.4720
142 1.9469 | 1.8382 | 11.5533 0.4800
143 1.9469 | 1.8382 | 17.3299 0.5040
144 1.9469 | 1.8382 | 23.1066 | 0.5280
145 1.9469 | 1.8382 | 28.8832 0.5440
146 1.9469 | 1.8382 | 34.6598 0.5600
147 1.9469 | 1.8382 | 40.4365 0.5760
148 1.9469 | 1.8382 | 46.2131 0.5920
149 1.9469 | 1.8382 | 51.9898 0.6080
150 1.9469 | 1.8382 | 57.7664 | 0.6160
151 1.9469 | 1.8382 | 69.3197 0.6320
152 1.9469 | 1.8382 | 80.8729 0.6480
153 1.9469 | 1.8382 | 92.4262 0.6640
154 1.9469 | 1.8382 | 103.9795 | 0.6800
155 1.9469 | 1.8382 | 115.5328 | 0.6880
156 1.9469 | 1.8382 | 127.0861 | 0.6960
157 1.9469 | 1.8382 | 138.6393 | 0.7040
158 1.9469 | 1.8382 | 173.2992 | 0.7280
159 1.9469 | 1.8382 | 207.9590 | 0.7520
160 1.9469 | 1.8382 | 242.6188 | 0.7760
161 1.9469 | 1.8382 | 277.2787 | 0.7920
162 1.9469 | 1.8382 | 311.9385 | 0.8080
163 1.9469 | 1.8382 | 346.5984 | 0.8240
164 1.9469 | 1.8382 | 381.2582 | 0.8320
165 1.9469 | 1.8382 | 4159180 | 0.8400
166 2.3834 | 1.1223 1.8052 0.3900
167 2.3834 | 1.1223 3.6104 0.4800
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Table B.1 (Cont’d)

Data No Fq Ly T, dy/L
168 2.3834 | 1.1223 5.4156 0.5500
169 2.3834 | 1.1223 7.2208 0.5600
170 2.3834 | 1.1223 9.0260 0.6000
171 2.3834 | 1.1223 | 10.8312 | 0.6300
172 2.3834 | 1.1223 | 12.6364 | 0.6700
173 2.3834 | 1.1223 | 14.4416 | 0.6900
174 2.3834 | 1.1223 | 16.2468 | 0.7100
175 2.3834 | 1.1223 | 18.0520 | 0.7300
176 2.3834 | 1.1223 | 27.0780 | 0.7800
177 2.3834 | 1.1223 | 36.1040 | 0.8300
178 2.3834 | 1.1223 | 45.1300 | 0.8600
179 2.3834 | 1.1223 | 54.1560 | 0.8800
180 2.3834 | 1.1223 | 63.1820 | 0.9000
181 2.3834 | 1.1223 | 72.2080 | 0.9200
182 2.3834 | 1.1223 | 81.2340 | 0.9300
183 2.3834 | 1.1223 | 90.2600 | 0.9400
184 2.3834 | 1.1223 | 108.3120 | 0.9600
185 23834 | 1.1223 | 126.3640 | 0.9900
186 2.3834 | 1.1223 | 144.4160 | 1.0100
187 2.3834 | 1.1223 | 162.4680 | 1.0300
188 2.3834 | 1.1223 | 180.5200 | 1.0400
189 2.3834 | 1.1223 | 198.5720 | 1.0500
190 2.3834 | 1.1223 | 216.6240 | 1.0600
191 2.3834 | 1.1223 | 270.7800 | 1.0800
192 2.3834 | 1.1223 | 324.9360 | 1.1000
193 2.3834 | 1.1223 | 379.0919 | 1.1200
194 2.3834 | 1.1223 | 433.2479 | 1.1400
195 2.3834 | 1.1223 | 487.4039 | 1.1600
196 2.3834 | 1.1223 | 541.5599 | 1.1800
197 2.3834 | 1.1223 | 595.7159 | 1.2000
198 2.3834 | 1.1223 | 649.8719 | 1.2100
199 22773 | 1.2048 1.8052 0.3800
200 22773 | 1.2048 3.6104 0.4600
201 22773 | 1.2048 5.4156 0.5000
202 22773 | 1.2048 7.2208 0.5400
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Table B.1 (Cont’d)

Data No Fq Ly Ts dy/L
203 2.2773 | 1.2048 9.0260 0.5700
204 22773 | 1.2048 | 10.8312 0.5900
205 22773 | 1.2048 | 12.6364 | 0.6100
206 22773 | 1.2048 | 14.4416 | 0.6300
207 22773 | 1.2048 | 16.2468 0.6500
208 22773 | 1.2048 | 18.0520 | 0.6700
209 22773 | 1.2048 | 27.0780 | 0.7500
210 22773 | 1.2048 | 36.1040 | 0.8000
211 22773 | 1.2048 | 45.1300 | 0.8400
212 22773 | 1.2048 | 54.1560 | 0.8600
213 22773 | 1.2048 | 63.1820 | 0.8800
214 2.2773 | 1.2048 | 72.2080 | 0.9000
215 22773 | 1.2048 | 81.2340 | 0.9100
216 2.2773 | 1.2048 | 90.2600 | 0.9200
217 2.2773 | 1.2048 | 108.3120 | 0.9500
218 2.2773 | 1.2048 | 126.3640 | 0.9600
219 2.2773 | 1.2048 | 144.4160 | 0.9700
220 22773 | 1.2048 | 162.4680 | 0.9800
221 2.2773 | 1.2048 | 180.5200 | 0.9900
222 22773 | 1.2048 | 198.5720 | 1.0000
223 22773 | 1.2048 | 216.6240 | 1.0100
224 22773 | 1.2048 | 270.7800 | 1.0400
225 22773 | 1.2048 | 324.9360 | 1.0700
226 2.2773 | 1.2048 | 379.0919 | 1.0900
227 22773 | 1.2048 | 433.2479 | 1.1100
228 2.2773 | 1.2048 | 487.4039 | 1.1200
229 22773 | 1.2048 | 541.5599 | 1.1300
230 2.2773 | 1.2048 | 595.7159 | 1.1400
231 2.2773 | 1.2048 | 649.8719 | 1.1500
232 2.2006 | 1.3333 1.8052 0.3500
233 2.2006 | 1.3333 3.6104 0.4400
234 2.2006 | 1.3333 5.4156 0.4800
235 2.2006 | 1.3333 7.2208 0.5100
236 2.2006 | 1.3333 9.0260 0.5400
237 2.2006 | 1.3333 | 10.8312 0.5600
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Table B.1 (Cont’d)

Data No Fq Ly T dy/L
238 2.2006 | 1.3333 | 12.6364 | 0.5800
239 2.2006 | 1.3333 | 14.4416 | 0.6000
240 2.2006 | 1.3333 | 16.2468 0.6200
241 2.2006 | 1.3333 | 18.0520 | 0.6300
242 2.2006 | 1.3333 | 27.0780 | 0.6800
243 2.2006 | 1.3333 | 36.1040 | 0.7300
244 2.2006 | 1.3333 | 45.1300 | 0.7800
245 2.2006 | 1.3333 | 54.1560 | 0.8100
246 2.2006 | 1.3333 | 63.1820 | 0.8400
247 2.2006 | 1.3333 | 72.2080 | 0.8500
248 2.2006 | 1.3333 | 81.2340 | 0.8600
249 2.2006 | 1.3333 | 90.2600 | 0.8700
250 2.2006 | 1.3333 | 108.3120 [ 0.9000
251 2.2006 | 1.3333 | 126.3640 | 0.9300
252 2.2006 | 1.3333 | 144.4160 | 0.9500
253 2.2006 | 1.3333 | 162.4680 [ 0.9600
254 2.2006 | 1.3333 | 180.5200 [ 0.9700
255 2.2006 | 1.3333 | 198.5720 [ 0.9800
256 2.2006 | 1.3333 | 216.6240 [ 0.9900
257 2.2006 | 1.3333 | 270.7800 [ 1.0200
258 2.2006 | 1.3333 | 324.9360 | 1.0400
259 2.2006 | 1.3333 | 379.0919 | 1.0500
260 2.2006 | 1.3333 | 433.2479 | 1.0600
261 2.2006 | 1.3333 | 487.4039 | 1.0700
262 2.2006 | 1.3333 | 541.5599 | 1.0800
263 2.2006 | 1.3333 | 595.7159 | 1.0900
264 2.2006 | 1.3333 | 649.8719 | 1.0950
265 2.0826 | 1.4706 1.8052 0.2000
266 2.0826 | 1.4706 3.6104 0.3100
267 2.0826 | 1.4706 5.4156 0.3500
268 2.0826 | 1.4706 7.2208 0.3800
269 2.0826 | 1.4706 9.0260 0.4100
270 2.0826 | 1.4706 | 10.8312 0.4300
271 2.0826 | 1.4706 | 12.6364 | 0.4400
272 2.0826 | 1.4706 | 14.4416 | 0.4500
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Table B.1 (Cont’d)

Data No Fq Ly Ts dys/L
273 2.0826 | 1.4706 | 16.2468 0.4600
274 2.0826 | 1.4706 | 18.0520 | 0.4700
275 2.0826 | 1.4706 | 27.0780 | 0.5100
276 2.0826 | 1.4706 | 36.1040 | 0.5500
277 2.0826 | 1.4706 | 45.1300 | 0.5900
278 2.0826 | 1.4706 | 54.1560 | 0.6200
279 2.0826 | 1.4706 | 63.1820 | 0.6500
280 2.0826 | 1.4706 | 72.2080 | 0.6700
281 2.0826 | 1.4706 | 81.2340 | 0.6900
282 2.0826 | 1.4706 | 90.2600 | 0.7100
283 2.0826 | 1.4706 | 108.3120 | 0.7300
284 2.0826 | 1.4706 | 126.3640 | 0.7500
285 2.0826 | 1.4706 | 144.4160 | 0.7700
286 2.0826 | 1.4706 | 162.4680 | 0.7900
287 2.0826 | 1.4706 | 180.5200 | 0.8100
288 2.0826 | 1.4706 | 198.5720 | 0.8300
289 2.0826 | 1.4706 | 216.6240 | 0.8400
290 2.0826 | 1.4706 | 270.7800 | 0.8600
291 2.0826 | 1.4706 | 324.9360 | 0.8800
292 2.0826 | 1.4706 | 379.0919 | 0.9000
293 2.0826 | 1.4706 | 433.2479 | 0.9200
294 2.0826 | 1.4706 | 487.4039 | 0.9400
295 2.0826 | 1.4706 | 541.5599 | 0.9500
296 2.0826 | 1.4706 | 595.7159 | 0.9600
297 2.0826 | 1.4706 | 649.8719 | 0.9700
298 2.5518 | 2.4038 0.4171 0.4000
299 2.5518 | 2.4038 0.8343 0.4240
300 2.5518 | 2.4038 1.2514 0.4400
301 2.5518 | 2.4038 1.6685 0.4560
302 2.5518 | 2.4038 2.0857 0.4640
303 2.5518 | 2.4038 2.5028 0.4720
304 2.5518 | 2.4038 2.9199 0.4800
305 2.5518 | 2.4038 3.3370 0.4880
306 2.5518 | 2.4038 3.7542 0.4960
307 2.5518 | 2.4038 4.1713 0.5040
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Table B.1 (Cont’d)

Data No Fq Ly T, dy/L
308 2.5518 | 2.4038 6.2570 0.5200
309 2.5518 | 2.4038 8.3426 0.5360
310 2.5518 | 2.4038 | 10.4283 0.5440
311 2.5518 | 2.4038 | 12.5139 | 0.5520
312 2.5518 | 2.4038 | 14.5996 | 0.5600
313 2.5518 | 2.4038 | 16.6852 | 0.5680
314 2.5518 | 2.4038 | 18.7709 | 0.5760
315 2.5518 | 2.4038 | 20.8565 0.5840
316 2.5518 | 2.4038 | 25.0278 0.5920
317 2.5518 | 2.4038 | 29.1991 0.6080
318 2.5518 | 2.4038 | 33.3704 | 0.6160
319 2.5518 | 2.4038 | 37.5417 | 0.6240
320 2.5518 | 2.4038 | 41.7130 | 0.6320
321 2.5518 | 2.4038 | 45.8843 0.6400
322 2.5518 | 2.4038 | 50.0556 | 0.6480
323 2.5518 | 2.4038 | 62.5695 0.6640
324 2.5518 | 2.4038 | 75.0834 | 0.6880
325 2.5518 | 2.4038 | 87.5973 0.7120
326 2.5518 | 2.4038 | 100.1112 | 0.7200
327 2.5518 | 2.4038 | 112.6251 | 0.7360
328 2.5518 | 2.4038 | 125.1390 | 0.7440
329 2.5518 | 2.4038 | 137.6529 | 0.7520
330 2.5518 | 2.4038 | 150.1668 | 0.7600
331 2.2619 | 2.8409 0.4171 0.2880
332 2.2619 | 2.8409 0.8343 0.3120
333 2.2619 | 2.8409 1.2514 0.3280
334 2.2619 | 2.8409 1.6685 0.3360
335 2.2619 | 2.8409 2.0857 0.3440
336 2.2619 | 2.8409 2.5028 0.3520
337 2.2619 | 2.8409 2.9199 0.3560
338 2.2619 | 2.8409 3.3370 0.3600
339 2.2619 | 2.8409 3.7542 0.3640
340 2.2619 | 2.8409 41713 0.3680
341 2.2619 | 2.8409 6.2570 0.3760
342 2.2619 | 2.8409 8.3426 0.3840
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Table B.1 (Cont’d)

Data No Fq Ly T dy/L
343 2.2619 | 2.8409 | 10.4283 0.3920
344 2.2619 | 2.8409 | 12.5139 0.4000
345 2.2619 | 2.8409 | 14.5996 | 0.4040
346 2.2619 | 2.8409 | 16.6852 0.4080
347 2.2619 | 2.8409 | 18.7709 0.4120
348 2.2619 | 2.8409 | 20.8565 0.4160
349 2.2619 | 2.8409 | 25.0278 0.4240
350 2.2619 | 2.8409 | 29.1991 0.4320
351 2.2619 | 2.8409 | 33.3704 | 0.4360
352 2.2619 | 2.8409 | 37.5417 0.4400
353 2.2619 | 2.8409 | 41.7130 | 0.4480
354 2.2619 | 2.8409 | 45.8843 0.4560
355 2.2619 | 2.8409 | 50.0556 | 0.4640
356 2.2619 | 2.8409 | 62.5695 0.4800
357 2.2619 | 2.8409 | 75.0834 | 0.4880
358 2.2619 | 2.8409 | 87.5973 0.4960
359 2.2619 | 2.8409 | 100.1112 [ 0.5040
360 2.2619 | 2.8409 | 112.6251 | 0.5120
361 2.2619 | 2.8409 | 125.1390 [ 0.5160
362 2.2619 | 2.8409 | 137.6529 | 0.5200
363 2.2619 | 2.8409 | 150.1668 | 0.5240
364 2.5518 | 1.9231 0.6518 0.4740
365 2.5518 | 1.9231 1.3035 0.5020
366 2.5518 | 1.9231 1.9553 0.5210
367 2.5518 | 1.9231 2.6071 0.5400
368 2.5518 | 1.9231 3.2588 0.5490
369 2.5518 | 1.9231 3.9106 0.5590
370 2.5518 | 1.9231 4.5624 0.5680
371 2.5518 | 1.9231 5.2141 0.5780
372 2.5518 | 1.9231 5.8659 0.5870
373 2.5518 | 1.9231 6.5177 0.5970
374 2.5518 | 1.9231 9.7765 0.6160
375 2.5518 | 1.9231 | 13.0353 0.6350
376 2.5518 | 1.9231 | 16.2941 0.6440
377 2.5518 | 1.9231 | 19.5530 | 0.6540
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Table B.1 (Cont’d)

Data No Fq Ly T dy/L
378 2.5518 | 1.9231 | 22.8118 0.6630
379 2.5518 | 1.9231 | 26.0706 | 0.6730
380 2.5518 | 1.9231 | 29.3295 0.6820
381 2.5518 | 1.9231 | 32.5883 0.6920
382 2.5518 | 1.9231 | 39.1059 0.7010
383 2.5518 | 1.9231 | 45.6236 | 0.7200
384 2.5518 | 1.9231 | 52.1413 0.7290
385 2.5518 | 1.9231 | 58.6589 0.7390
386 2.5518 | 1.9231 | 65.1766 | 0.7480
387 2.5518 | 1.9231 | 71.6942 0.7580
388 2.5518 | 1.9231 | 78.2119 0.7670
389 2.5518 | 1.9231 | 97.7649 0.7860
390 2.5518 | 1.9231 | 117.3178 | 0.8150
391 2.5518 | 1.9231 | 136.8708 | 0.8430
392 2.5518 | 1.9231 | 156.4238 | 0.8530
393 2.5518 | 1.9231 | 175.9767 | 0.8720
394 2.5518 | 1.9231 | 195.5297 | 0.8810
395 2.5518 | 1.9231 | 215.0827 | 0.8910
396 2.5518 | 1.9231 | 234.6356 | 0.9000
397 2.2619 | 2.2727 0.6518 0.3310
398 2.2619 | 2.2727 1.3035 0.3510
399 2.2619 | 2.2727 1.9553 0.3640
400 2.2619 | 2.2727 2.6071 0.3770
401 2.2619 | 2.2727 3.2588 0.3840
402 2.2619 | 2.2727 3.9106 0.3910
403 2.2619 | 2.2727 4.5624 0.3970
404 2.2619 | 2.2727 5.2141 0.4040
405 2.2619 | 2.2727 5.8659 0.4110
406 2.2619 | 2.2727 6.5177 0.4170
407 2.2619 | 2.2727 9.7765 0.4300
408 2.2619 | 2.2727 | 13.0353 0.4440
409 2.2619 | 2.2727 | 16.2941 0.4500
410 2.2619 | 2.2727 | 19.5530 | 0.4570
411 2.2619 | 2.2727 | 22.8118 0.4630
412 2.2619 | 2.2727 | 26.0706 | 0.4700
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Table B.1 (Cont’d)

Data No Fq Ly T, dy/L
413 2.2619 | 2.2727 | 29.3295 0.4770
414 2.2619 | 2.2727 | 32.5883 0.4830
415 2.2619 | 2.2727 | 39.1059 0.4900
416 2.2619 | 2.2727 | 45.6236 0.5030
417 2.2619 | 2.2727 | 52.1413 0.5100
418 2.2619 | 2.2727 | 58.6589 0.5160
419 2.2619 | 2.2727 | 65.1766 0.5230
420 2.2619 | 2.2727 | 71.6942 0.5300
421 2.2619 | 2.2727 | 78.2119 0.5360
422 2.2619 | 2.2727 | 97.7649 0.5500
423 22619 | 2.2727 | 117.3178 | 0.5690
424 2.2619 | 2.2727 | 136.8708 | 0.5890
425 2.2619 | 2.2727 | 156.4238 | 0.5960
426 2.2619 | 2.2727 | 175.9767 | 0.6090
427 2.2619 | 2.2727 | 195.5297 | 0.6160
428 2.2619 | 2.2727 | 215.0827 | 0.6220
429 2.2619 | 2.2727 | 234.6356 | 0.6290
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Table B.2 Determination of neuron number of ANN model with parameters of

Yanmaz and Kose (2007) equation

Number of Ngmber of Learning Momenj[um MSE
Neurons | Iteration (Epoch) Rate Coefficient
2 1000 0.4 0.2 0.039399
3 1000 0.4 0.2 0.020496
4 1000 0.4 0.2 0.014661
5 1000 0.4 0.2 0.008459
6 1000 0.4 0.2 0.017114
7 1000 0.4 0.2 0.008886
8 1000 0.4 0.2 0.010509
9 1000 0.4 0.2 0.008941
2 2000 0.4 0.2 0.038361
3 2000 0.4 0.2 0.014762
4 2000 0.4 0.2 0.010294
5 2000 0.4 0.2 0.006879
6 2000 0.4 0.2 0.012524
7 2000 0.4 0.2 0.007342
8 2000 0.4 0.2 0.007485
9 2000 0.4 0.2 0.007070
2 3000 0.4 0.2 0.037648
3 3000 0.4 0.2 0.009967
4 3000 0.4 0.2 0.007998
5 3000 0.4 0.2 0.006357
6 3000 0.4 0.2 0.010494
7 3000 0.4 0.2 0.006765
8 3000 0.4 0.2 0.005949
9 3000 0.4 0.2 0.006145
2 4000 0.4 0.2 0.005750
3 4000 0.4 0.2 0.006277
4 4000 0.4 0.2 0.006958
5 4000 0.4 0.2 0.010611
6 4000 0.4 0.2 0.016216
7 4000 0.4 0.2 0.005682
8 4000 0.4 0.2 0.006698
9 4000 0.4 0.2 0.009144
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Table B.2 (Cont’d)

Number of Ngmber of Learning Momenj[um MSE
Neurons | Iteration (Epoch) Rate Coefficient
2 5000 0.4 0.2 0.036499
3 5000 0.4 0.2 0.006118
4 5000 0.4 0.2 0.006006
5 5000 0.4 0.2 0.006008
6 5000 0.4 0.2 0.008651
7 5000 0.4 0.2 0.006130
8 5000 0.4 0.2 0.004744
9 5000 0.4 0.2 0.005186
2 6000 0.4 0.2 0.035980
3 6000 0.4 0.2 0.005722
4 6000 0.4 0.2 0.005585
5 6000 0.4 0.2 0.005940
6 6000 0.4 0.2 0.008040
7 6000 0.4 0.2 0.005619
8 6000 0.4 0.2 0.009448
9 6000 0.4 0.2 0.006478
2 7000 0.4 0.2 0.035380
3 7000 0.4 0.2 0.005596
4 7000 0.4 0.2 0.016546
5 7000 0.4 0.2 0.007518
6 7000 0.4 0.2 0.004633
7 7000 0.4 0.2 0.003860
8 7000 0.4 0.2 0.004743
9 7000 0.4 0.2 0.006025
2 8000 0.4 0.2 0.034530
3 8000 0.4 0.2 0.005558
4 8000 0.4 0.2 0.005204
5 8000 0.4 0.2 0.005872
6 8000 0.4 0.2 0.007005
7 8000 0.4 0.2 0.005494
8 8000 0.4 0.2 0.004146
9 8000 0.4 0.2 0.007258
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Table B.2 (Cont’d)

Number of Number of Learning | Momentum MSE
Neurons | Iteration (Epoch) Rate Coefficient
2 9000 0.4 0.2 0.033068
3 9000 0.4 0.2 0.005551
4 9000 0.4 0.2 0.005129
5 9000 0.4 0.2 0.005853
6 9000 0.4 0.2 0.007774
7 9000 0.4 0.2 0.005019
8 9000 0.4 0.2 0.007633
9 9000 0.4 0.2 0.005967
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—o— Epoch7000
0.030 + —a— Epoch8000
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Figure B.1 Variation of MSE according to neuron number for ANN model with

parameters of Yanmaz and Kose (2007) equation
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Table B.3 Determination of momentum coefficient of ANN model with parameters

of Yanmaz and Kose (2007) equation

Number of quber of Learning Momenj[um MSE
Neurons | Iteration (Epoch) Rate Coefficient
7 1000 0.4 0.1 0.013575
7 1000 0.4 0.2 0.008886
7 1000 0.4 0.3 0.008612
7 1000 0.4 0.4 0.017788
7 1000 0.4 0.5 0.009996
7 1000 0.4 0.6 0.012469
7 1000 0.4 0.7 0.017779
7 2000 0.4 0.1 0.008962
7 2000 0.4 0.2 0.007342
7 2000 0.4 0.3 0.007992
7 2000 0.4 0.4 0.012996
7 2000 0.4 0.5 0.006899
7 2000 0.4 0.6 0.007139
7 2000 0.4 0.7 0.013267
7 3000 0.4 0.1 0.008392
7 3000 0.4 0.2 0.006765
7 3000 0.4 0.3 0.007740
7 3000 0.4 0.4 0.012354
7 3000 0.4 0.5 0.006308
7 3000 0.4 0.6 0.010913
7 3000 0.4 0.7 0.009571
7 4000 0.4 0.1 0.007840
7 4000 0.4 0.2 0.005682
7 4000 0.4 0.3 0.004896
7 4000 0.4 0.4 0.008570
7 4000 0.4 0.5 0.010985
7 4000 0.4 0.6 0.009522
7 4000 0.4 0.7 0.008651
7 5000 0.4 0.1 0.007283
7 5000 0.4 0.2 0.006130
7 5000 0.4 0.3 0.007415
7 5000 0.4 0.4 0.011310
7 5000 0.4 0.5 0.005851
7 5000 0.4 0.6 0.009291
7 5000 0.4 0.7 0.008084
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Table B.3 (Cont’d)

Number of quber of Learning Momenjcum MSE
Neurons | Iteration (Epoch) Rate Coefficient
7 6000 0.4 0.1 0.006745
7 6000 0.4 0.2 0.005619
7 6000 0.4 0.3 0.004121
7 6000 0.4 0.4 0.007690
7 6000 0.4 0.5 0.005685
7 6000 0.4 0.6 0.008708
7 6000 0.4 0.7 0.007668
7 7000 0.4 0.1 0.006260
7 7000 0.4 0.2 0.003860
7 7000 0.4 0.3 0.003832
7 7000 0.4 0.4 0.006259
7 7000 0.4 0.5 0.003833
7 7000 0.4 0.6 0.007425
7 7000 0.4 0.7 0.007303
7 8000 0.4 0.1 0.005851
7 8000 0.4 0.2 0.005494
7 8000 0.4 0.3 0.007223
7 8000 0.4 0.4 0.006617
7 8000 0.4 0.5 0.008035
7 8000 0.4 0.6 0.004552
7 8000 0.4 0.7 0.005455
7 9000 0.4 0.1 0.005518
7 9000 0.4 0.2 0.005019
7 9000 0.4 0.3 0.003381
7 9000 0.4 0.4 0.007739
7 9000 0.4 0.5 0.004362
7 9000 0.4 0.6 0.005307
7 9000 0.4 0.7 0.007795

111




0.020 ~

—=&— Epoch1000
—&— Epoch2000
0.018 - ™ n —a— Epoch3000
—=—Epoch4000
i —e— Epoch5000
0.016 —8— Epoch6000
—o— Epoch7000
0.014 - - —a— Epoch8000
* i 4 —e— Epoch9000
A n
0.012 +
° - A
(Lg 0.010
- [ ]
= . é A
0.008 : ) 3 . ; :
. b - a
Y * ; a $ é
o A A :
0.006 - a e °
8 g 8 o a
- o A
0.004 + ° g °
o
0.002 +
0.000 T T T T T T T 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Momentum Coefficent

Figure B.2 Variation of MSE according to momentum coefficient for ANN model

with parameters of Yanmaz and Kose (2007) equation
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Table B.4 Determination of learning rate of ANN model with parameters of

Yanmaz and Kose (2007) equation

Number of quber of Learning Momenj[um MSE
Neurons | Iteration (Epoch) Rate Coefficient
7 1000 0.3 0.3 0.010949
7 1000 0.4 0.3 0.008612
7 1000 0.5 0.3 0.008363
7 1000 0.6 0.3 0.013383
7 1000 0.7 0.3 0.007267
7 1000 0.8 0.3 0.012382
7 2000 0.3 0.3 0.009323
7 2000 0.4 0.3 0.007992
7 2000 0.5 0.3 0.007851
7 2000 0.6 0.3 0.012353
7 2000 0.7 0.3 0.006166
7 2000 0.8 0.3 0.009990
7 3000 0.3 0.3 0.008811
7 3000 0.4 0.3 0.007740
7 3000 0.5 0.3 0.005027
7 3000 0.6 0.3 0.008290
7 3000 0.7 0.3 0.009138
7 3000 0.8 0.3 0.008710
7 4000 0.3 0.3 0.008391
7 4000 0.4 0.3 0.004896
7 4000 0.5 0.3 0.004465
7 4000 0.6 0.3 0.007690
7 4000 0.7 0.3 0.007303
7 4000 0.8 0.3 0.008035
7 5000 0.3 0.3 0.007979
7 5000 0.4 0.3 0.007415
7 5000 0.5 0.3 0.004044
7 5000 0.6 0.3 0.007318
7 5000 0.7 0.3 0.006243
7 5000 0.8 0.3 0.007473
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Table B.4 (Cont’d)

Number of quber of Learning Momenj[um MSE
Neurons | Iteration (Epoch) Rate Coefficient
7 6000 0.3 0.3 0.007487
7 6000 0.4 0.3 0.004121
7 6000 0.5 0.3 0.007318
7 6000 0.6 0.3 0.006141
7 6000 0.7 0.3 0.007351
7 6000 0.8 0.3 0.003849
7 7000 0.3 0.3 0.007145
7 7000 0.4 0.3 0.003832
7 7000 0.5 0.3 0.003429
7 7000 0.6 0.3 0.006855
7 7000 0.7 0.3 0.005464
7 7000 0.8 0.3 0.006684
7 8000 0.3 0.3 0.006744
7 8000 0.4 0.3 0.007223
7 8000 0.5 0.3 0.003210
7 8000 0.6 0.3 0.006671
7 8000 0.7 0.3 0.005325
7 8000 0.8 0.3 0.006422
7 9000 0.3 0.3 0.006375
7 9000 0.4 0.3 0.003381
7 9000 0.5 0.3 0.003041
7 9000 0.6 0.3 0.006488
7 9000 0.7 0.3 0.005217
7 9000 0.8 0.3 0.006220
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Figure B.3 Variation of MSE according to learning rate for ANN model with

parameters of Yanmaz and Kdse (2007) equation
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APPENDIX C

RELIBILITY MODEL

90000{ 900 | 96'S6 | 866 | L8'S6 | 9656 | $0°9 | 966 | 1096 | ¥6'S6 | 6856 | 66°S6 {2096 | 00008
L0000| L0 | 86'S6 | L096 | T6'S6 | 6656 | 6096 | 10°96 | 68°56 | 1096 | 7656 | 66'S6 |#6'S6|  0000S
11000 010 | 686 |9096 | 7856 | 08'56 | 78'S6 | SL'S6 | 2096 | 8656 | €66 | L8'S6 [88°56| 0000
02000 070 | 96'S6 | 956 | 1856 | 68'S6 | 16°56 | 0096 | 0656 | 1096 | 7196 | 0696 [S096| 00001
82000 LT0 | L6S6 | 7096 | 7556 [ 966 | LL'S6 | 68756 | ¥196 | 0696 | 9796 | L8'S6 [08'S6 | 0008
65000 LSO | 786 | TI96 | 80°S6 | ¥1°96 | €196 | 8LS6 | BH96 | 96°S6 | TI96 | LSH6 |T8S6| 0001

OF [elL| 6IoUL | §TeUL | LTPUL [9[eUL | GRUL | p oL | §[RUL | TIRUL |1 (BT {8900 30 JaquinN
5 |AJALS [IDVIIAY

05="1 Pue 66'1="1 ‘69'0="1P uaym (< "1/p-1/p)d = Kanqeay

SUOTJB[NWIIS UI PAsN Joquunu 9[040 JO UONBUIWLIANA( [ J[qeL
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Table C.2 Simulation results for the case of parameters of Equation (4.3) have

normal distribution

Mean Value | Mean Value | Mean Value | Mean Value | Reliability
for Fy4 for d¢/L for L/y for T, %
1.95 1.00 1.10 10 100.000
1.95 1.00 1.10 25 100.000
1.95 1.00 1.10 50 100.000
1.95 1.00 1.10 100 100.000
1.95 1.00 1.10 200 100.000
1.95 1.00 1.10 300 100.000
1.95 1.00 1.10 400 100.000
1.95 1.00 1.10 500 100.000
1.95 1.00 1.10 600 100.000
1.95 1.00 1.10 700 100.000
1.95 1.00 1.10 800 100.000
1.95 1.00 1.10 900 100.000
1.95 1.00 1.10 1000 99.998
1.95 1.00 1.30 10 100.000
1.95 1.00 1.30 25 100.000
1.95 1.00 1.30 50 100.000
1.95 1.00 1.30 100 100.000
1.95 1.00 1.30 200 100.000
1.95 1.00 1.30 300 100.000
1.95 1.00 1.30 400 100.000
1.95 1.00 1.30 500 100.000
1.95 1.00 1.30 600 100.000
1.95 1.00 1.30 700 100.000
1.95 1.00 1.30 800 100.000
1.95 1.00 1.30 900 99.998
1.95 1.00 1.30 1000 99.993
1.95 1.00 1.50 10 100.000
1.95 1.00 1.50 25 100.000
1.95 1.00 1.50 50 100.000
1.95 1.00 1.50 100 100.000
1.95 1.00 1.50 200 100.000
1.95 1.00 1.50 300 100.000
1.95 1.00 1.50 400 100.000
1.95 1.00 1.50 500 100.000
1.95 1.00 1.50 600 100.000
1.95 1.00 1.50 700 100.000
1.95 1.00 1.50 800 99.994
1.95 1.00 1.50 900 99.977
1.95 1.00 1.50 1000 99.948
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Table C.2 (Cont’d)

Mean Value

Mean Value

Mean Value

Mean Value

for Fy4 for d¢/L for Ly for T Reliability %
1.95 1.00 1.70 10 100.000
1.95 1.00 1.70 25 100.000
1.95 1.00 1.70 50 100.000
1.95 1.00 1.70 100 100.000
1.95 1.00 1.70 200 100.000
1.95 1.00 1.70 300 100.000
1.95 1.00 1.70 400 100.000
1.95 1.00 1.70 500 100.000
1.95 1.00 1.70 600 99.995
1.95 1.00 1.70 700 99.988
1.95 1.00 1.70 800 99.946
1.95 1.00 1.70 900 99.812
1.95 1.00 1.70 1000 99.571
1.95 1.00 1.90 10 100.000
1.95 1.00 1.90 25 100.000
1.95 1.00 1.90 50 100.000
1.95 1.00 1.90 100 100.000
1.95 1.00 1.90 200 100.000
1.95 1.00 1.90 300 100.000
1.95 1.00 1.90 400 100.000
1.95 1.00 1.90 500 99.997
1.95 1.00 1.90 600 99.981
1.95 1.00 1.90 700 99.917
1.95 1.00 1.90 800 99.630
1.95 1.00 1.90 900 99.061
1.95 1.00 1.90 1000 08.142
1.95 1.00 2.10 10 100.000
1.95 1.00 2.10 25 100.000
1.95 1.00 2.10 50 100.000
1.95 1.00 2.10 100 100.000
1.95 1.00 2.10 200 100.000
1.95 1.00 2.10 300 100.000
1.95 1.00 2.10 400 100.000
1.95 1.00 2.10 500 99.994
1.95 1.00 2.10 600 99.886
1.95 1.00 2.10 700 99.576
1.95 1.00 2.10 800 98.670
1.95 1.00 2.10 900 96.997
1.95 1.00 2.10 1000 94.359

118




Table C.2 (Cont’d)

Mean Value | Mean Value | Mean Value Mean Value Reliability %
for Fy4 for d¢/L for L/y for T
1.95 1.00 2.30 10 100.000
1.95 1.00 2.30 25 100.000
1.95 1.00 2.30 50 100.000
1.95 1.00 2.30 100 100.000
1.95 1.00 2.30 200 100.000
1.95 1.00 2.30 300 100.000
1.95 1.00 2.30 400 100.000
1.95 1.00 2.30 500 99.927
1.95 1.00 2.30 600 99.560
1.95 1.00 2.30 700 98.500
1.95 1.00 2.30 800 96.211
1.95 1.00 2.30 900 92.346
1.95 1.00 2.30 1000 87.377
1.95 1.00 2.50 10 100.000
1.95 1.00 2.50 25 100.000
1.95 1.00 2.50 50 100.000
1.95 1.00 2.50 100 100.000
1.95 1.00 2.50 200 100.000
1.95 1.00 2.50 300 100.000
1.95 1.00 2.50 400 99.986
1.95 1.00 2.50 500 99.743
1.95 1.00 2.50 600 98.690
1.95 1.00 2.50 700 96.136
1.95 1.00 2.50 800 91.444
1.95 1.00 2.50 900 84.712
1.95 1.00 2.50 1000 76.671
1.95 1.00 2.70 10 100.000
1.95 1.00 2.70 25 100.000
1.95 1.00 2.70 50 100.000
1.95 1.00 2.70 100 100.000
1.95 1.00 2.70 200 100.000
1.95 1.00 2.70 300 100.000
1.95 1.00 2.70 400 99.904
1.95 1.00 2.70 500 99.141
1.95 1.00 2.70 600 96.875
1.95 1.00 2.70 700 91.690
1.95 1.00 2.70 800 84.103
1.95 1.00 2.70 900 74.677
1.95 1.00 2.70 1000 64.176
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Table C.2 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fy for d¢/L for L/y for T
1.95 1.00 2.80 10 100.000
1.95 1.00 2.80 25 100.000
1.95 1.00 2.80 50 100.000
1.95 1.00 2.80 100 100.000
1.95 1.00 2.80 200 100.000
1.95 1.00 2.80 300 99.993
1.95 1.00 2.80 400 99.854
1.95 1.00 2.80 500 98.766
1.95 1.00 2.80 600 95.329
1.95 1.00 2.80 700 88.683
1.95 1.00 2.80 800 79.277
1.95 1.00 2.80 900 68.564
1.95 1.00 2.80 1000 57.471
2.10 1.00 1.10 10 100.000
2.10 1.00 1.10 25 100.000
2.10 1.00 1.10 50 100.000
2.10 1.00 1.10 100 100.000
2.10 1.00 1.10 200 100.000
2.10 1.00 1.10 300 100.000
2.10 1.00 1.10 400 100.000
2.10 1.00 1.10 500 100.000
2.10 1.00 1.10 600 100.000
2.10 1.00 1.10 700 99.995
2.10 1.00 1.10 800 99.962
2.10 1.00 1.10 900 99.885
2.10 1.00 1.10 1000 99.637
2.10 1.00 1.30 10 100.000
2.10 1.00 1.30 25 100.000
2.10 1.00 1.30 50 100.000
2.10 1.00 1.30 100 100.000
2.10 1.00 1.30 200 100.000
2.10 1.00 1.30 300 100.000
2.10 1.00 1.30 400 100.000
2.10 1.00 1.30 500 99.994
2.10 1.00 1.30 600 99.961
2.10 1.00 1.30 700 99.798
2.10 1.00 1.30 800 99.406
2.10 1.00 1.30 900 98.554
2.10 1.00 1.30 1000 96.922
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Table C.2 (Cont’d)

Mean Value | Mean Value Mean Value Mean Value Reliability %

for F4 for d¢/L for L/y for T

2.10 1.00 1.50 10 100.000
2.10 1.00 1.50 25 100.000
2.10 1.00 1.50 50 100.000
2.10 1.00 1.50 100 100.000
2.10 1.00 1.50 200 100.000
2.10 1.00 1.50 300 100.000
2.10 1.00 1.50 400 99.997
2.10 1.00 1.50 500 99.917
2.10 1.00 1.50 600 99.673
2.10 1.00 1.50 700 98.615
2.10 1.00 1.50 800 96.382
2.10 1.00 1.50 900 93.032
2.10 1.00 1.50 1000 87.944
2.10 1.00 1.70 10 100.000
2.10 1.00 1.70 25 100.000
2.10 1.00 1.70 50 100.000
2.10 1.00 1.70 100 100.000
2.10 1.00 1.70 200 100.000
2.10 1.00 1.70 300 99.998
2.10 1.00 1.70 400 99.967
2.10 1.00 1.70 500 99.603
2.10 1.00 1.70 600 97.984
2.10 1.00 1.70 700 94.405
2.10 1.00 1.70 800 88.645
2.10 1.00 1.70 900 80.424
2.10 1.00 1.70 1000 71.461
2.10 1.00 1.90 10 100.000
2.10 1.00 1.90 25 100.000
2.10 1.00 1.90 50 100.000
2.10 1.00 1.90 100 100.000
2.10 1.00 1.90 200 100.000
2.10 1.00 1.90 300 99.989
2.10 1.00 1.90 400 99.725
2.10 1.00 1.90 500 97.994
2.10 1.00 1.90 600 93.674
2.10 1.00 1.90 700 85.421
2.10 1.00 1.90 800 74.377
2.10 1.00 1.90 900 63.091
2.10 1.00 1.90 1000 51.379
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Table C.2 (Cont’d)

Mean Value | Mean Value Mean Value Mean Value Reliability %

for Fy4 for d¢/L for Ly for T

2.10 1.00 2.10 10 100.000
2.10 1.00 2.10 25 100.000
2.10 1.00 2.10 50 100.000
2.10 1.00 2.10 100 100.000
2.10 1.00 2.10 200 100.000
2.10 1.00 2.10 300 99.955
2.10 1.00 2.10 400 98.940
2.10 1.00 2.10 500 94.479
2.10 1.00 2.10 600 84.625
2.10 1.00 2.10 700 71.449
2.10 1.00 2.10 800 57.157
2.10 1.00 2.10 900 44.359
2.10 1.00 2.10 1000 32.872
2.10 1.00 2.30 10 100.000
2.10 1.00 2.30 25 100.000
2.10 1.00 2.30 50 100.000
2.10 1.00 2.30 100 100.000
2.10 1.00 2.30 200 100.000
2.10 1.00 2.30 300 99.723
2.10 1.00 2.30 400 96.840
2.10 1.00 2.30 500 87.377
2.10 1.00 2.30 600 72.610
2.10 1.00 2.30 700 55.324
2.10 1.00 2.30 800 40.123
2.10 1.00 2.30 900 28.391
2.10 1.00 2.30 1000 19.372
2.10 1.00 2.50 10 100.000
2.10 1.00 2.50 25 100.000
2.10 1.00 2.50 50 100.000
2.10 1.00 2.50 100 100.000
2.10 1.00 2.50 200 99.992
2.10 1.00 2.50 300 99.178
2.10 1.00 2.50 400 92.647
2.10 1.00 2.50 500 77.317
2.10 1.00 2.50 600 57.636
2.10 1.00 2.50 700 39.876
2.10 1.00 2.50 800 25.909
2.10 1.00 2.50 900 16.917
2.10 1.00 2.50 1000 10.593
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Table C.2 (Cont’d)

Mean Value | Mean Value | Mean Value Mean Value Reliability %

for Fy for d¢/L for L/y for T

2.10 1.00 2.70 10 100.000
2.10 1.00 2.70 25 100.000
2.10 1.00 2.70 50 100.000
2.10 1.00 2.70 100 100.000
2.10 1.00 2.70 200 99.974
2.10 1.00 2.70 300 97.896
2.10 1.00 2.70 400 86.035
2.10 1.00 2.70 500 64.663
2.10 1.00 2.70 600 43.089
2.10 1.00 2.70 700 26.613
2.10 1.00 2.70 800 15.908
2.10 1.00 2.70 900 9.386
2.10 1.00 2.70 1000 5.290
2.10 1.00 2.80 10 100.000
2.10 1.00 2.80 25 100.000
2.10 1.00 2.80 50 100.000
2.10 1.00 2.80 100 100.000
2.10 1.00 2.80 200 99.948
2.10 1.00 2.80 300 96.745
2.10 1.00 2.80 400 81.656
2.10 1.00 2.80 500 58.138
2.10 1.00 2.80 600 36.457
2.10 1.00 2.80 700 21.718
2.10 1.00 2.80 800 12.241
2.10 1.00 2.80 900 6.830
2.10 1.00 2.80 1000 3.841
2.25 1.00 1.10 10 100.000
2.25 1.00 1.10 25 100.000
2.25 1.00 1.10 50 100.000
2.25 1.00 1.10 100 100.000
2.25 1.00 1.10 200 100.000
2.25 1.00 1.10 300 100.000
2.25 1.00 1.10 400 99.984
2.25 1.00 1.10 500 99.781
2.25 1.00 1.10 600 98.911
2.25 1.00 1.10 700 96.415
2.25 1.00 1.10 800 92.270
2.25 1.00 1.10 900 85.992
2.25 1.00 1.10 1000 78.354
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Table C.2 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T

2.25 1.00 1.30 10 100.000
2.25 1.00 1.30 25 100.000
2.25 1.00 1.30 50 100.000
2.25 1.00 1.30 100 100.000
2.25 1.00 1.30 200 100.000
2.25 1.00 1.30 300 99.988
2.25 1.00 1.30 400 99.706
2.25 1.00 1.30 500 97.802
2.25 1.00 1.30 600 92.875
2.25 1.00 1.30 700 84.100
2.25 1.00 1.30 800 73.025
2.25 1.00 1.30 900 60.751
2.25 1.00 1.30 1000 49.231
2.25 1.00 1.50 10 100.000
2.25 1.00 1.50 25 100.000
2.25 1.00 1.50 50 100.000
2.25 1.00 1.50 100 100.000
2.25 1.00 1.50 200 100.000
2.25 1.00 1.50 300 99.868
2.25 1.00 1.50 400 97.989
2.25 1.00 1.50 500 90.884
2.25 1.00 1.50 600 77.996
2.25 1.00 1.50 700 62.163
2.25 1.00 1.50 800 47.206
2.25 1.00 1.50 900 34.085
2.25 1.00 1.50 1000 24.439
2.25 1.00 1.70 10 100.000
2.25 1.00 1.70 25 100.000
2.25 1.00 1.70 50 100.000
2.25 1.00 1.70 100 100.000
2.25 1.00 1.70 200 99.988
2.25 1.00 1.70 300 99.168
2.25 1.00 1.70 400 92.341
2.25 1.00 1.70 500 76.410
2.25 1.00 1.70 600 56.580
2.25 1.00 1.70 700 38.627
2.25 1.00 1.70 800 25.213
2.25 1.00 1.70 900 16.268
2.25 1.00 1.70 1000 10.088
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Table C.2 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T

2.25 1.00 1.90 10 100.000
2.25 1.00 1.90 25 100.000
2.25 1.00 1.90 50 100.000
2.25 1.00 1.90 100 100.000
2.25 1.00 1.90 200 99.940
2.25 1.00 1.90 300 96.686
2.25 1.00 1.90 400 81.373
2.25 1.00 1.90 500 57.429
2.25 1.00 1.90 600 36.260
2.25 1.00 1.90 700 21.040
2.25 1.00 1.90 800 12.018
2.25 1.00 1.90 900 6.580
2.25 1.00 1.90 1000 3.744
2.25 1.00 2.10 10 100.000
2.25 1.00 2.10 25 100.000
2.25 1.00 2.10 50 100.000
2.25 1.00 2.10 100 100.000
2.25 1.00 2.10 200 99.702
2.25 1.00 2.10 300 91.173
2.25 1.00 2.10 400 65.775
2.25 1.00 2.10 500 38.448
2.25 1.00 2.10 600 20.540
2.25 1.00 2.10 700 10.045
2.25 1.00 2.10 800 4.954
2.25 1.00 2.10 900 2.500
2.25 1.00 2.10 1000 1.217
2.25 1.00 2.30 10 100.000
2.25 1.00 2.30 25 100.000
2.25 1.00 2.30 50 100.000
2.25 1.00 2.30 100 99.999
2.25 1.00 2.30 200 99.065
2.25 1.00 2.30 300 81.847
2.25 1.00 2.30 400 49.246
2.25 1.00 2.30 500 23.730
2.25 1.00 2.30 600 10.886
2.25 1.00 2.30 700 4.715
2.25 1.00 2.30 800 1.901
2.25 1.00 2.30 900 0.920
2.25 1.00 2.30 1000 0.367
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Table C.2 (Cont’d)

Mean Value

Mean Value

Mean Value

Mean Value

for Fq4 for d¢/L for L/y for T, Reliability %
2.25 1.00 2.50 10 100.000
2.25 1.00 2.50 25 100.000
2.25 1.00 2.50 50 100.000
2.25 1.00 2.50 100 100.000
2.25 1.00 2.50 200 97.208
2.25 1.00 2.50 300 69.563
2.25 1.00 2.50 400 34.070
2.25 1.00 2.50 500 13.813
2.25 1.00 2.50 600 5.219
2.25 1.00 2.50 700 2.022
2.25 1.00 2.50 800 0.759
2.25 1.00 2.50 900 0.335
2.25 1.00 2.50 1000 0.134
2.25 1.00 2.70 10 100.000
2.25 1.00 2.70 25 100.000
2.25 1.00 2.70 50 100.000
2.25 1.00 2.70 100 100.000
2.25 1.00 2.70 200 94.234
2.25 1.00 2.70 300 55.880
2.25 1.00 2.70 400 22.136
2.25 1.00 2.70 500 7.336
2.25 1.00 2.70 600 2.357
2.25 1.00 2.70 700 0.730
2.25 1.00 2.70 800 0.306
2.25 1.00 2.70 900 0.118
2.25 1.00 2.70 1000 0.035
2.25 1.00 2.80 10 100.000
2.25 1.00 2.80 25 100.000
2.25 1.00 2.80 50 100.000
2.25 1.00 2.80 100 99.994
2.25 1.00 2.80 200 91.517
2.25 1.00 2.80 300 49.184
2.25 1.00 2.80 400 17.489
2.25 1.00 2.80 500 5.329
2.25 1.00 2.80 600 1.592
2.25 1.00 2.80 700 0.506
2.25 1.00 2.80 800 0.163
2.25 1.00 2.80 900 0.066
2.25 1.00 2.80 1000 0.022
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Table C.2 (Cont’d)

Mean Value

Mean Value

Mean Value

Mean Value

for Fq4 for d¢/L for L/y for T, Reliability %
2.50 1.00 1.10 10 100.000
2.50 1.00 1.10 25 100.000
2.50 1.00 1.10 50 100.000
2.50 1.00 1.10 100 100.000
2.50 1.00 1.10 200 99.853
2.50 1.00 1.10 300 94.431
2.50 1.00 1.10 400 74.211
2.50 1.00 1.10 500 48.285
2.50 1.00 1.10 600 27.426
2.50 1.00 1.10 700 14.918
2.50 1.00 1.10 800 7.941
2.50 1.00 1.10 900 4.067
2.50 1.00 1.10 1000 2.153
2.50 1.00 1.30 10 100.000
2.50 1.00 1.30 25 100.000
2.50 1.00 1.30 50 100.000
2.50 1.00 1.30 100 100.000
2.50 1.00 1.30 200 98.686
2.50 1.00 1.30 300 78.368
2.50 1.00 1.30 400 44.174
2.50 1.00 1.30 500 19.976
2.50 1.00 1.30 600 8.522
2.50 1.00 1.30 700 3.582
2.50 1.00 1.30 800 1.529
2.50 1.00 1.30 900 0.645
2.50 1.00 1.30 1000 0.283
2.50 1.00 1.50 10 100.000
2.50 1.00 1.50 25 100.000
2.50 1.00 1.50 50 100.000
2.50 1.00 1.50 100 100.000
2.50 1.00 1.50 200 93.459
2.50 1.00 1.50 300 54.108
2.50 1.00 1.50 400 20.806
2.50 1.00 1.50 500 6.892
2.50 1.00 1.50 600 2.133
2.50 1.00 1.50 700 0.715
2.50 1.00 1.50 800 0.228
2.50 1.00 1.50 900 0.100
2.50 1.00 1.50 1000 0.034
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Table C.2 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value | Reliability

for Fy for d¢/L for L'y for T, %
2.50 1.00 1.70 10 100.000
2.50 1.00 1.70 25 100.000
2.50 1.00 1.70 50 100.000
2.50 1.00 1.70 100 99.983
2.50 1.00 1.70 200 81.424
2.50 1.00 1.70 300 31.560
2.50 1.00 1.70 400 8.253
2.50 1.00 1.70 500 1.983
2.50 1.00 1.70 600 0.476
2.50 1.00 1.70 700 0.148
2.50 1.00 1.70 800 0.036
2.50 1.00 1.70 900 0.012
2.50 1.00 1.70 1000 0.005
2.50 1.00 1.90 10 100.000
2.50 1.00 1.90 25 100.000
2.50 1.00 1.90 50 100.000
2.50 1.00 1.90 100 99.892
2.50 1.00 1.90 200 64.787
2.50 1.00 1.90 300 16.098
2.50 1.00 1.90 400 2.875
2.50 1.00 1.90 500 0.535
2.50 1.00 1.90 600 0.113
2.50 1.00 1.90 700 0.024
2.50 1.00 1.90 800 0.005
2.50 1.00 1.90 900 0.002
2.50 1.00 1.90 1000 0.000
2.50 1.00 2.10 10 100.000
2.50 1.00 2.10 25 100.000
2.50 1.00 2.10 50 100.000
2.50 1.00 2.10 100 99.483
2.50 1.00 2.10 200 46.362
2.50 1.00 2.10 300 7.335
2.50 1.00 2.10 400 0.890
2.50 1.00 2.10 500 0.161
2.50 1.00 2.10 600 0.010
2.50 1.00 2.10 700 0.001
2.50 1.00 2.10 800 0.003
2.50 1.00 2.10 900 0.000
2.50 1.00 2.10 1000 0.000
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Table C.2 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T,

2.50 1.00 2.30 10 100.000
2.50 1.00 2.30 25 100.000
2.50 1.00 2.30 50 100.000
2.50 1.00 2.30 100 98.297
2.50 1.00 2.30 200 30.315
2.50 1.00 2.30 300 3.127
2.50 1.00 2.30 400 0.271
2.50 1.00 2.30 500 0.021
2.50 1.00 2.30 600 0.001
2.50 1.00 2.30 700 0.000
2.50 1.00 2.30 800 0.000
2.50 1.00 2.30 900 0.000
2.50 1.00 2.30 1000 0.000
2.50 1.00 2.50 10 100.000
2.50 1.00 2.50 25 100.000
2.50 1.00 2.50 50 100.000
2.50 1.00 2.50 100 95.908
2.50 1.00 2.50 200 18.310
2.50 1.00 2.50 300 1.230
2.50 1.00 2.50 400 0.100
2.50 1.00 2.50 500 0.012
2.50 1.00 2.50 600 0.001
2.50 1.00 2.50 700 0.000
2.50 1.00 2.50 800 0.000
2.50 1.00 2.50 900 0.000
2.50 1.00 2.50 1000 0.000
2.50 1.00 2.70 10 100.000
2.50 1.00 2.70 25 100.000
2.50 1.00 2.70 50 100.000
2.50 1.00 2.70 100 91.385
2.50 1.00 2.70 200 10.601
2.50 1.00 2.70 300 0.537
2.50 1.00 2.70 400 0.032
2.50 1.00 2.70 500 0.002
2.50 1.00 2.70 600 0.000
2.50 1.00 2.70 700 0.000
2.50 1.00 2.70 800 0.000
2.50 1.00 2.70 900 0.000
2.50 1.00 2.70 1000 0.000
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Table C.2 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T

2.50 1.00 2.80 10 100.000
2.50 1.00 2.80 25 100.000
2.50 1.00 2.80 50 99.997
2.50 1.00 2.80 100 88.247
2.50 1.00 2.80 200 8.003
2.50 1.00 2.80 300 0.331
2.50 1.00 2.80 400 0.015
2.50 1.00 2.80 500 0.000
2.50 1.00 2.80 600 0.000
2.50 1.00 2.80 700 0.000
2.50 1.00 2.80 800 0.000
2.50 1.00 2.80 900 0.000
2.50 1.00 2.80 1000 0.000
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Table C.3 Simulation results for the case of parameters of Equation (4.3) have

triangular distribution

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fy for d¢/L for L/y for T

1.95 1.00 1.10 25 100.000
1.95 1.00 1.10 50 100.000
1.95 1.00 1.10 100 100.000
1.95 1.00 1.10 200 100.000
1.95 1.00 1.10 300 100.000
1.95 1.00 1.10 400 100.000
1.95 1.00 1.10 500 100.000
1.95 1.00 1.10 600 100.000
1.95 1.00 1.10 700 100.000
1.95 1.00 1.10 800 100.000
1.95 1.00 1.10 900 100.000
1.95 1.00 1.10 1000 100.000
1.95 1.00 1.30 10 100.000
1.95 1.00 1.30 25 100.000
1.95 1.00 1.30 50 100.000
1.95 1.00 1.30 100 100.000
1.95 1.00 1.30 200 100.000
1.95 1.00 1.30 300 100.000
1.95 1.00 1.30 400 100.000
1.95 1.00 1.30 500 100.000
1.95 1.00 1.30 600 100.000
1.95 1.00 1.30 700 100.000
1.95 1.00 1.30 800 100.000
1.95 1.00 1.30 900 100.000
1.95 1.00 1.30 1000 100.000
1.95 1.00 1.50 10 100.000
1.95 1.00 1.50 25 100.000
1.95 1.00 1.50 50 100.000
1.95 1.00 1.50 100 100.000
1.95 1.00 1.50 200 100.000
1.95 1.00 1.50 300 100.000
1.95 1.00 1.50 400 100.000
1.95 1.00 1.50 500 100.000
1.95 1.00 1.50 600 100.000
1.95 1.00 1.50 700 100.000
1.95 1.00 1.50 800 100.000
1.95 1.00 1.50 900 99.998

1.95 1.00 1.50 1000 99.991
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fy for d¢/L for L'y for T
1.95 1.00 1.70 10 100.000
1.95 1.00 1.70 25 100.000
1.95 1.00 1.70 50 100.000
1.95 1.00 1.70 100 100.000
1.95 1.00 1.70 200 100.000
1.95 1.00 1.70 300 100.000
1.95 1.00 1.70 400 100.000
1.95 1.00 1.70 500 100.000
1.95 1.00 1.70 600 100.000
1.95 1.00 1.70 700 100.000
1.95 1.00 1.70 800 99.993
1.95 1.00 1.70 900 99.952
1.95 1.00 1.70 1000 99.758
1.95 1.00 1.90 10 100.000
1.95 1.00 1.90 25 100.000
1.95 1.00 1.90 50 100.000
1.95 1.00 1.90 100 100.000
1.95 1.00 1.90 200 100.000
1.95 1.00 1.90 300 100.000
1.95 1.00 1.90 400 100.000
1.95 1.00 1.90 500 100.000
1.95 1.00 1.90 600 99.998
1.95 1.00 1.90 700 99.969
1.95 1.00 1.90 800 99.857
1.95 1.00 1.90 900 99.414
1.95 1.00 1.90 1000 98.477
1.95 1.00 2.10 10 100.000
1.95 1.00 2.10 25 100.000
1.95 1.00 2.10 50 100.000
1.95 1.00 2.10 100 100.000
1.95 1.00 2.10 200 100.000
1.95 1.00 2.10 300 100.000
1.95 1.00 2.10 400 100.000
1.95 1.00 2.10 500 100.000
1.95 1.00 2.10 600 99.980
1.95 1.00 2.10 700 99.739
1.95 1.00 2.10 800 99.049
1.95 1.00 2.10 900 97.337
1.95 1.00 2.10 1000 94.597
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fy4 for d¢/L for L'y for T
1.95 1.00 2.30 10 100.000
1.95 1.00 2.30 25 100.000
1.95 1.00 2.30 50 100.000
1.95 1.00 2.30 100 100.000
1.95 1.00 2.30 200 100.000
1.95 1.00 2.30 300 100.000
1.95 1.00 2.30 400 100.000
1.95 1.00 2.30 500 99.989
1.95 1.00 2.30 600 99.774
1.95 1.00 2.30 700 98.867
1.95 1.00 2.30 800 96.574
1.95 1.00 2.30 900 92.640
1.95 1.00 2.30 1000 87.339
1.95 1.00 2.50 10 100.000
1.95 1.00 2.50 25 100.000
1.95 1.00 2.50 50 100.000
1.95 1.00 2.50 100 100.000
1.95 1.00 2.50 200 100.000
1.95 1.00 2.50 300 100.000
1.95 1.00 2.50 400 99.998
1.95 1.00 2.50 500 99.899
1.95 1.00 2.50 600 99.018
1.95 1.00 2.50 700 96.491
1.95 1.00 2.50 800 91.570
1.95 1.00 2.50 900 84.795
1.95 1.00 2.50 1000 76.565
1.95 1.00 2.70 10 100.000
1.95 1.00 2.70 25 100.000
1.95 1.00 2.70 50 100.000
1.95 1.00 2.70 100 100.000
1.95 1.00 2.70 200 100.000
1.95 1.00 2.70 300 100.000
1.95 1.00 2.70 400 99.979
1.95 1.00 2.70 500 99.449
1.95 1.00 2.70 600 97.089
1.95 1.00 2.70 700 92.046
1.95 1.00 2.70 800 83.949
1.95 1.00 2.70 900 74.317
1.95 1.00 2.70 1000 63.874
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Table C.3 (Cont’d)

Mean Value

Mean Value

Mean Value

Mean Value

for Fq4 for d¢/L for L/y for T Reliability %
1.95 1.00 2.80 10 100.000
1.95 1.00 2.80 25 100.000
1.95 1.00 2.80 50 100.000
1.95 1.00 2.80 100 100.000
1.95 1.00 2.80 200 100.000
1.95 1.00 2.80 300 100.000
1.95 1.00 2.80 400 99.953
1.95 1.00 2.80 500 99.019
1.95 1.00 2.80 600 95.546
1.95 1.00 2.80 700 88.824
1.95 1.00 2.80 800 79.119
1.95 1.00 2.80 900 68.310
1.95 1.00 2.80 1000 57.298
2.10 1.00 1.10 10 100.000
2.10 1.00 1.10 25 100.000
2.10 1.00 1.10 50 100.000
2.10 1.00 1.10 100 100.000
2.10 1.00 1.10 200 100.000
2.10 1.00 1.10 300 100.000
2.10 1.00 1.10 400 100.000
2.10 1.00 1.10 500 100.000
2.10 1.00 1.10 600 100.000
2.10 1.00 1.10 700 100.000
2.10 1.00 1.10 800 99.996
2.10 1.00 1.10 900 99.962
2.10 1.00 1.10 1000 99.817
2.10 1.00 1.30 10 100.000
2.10 1.00 1.30 25 100.000
2.10 1.00 1.30 50 100.000
2.10 1.00 1.30 100 100.000
2.10 1.00 1.30 200 100.000
2.10 1.00 1.30 300 100.000
2.10 1.00 1.30 400 100.000
2.10 1.00 1.30 500 100.000
2.10 1.00 1.30 600 99.993
2.10 1.00 1.30 700 99.920
2.10 1.00 1.30 800 99.665
2.10 1.00 1.30 900 98.833
2.10 1.00 1.30 1000 97.284
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L'y for T

2.10 1.00 1.50 10 100.000
2.10 1.00 1.50 25 100.000
2.10 1.00 1.50 50 100.000
2.10 1.00 1.50 100 100.000
2.10 1.00 1.50 200 100.000
2.10 1.00 1.50 300 100.000
2.10 1.00 1.50 400 100.000
2.10 1.00 1.50 500 99.988
2.10 1.00 1.50 600 99.778
2.10 1.00 1.50 700 98.971
2.10 1.00 1.50 800 96.803
2.10 1.00 1.50 900 93.273
2.10 1.00 1.50 1000 87.916
2.10 1.00 1.70 10 100.000
2.10 1.00 1.70 25 100.000
2.10 1.00 1.70 50 100.000
2.10 1.00 1.70 100 100.000
2.10 1.00 1.70 200 100.000
2.10 1.00 1.70 300 100.000
2.10 1.00 1.70 400 99.994
2.10 1.00 1.70 500 99.780
2.10 1.00 1.70 600 98.449
2.10 1.00 1.70 700 94.709
2.10 1.00 1.70 800 88.365
2.10 1.00 1.70 900 80.342
2.10 1.00 1.70 1000 71.054
2.10 1.00 1.90 10 100.000
2.10 1.00 1.90 25 100.000
2.10 1.00 1.90 50 100.000
2.10 1.00 1.90 100 100.000
2.10 1.00 1.90 200 100.000
2.10 1.00 1.90 300 100.000
2.10 1.00 1.90 400 99.875
2.10 1.00 1.90 500 98.447
2.10 1.00 1.90 600 93.764
2.10 1.00 1.90 700 85.310
2.10 1.00 1.90 800 74.599
2.10 1.00 1.90 900 62.765
2.10 1.00 1.90 1000 51.409
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for Ly for T

2.10 1.00 2.10 10 100.000
2.10 1.00 2.10 25 100.000
2.10 1.00 2.10 50 100.000
2.10 1.00 2.10 100 100.000
2.10 1.00 2.10 200 100.000
2.10 1.00 2.10 300 99.990
2.10 1.00 2.10 400 99.199
2.10 1.00 2.10 500 94.671
2.10 1.00 2.10 600 84.707
2.10 1.00 2.10 700 71.555
2.10 1.00 2.10 800 57.447
2.10 1.00 2.10 900 44.458
2.10 1.00 2.10 1000 33.270
2.10 1.00 2.30 10 100.000
2.10 1.00 2.30 25 100.000
2.10 1.00 2.30 50 100.000
2.10 1.00 2.30 100 100.000
2.10 1.00 2.30 200 100.000
2.10 1.00 2.30 300 99.904
2.10 1.00 2.30 400 97.158
2.10 1.00 2.30 500 87.436
2.10 1.00 2.30 600 72.194
2.10 1.00 2.30 700 55.259
2.10 1.00 2.30 800 40.567
2.10 1.00 2.30 900 28.423
2.10 1.00 2.30 1000 19.635
2.10 1.00 2.50 10 100.000
2.10 1.00 2.50 25 100.000
2.10 1.00 2.50 50 100.000
2.10 1.00 2.50 100 100.000
2.10 1.00 2.50 200 100.000
2.10 1.00 2.50 300 99.492
2.10 1.00 2.50 400 92.883
2.10 1.00 2.50 500 77.005
2.10 1.00 2.50 600 57.512
2.10 1.00 2.50 700 40.099
2.10 1.00 2.50 800 26.333
2.10 1.00 2.50 900 16.689
2.10 1.00 2.50 1000 10.552
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T

2.10 1.00 2.70 10 100.000
2.10 1.00 2.70 25 100.000
2.10 1.00 2.70 50 100.000
2.10 1.00 2.70 100 100.000
2.10 1.00 2.70 200 99.994
2.10 1.00 2.70 300 98.119
2.10 1.00 2.70 400 85.905
2.10 1.00 2.70 500 64.667
2.10 1.00 2.70 600 43.401
2.10 1.00 2.70 700 26.889
2.10 1.00 2.70 800 15.806
2.10 1.00 2.70 900 9.167
2.10 1.00 2.70 1000 5.150
2.10 1.00 2.80 10 100.000
2.10 1.00 2.80 25 100.000
2.10 1.00 2.80 50 100.000
2.10 1.00 2.80 100 100.000
2.10 1.00 2.80 200 99.990
2.10 1.00 2.80 300 96.917
2.10 1.00 2.80 400 81.241
2.10 1.00 2.80 500 58.069
2.10 1.00 2.80 600 36.734
2.10 1.00 2.80 700 21.681
2.10 1.00 2.80 800 12.096
2.10 1.00 2.80 900 6.626
2.10 1.00 2.80 1000 3.428
2.25 1.00 1.10 10 100.000
2.25 1.00 1.10 25 100.000
2.25 1.00 1.10 50 100.000
2.25 1.00 1.10 100 100.000
2.25 1.00 1.10 200 100.000
2.25 1.00 1.10 300 100.000
2.25 1.00 1.10 400 100.000
2.25 1.00 1.10 500 99.921
2.25 1.00 1.10 600 99.195
2.25 1.00 1.10 700 96.883
2.25 1.00 1.10 800 92.441
2.25 1.00 1.10 900 85.866
2.25 1.00 1.10 1000 78.066
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T

2.25 1.00 1.30 10 100.000
2.25 1.00 1.30 25 100.000
2.25 1.00 1.30 50 100.000
2.25 1.00 1.30 100 100.000
2.25 1.00 1.30 200 100.000
2.25 1.00 1.30 300 100.000
2.25 1.00 1.30 400 99.844
2.25 1.00 1.30 500 98.204
2.25 1.00 1.30 600 93.040
2.25 1.00 1.30 700 83.976
2.25 1.00 1.30 800 72.826
2.25 1.00 1.30 900 60.616
2.25 1.00 1.30 1000 49.587
2.25 1.00 1.50 10 100.000
2.25 1.00 1.50 25 100.000
2.25 1.00 1.50 50 100.000
2.25 1.00 1.50 100 100.000
2.25 1.00 1.50 200 100.000
2.25 1.00 1.50 300 99.960
2.25 1.00 1.50 400 98.158
2.25 1.00 1.50 500 90.793
2.25 1.00 1.50 600 77.603
2.25 1.00 1.50 700 62.212
2.25 1.00 1.50 800 47.286
2.25 1.00 1.50 900 34.598
2.25 1.00 1.50 1000 24.555
2.25 1.00 1.70 10 100.000
2.25 1.00 1.70 25 100.000
2.25 1.00 1.70 50 100.000
2.25 1.00 1.70 100 100.000
2.25 1.00 1.70 200 100.000
2.25 1.00 1.70 300 99.372
2.25 1.00 1.70 400 92.375
2.25 1.00 1.70 500 76.353
2.25 1.00 1.70 600 56.637
2.25 1.00 1.70 700 39.080
2.25 1.00 1.70 800 25.711
2.25 1.00 1.70 900 16.231
2.25 1.00 1.70 1000 10.360
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T,

2.25 1.00 1.90 10 100.000
2.25 1.00 1.90 25 100.000
2.25 1.00 1.90 50 100.000
2.25 1.00 1.90 100 100.000
2.25 1.00 1.90 200 99.988
2.25 1.00 1.90 300 97.017
2.25 1.00 1.90 400 81.080
2.25 1.00 1.90 500 57.620
2.25 1.00 1.90 600 36.240
2.25 1.00 1.90 700 21.416
2.25 1.00 1.90 800 11.941
2.25 1.00 1.90 900 6.499
2.25 1.00 1.90 1000 3.468
2.25 1.00 2.10 10 100.000
2.25 1.00 2.10 25 100.000
2.25 1.00 2.10 50 100.000
2.25 1.00 2.10 100 100.000
2.25 1.00 2.10 200 99.881
2.25 1.00 2.10 300 91.291
2.25 1.00 2.10 400 65.575
2.25 1.00 2.10 500 38.776
2.25 1.00 2.10 600 20.738
2.25 1.00 2.10 700 10.127
2.25 1.00 2.10 800 4.643
2.25 1.00 2.10 900 2.108
2.25 1.00 2.10 1000 0.918
2.25 1.00 2.30 10 100.000
2.25 1.00 2.30 25 100.000
2.25 1.00 2.30 50 100.000
2.25 1.00 2.30 100 100.000
2.25 1.00 2.30 200 99.289
2.25 1.00 2.30 300 82.003
2.25 1.00 2.30 400 49.239
2.25 1.00 2.30 500 24.144
2.25 1.00 2.30 600 10.446
2.25 1.00 2.30 700 4.323
2.25 1.00 2.30 800 1.679
2.25 1.00 2.30 900 0.607
2.25 1.00 2.30 1000 0.204
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy4 for d¢/L for L/y for T

2.25 1.00 2.50 10 100.000
2.25 1.00 2.50 25 100.000
2.25 1.00 2.50 50 100.000
2.25 1.00 2.50 100 100.000
2.25 1.00 2.50 200 97.632
2.25 1.00 2.50 300 69.414
2.25 1.00 2.50 400 34.458
2.25 1.00 2.50 500 13.627
2.25 1.00 2.50 600 4.885
2.25 1.00 2.50 700 1.598
2.25 1.00 2.50 800 0.502
2.25 1.00 2.50 900 0.117
2.25 1.00 2.50 1000 0.025
2.25 1.00 2.70 10 100.000
2.25 1.00 2.70 25 100.000
2.25 1.00 2.70 50 100.000
2.25 1.00 2.70 100 100.000
2.25 1.00 2.70 200 94.273
2.25 1.00 2.70 300 56.088
2.25 1.00 2.70 400 22.301
2.25 1.00 2.70 500 7.042
2.25 1.00 2.70 600 2.028
2.25 1.00 2.70 700 0.523
2.25 1.00 2.70 800 0.124
2.25 1.00 2.70 900 0.036
2.25 1.00 2.70 1000 0.001
2.25 1.00 2.80 10 100.000
2.25 1.00 2.80 25 100.000
2.25 1.00 2.80 50 100.000
2.25 1.00 2.80 100 100.000
2.25 1.00 2.80 200 91.637
2.25 1.00 2.80 300 49.235
2.25 1.00 2.80 400 17.104
2.25 1.00 2.80 500 4.991
2.25 1.00 2.80 600 1.297
2.25 1.00 2.80 700 0.271
2.25 1.00 2.80 800 0.059
2.25 1.00 2.80 900 0.008
2.25 1.00 2.80 1000 0.000
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for Ly for T

2.50 1.00 1.10 10 100.000
2.50 1.00 1.10 25 100.000
2.50 1.00 1.10 50 100.000
2.50 1.00 1.10 100 100.000
2.50 1.00 1.10 200 99.971
2.50 1.00 1.10 300 94.992
2.50 1.00 1.10 400 74.241
2.50 1.00 1.10 500 47.989
2.50 1.00 1.10 600 27.398
2.50 1.00 1.10 700 14.340
2.50 1.00 1.10 800 7.190
2.50 1.00 1.10 900 3.423
2.50 1.00 1.10 1000 1.658
2.50 1.00 1.30 10 100.000
2.50 1.00 1.30 25 100.000
2.50 1.00 1.30 50 100.000
2.50 1.00 1.30 100 100.000
2.50 1.00 1.30 200 99.048
2.50 1.00 1.30 300 78.705
2.50 1.00 1.30 400 44.172
2.50 1.00 1.30 500 19.562
2.50 1.00 1.30 600 7.951
2.50 1.00 1.30 700 2.970
2.50 1.00 1.30 800 1.098
2.50 1.00 1.30 900 0.313
2.50 1.00 1.30 1000 0.092
2.50 1.00 1.50 10 100.000
2.50 1.00 1.50 25 100.000
2.50 1.00 1.50 50 100.000
2.50 1.00 1.50 100 100.000
2.50 1.00 1.50 200 94.165
2.50 1.00 1.50 300 54.654
2.50 1.00 1.50 400 20.408
2.50 1.00 1.50 500 6.116
2.50 1.00 1.50 600 1.642
2.50 1.00 1.50 700 0.364
2.50 1.00 1.50 800 0.071
2.50 1.00 1.50 900 0.006
2.50 1.00 1.50 1000 0.001
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T,

2.50 1.00 1.70 10 100.000
2.50 1.00 1.70 25 100.000
2.50 1.00 1.70 50 100.000
2.50 1.00 1.70 100 99.998
2.50 1.00 1.70 200 82.445
2.50 1.00 1.70 300 31.689
2.50 1.00 1.70 400 7.609
2.50 1.00 1.70 500 1.468
2.50 1.00 1.70 600 0.248
2.50 1.00 1.70 700 0.030
2.50 1.00 1.70 800 0.004
2.50 1.00 1.70 900 0.001
2.50 1.00 1.70 1000 0.000
2.50 1.00 1.90 10 100.000
2.50 1.00 1.90 25 100.000
2.50 1.00 1.90 50 100.000
2.50 1.00 1.90 100 99.962
2.50 1.00 1.90 200 65.162
2.50 1.00 1.90 300 15.537
2.50 1.00 1.90 400 2.185
2.50 1.00 1.90 500 0.245
2.50 1.00 1.90 600 0.019
2.50 1.00 1.90 700 0.000
2.50 1.00 1.90 800 0.000
2.50 1.00 1.90 900 0.000
2.50 1.00 1.90 1000 0.000
2.50 1.00 2.10 10 100.000
2.50 1.00 2.10 25 100.000
2.50 1.00 2.10 50 100.000
2.50 1.00 2.10 100 99.742
2.50 1.00 2.10 200 46.692
2.50 1.00 2.10 300 6.469
2.50 1.00 2.10 400 0.576
2.50 1.00 2.10 500 0.028
2.50 1.00 2.10 600 0.000
2.50 1.00 2.10 700 0.000
2.50 1.00 2.10 800 0.000
2.50 1.00 2.10 900 0.000
2.50 1.00 2.10 1000 0.000
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T

2.50 1.00 2.30 10 100.000
2.50 1.00 2.30 25 100.000
2.50 1.00 2.30 50 100.000
2.50 1.00 2.30 100 98.865
2.50 1.00 2.30 200 30.363
2.50 1.00 2.30 300 2.464
2.50 1.00 2.30 400 0.104
2.50 1.00 2.30 500 0.003
2.50 1.00 2.30 600 0.000
2.50 1.00 2.30 700 0.000
2.50 1.00 2.30 800 0.000
2.50 1.00 2.30 900 0.000
2.50 1.00 2.30 1000 0.000
2.50 1.00 2.50 10 100.000
2.50 1.00 2.50 25 100.000
2.50 1.00 2.50 50 100.000
2.50 1.00 2.50 100 96.403
2.50 1.00 2.50 200 18.082
2.50 1.00 2.50 300 0.825
2.50 1.00 2.50 400 0.014
2.50 1.00 2.50 500 0.000
2.50 1.00 2.50 600 0.000
2.50 1.00 2.50 700 0.000
2.50 1.00 2.50 800 0.000
2.50 1.00 2.50 900 0.000
2.50 1.00 2.50 1000 0.000
2.50 1.00 2.70 10 100.000
2.50 1.00 2.70 25 100.000
2.50 1.00 2.70 50 100.000
2.50 1.00 2.70 100 91.986
2.50 1.00 2.70 200 9.852
2.50 1.00 2.70 300 0.224
2.50 1.00 2.70 400 0.001
2.50 1.00 2.70 500 0.000
2.50 1.00 2.70 600 0.000
2.50 1.00 2.70 700 0.000
2.50 1.00 2.70 800 0.000
2.50 1.00 2.70 900 0.000
2.50 1.00 2.70 1000 0.000
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Table C.3 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T

2.50 1.00 2.80 10 100.000
2.50 1.00 2.80 25 100.000
2.50 1.00 2.80 50 100.000
2.50 1.00 2.80 100 89.052
2.50 1.00 2.80 200 7.293
2.50 1.00 2.80 300 0.112
2.50 1.00 2.80 400 0.000
2.50 1.00 2.80 500 0.000
2.50 1.00 2.80 600 0.000
2.50 1.00 2.80 700 0.000
2.50 1.00 2.80 800 0.000
2.50 1.00 2.80 900 0.000
2.50 1.00 2.80 1000 0.000
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Table C.4 Simulation results for the case of parameters of Equation (4.3) have

uniform distribution

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fy for d¢/L for L/y for T
1.95 1.00 1.10 25 100.000
1.95 1.00 1.10 50 100.000
1.95 1.00 1.10 100 100.000
1.95 1.00 1.10 200 100.000
1.95 1.00 1.10 300 100.000
1.95 1.00 1.10 400 100.000
1.95 1.00 1.10 500 100.000
1.95 1.00 1.10 600 100.000
1.95 1.00 1.10 700 100.000
1.95 1.00 1.10 800 100.000
1.95 1.00 1.10 900 100.000
1.95 1.00 1.10 1000 100.000
1.95 1.00 1.30 10 100.000
1.95 1.00 1.30 25 100.000
1.95 1.00 1.30 50 100.000
1.95 1.00 1.30 100 100.000
1.95 1.00 1.30 200 100.000
1.95 1.00 1.30 300 100.000
1.95 1.00 1.30 400 100.000
1.95 1.00 1.30 500 100.000
1.95 1.00 1.30 600 100.000
1.95 1.00 1.30 700 100.000
1.95 1.00 1.30 800 100.000
1.95 1.00 1.30 900 100.000
1.95 1.00 1.30 1000 100.000
1.95 1.00 1.50 10 100.000
1.95 1.00 1.50 25 100.000
1.95 1.00 1.50 50 100.000
1.95 1.00 1.50 100 100.000
1.95 1.00 1.50 200 100.000
1.95 1.00 1.50 300 100.000
1.95 1.00 1.50 400 100.000
1.95 1.00 1.50 500 100.000
1.95 1.00 1.50 600 100.000
1.95 1.00 1.50 700 100.000
1.95 1.00 1.50 800 100.000
1.95 1.00 1.50 900 100.000
1.95 1.00 1.50 1000 100.000
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Table C.4 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fy for d¢/L for L/y for T

1.95 1.00 1.70 10 100.000
1.95 1.00 1.70 25 100.000
1.95 1.00 1.70 50 100.000
1.95 1.00 1.70 100 100.000
1.95 1.00 1.70 200 100.000
1.95 1.00 1.70 300 100.000
1.95 1.00 1.70 400 100.000
1.95 1.00 1.70 500 100.000
1.95 1.00 1.70 600 100.000
1.95 1.00 1.70 700 100.000
1.95 1.00 1.70 800 100.000
1.95 1.00 1.70 900 100.000
1.95 1.00 1.70 1000 99.948

1.95 1.00 1.90 10 100.000
1.95 1.00 1.90 25 100.000
1.95 1.00 1.90 50 100.000
1.95 1.00 1.90 100 100.000
1.95 1.00 1.90 200 100.000
1.95 1.00 1.90 300 100.000
1.95 1.00 1.90 400 100.000
1.95 1.00 1.90 500 100.000
1.95 1.00 1.90 600 100.000
1.95 1.00 1.90 700 100.000
1.95 1.00 1.90 800 99.975

1.95 1.00 1.90 900 99.728

1.95 1.00 1.90 1000 98.855

1.95 1.00 2.10 10 100.000
1.95 1.00 2.10 25 100.000
1.95 1.00 2.10 50 100.000
1.95 1.00 2.10 100 100.000
1.95 1.00 2.10 200 100.000
1.95 1.00 2.10 300 100.000
1.95 1.00 2.10 400 100.000
1.95 1.00 2.10 500 100.000
1.95 1.00 2.10 600 100.000
1.95 1.00 2.10 700 99.957

1.95 1.00 2.10 800 99.482

1.95 1.00 2.10 900 97.763

1.95 1.00 2.10 1000 94.899
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Table C.4 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fy for d¢/L for L/y for T,
1.95 1.00 2.30 10 100.000
1.95 1.00 2.30 25 100.000
1.95 1.00 2.30 50 100.000
1.95 1.00 2.30 100 100.000
1.95 1.00 2.30 200 100.000
1.95 1.00 2.30 300 100.000
1.95 1.00 2.30 400 100.000
1.95 1.00 2.30 500 100.000
1.95 1.00 2.30 600 99.947
1.95 1.00 2.30 700 99.263
1.95 1.00 2.30 800 96.914
1.95 1.00 2.30 900 92.715
1.95 1.00 2.30 1000 87.139
1.95 1.00 2.50 10 100.000
1.95 1.00 2.50 25 100.000
1.95 1.00 2.50 50 100.000
1.95 1.00 2.50 100 100.000
1.95 1.00 2.50 200 100.000
1.95 1.00 2.50 300 100.000
1.95 1.00 2.50 400 100.000
1.95 1.00 2.50 500 99.991
1.95 1.00 2.50 600 99.428
1.95 1.00 2.50 700 96.753
1.95 1.00 2.50 800 91.945
1.95 1.00 2.50 900 84.590
1.95 1.00 2.50 1000 76.411
1.95 1.00 2.70 10 100.000
1.95 1.00 2.70 25 100.000
1.95 1.00 2.70 50 100.000
1.95 1.00 2.70 100 100.000
1.95 1.00 2.70 200 100.000
1.95 1.00 2.70 300 100.000
1.95 1.00 2.70 400 100.000
1.95 1.00 2.70 500 99.766
1.95 1.00 2.70 600 97.523
1.95 1.00 2.70 700 92.069
1.95 1.00 2.70 800 83.522
1.95 1.00 2.70 900 74.067
1.95 1.00 2.70 1000 63.856
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Table C.4 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fy4 for d¢/L for Ly for T
1.95 1.00 2.80 10 100.000
1.95 1.00 2.80 25 100.000
1.95 1.00 2.80 50 100.000
1.95 1.00 2.80 100 100.000
1.95 1.00 2.80 200 100.000
1.95 1.00 2.80 300 100.000
1.95 1.00 2.80 400 100.000
1.95 1.00 2.80 500 99.476
1.95 1.00 2.80 600 95.870
1.95 1.00 2.80 700 88.719
1.95 1.00 2.80 800 78.899
1.95 1.00 2.80 900 68.235
1.95 1.00 2.80 1000 57.813
2.10 1.00 1.10 10 100.000
2.10 1.00 1.10 25 100.000
2.10 1.00 1.10 50 100.000
2.10 1.00 1.10 100 100.000
2.10 1.00 1.10 200 100.000
2.10 1.00 1.10 300 100.000
2.10 1.00 1.10 400 100.000
2.10 1.00 1.10 500 100.000
2.10 1.00 1.10 600 100.000
2.10 1.00 1.10 700 100.000
2.10 1.00 1.10 800 100.000
2.10 1.00 1.10 900 100.000
2.10 1.00 1.10 1000 99.963
2.10 1.00 1.30 10 100.000
2.10 1.00 1.30 25 100.000
2.10 1.00 1.30 50 100.000
2.10 1.00 1.30 100 100.000
2.10 1.00 1.30 200 100.000
2.10 1.00 1.30 300 100.000
2.10 1.00 1.30 400 100.000
2.10 1.00 1.30 500 100.000
2.10 1.00 1.30 600 100.000
2.10 1.00 1.30 700 99.997
2.10 1.00 1.30 800 99.845
2.10 1.00 1.30 900 99.117
2.10 1.00 1.30 1000 97.445
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Table C.4 (Cont’d)

Mean Value

Mean Value

Mean Value

Mean Value

for Fy4 for d¢/L for L/y for T, Reliability %
2.10 1.00 1.50 10 100.000
2.10 1.00 1.50 25 100.000
2.10 1.00 1.50 50 100.000
2.10 1.00 1.50 100 100.000
2.10 1.00 1.50 200 100.000
2.10 1.00 1.50 300 100.000
2.10 1.00 1.50 400 100.000
2.10 1.00 1.50 500 100.000
2.10 1.00 1.50 600 99.957
2.10 1.00 1.50 700 99.269
2.10 1.00 1.50 800 97.074
2.10 1.00 1.50 900 92.980
2.10 1.00 1.50 1000 87.681
2.10 1.00 1.70 10 100.000
2.10 1.00 1.70 25 100.000
2.10 1.00 1.70 50 100.000
2.10 1.00 1.70 100 100.000
2.10 1.00 1.70 200 100.000
2.10 1.00 1.70 300 100.000
2.10 1.00 1.70 400 100.000
2.10 1.00 1.70 500 99.943
2.10 1.00 1.70 600 98.726
2.10 1.00 1.70 700 94.702
2.10 1.00 1.70 800 88.142
2.10 1.00 1.70 900 79.743
2.10 1.00 1.70 1000 70.851
2.10 1.00 1.90 10 100.000
2.10 1.00 1.90 25 100.000
2.10 1.00 1.90 50 100.000
2.10 1.00 1.90 100 100.000
2.10 1.00 1.90 200 100.000
2.10 1.00 1.90 300 100.000
2.10 1.00 1.90 400 99.988
2.10 1.00 1.90 500 98.772
2.10 1.00 1.90 600 93.688
2.10 1.00 1.90 700 84.742
2.10 1.00 1.90 800 73.947
2.10 1.00 1.90 900 62.168
2.10 1.00 1.90 1000 51.586
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Table C.4 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for Ly for T

2.10 1.00 2.10 10 100.000
2.10 1.00 2.10 25 100.000
2.10 1.00 2.10 50 100.000
2.10 1.00 2.10 100 100.000
2.10 1.00 2.10 200 100.000
2.10 1.00 2.10 300 100.000
2.10 1.00 2.10 400 99.548
2.10 1.00 2.10 500 94.752
2.10 1.00 2.10 600 84.122
2.10 1.00 2.10 700 70.769
2.10 1.00 2.10 800 57.222
2.10 1.00 2.10 900 44 873
2.10 1.00 2.10 1000 34.040
2.10 1.00 2.30 10 100.000
2.10 1.00 2.30 25 100.000
2.10 1.00 2.30 50 100.000
2.10 1.00 2.30 100 100.000
2.10 1.00 2.30 200 100.000
2.10 1.00 2.30 300 99.985
2.10 1.00 2.30 400 97.361
2.10 1.00 2.30 500 86.777
2.10 1.00 2.30 600 71.367
2.10 1.00 2.30 700 55.316
2.10 1.00 2.30 800 41.061
2.10 1.00 2.30 900 29.197
2.10 1.00 2.30 1000 20.462
2.10 1.00 2.50 10 100.000
2.10 1.00 2.50 25 100.000
2.10 1.00 2.50 50 100.000
2.10 1.00 2.50 100 100.000
2.10 1.00 2.50 200 100.000
2.10 1.00 2.50 300 99.691
2.10 1.00 2.50 400 92.697
2.10 1.00 2.50 500 76.262
2.10 1.00 2.50 600 57.409
2.10 1.00 2.50 700 40.793
2.10 1.00 2.50 800 27.268
2.10 1.00 2.50 900 17.437
2.10 1.00 2.50 1000 10.833
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Table C.4 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L'y for T

2.10 1.00 2.70 10 100.000
2.10 1.00 2.70 25 100.000
2.10 1.00 2.70 50 100.000
2.10 1.00 2.70 100 100.000
2.10 1.00 2.70 200 100.000
2.10 1.00 2.70 300 98.479
2.10 1.00 2.70 400 85.390
2.10 1.00 2.70 500 64.307
2.10 1.00 2.70 600 43.812
2.10 1.00 2.70 700 27.979
2.10 1.00 2.70 800 16.620
2.10 1.00 2.70 900 9.365
2.10 1.00 2.70 1000 4978
2.10 1.00 2.80 10 100.000
2.10 1.00 2.80 25 100.000
2.10 1.00 2.80 50 100.000
2.10 1.00 2.80 100 100.000
2.10 1.00 2.80 200 100.000
2.10 1.00 2.80 300 97.389
2.10 1.00 2.80 400 80.768
2.10 1.00 2.80 500 57.801
2.10 1.00 2.80 600 37.787
2.10 1.00 2.80 700 22.255
2.10 1.00 2.80 800 12.545
2.10 1.00 2.80 900 6.566
2.10 1.00 2.80 1000 3.153
2.25 1.00 1.10 10 100.000
2.25 1.00 1.10 25 100.000
2.25 1.00 1.10 50 100.000
2.25 1.00 1.10 100 100.000
2.25 1.00 1.10 200 100.000
2.25 1.00 1.10 300 100.000
2.25 1.00 1.10 400 100.000
2.25 1.00 1.10 500 99.998
2.25 1.00 1.10 600 99.640
2.25 1.00 1.10 700 97.561
2.25 1.00 1.10 800 92.949
2.25 1.00 1.10 900 86.595
2.25 1.00 1.10 1000 78.433
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Table C.4 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T,

2.25 1.00 1.30 10 100.000
2.25 1.00 1.30 25 100.000
2.25 1.00 1.30 50 100.000
2.25 1.00 1.30 100 100.000
2.25 1.00 1.30 200 100.000
2.25 1.00 1.30 300 100.000
2.25 1.00 1.30 400 99.990
2.25 1.00 1.30 500 98.810
2.25 1.00 1.30 600 93.501
2.25 1.00 1.30 700 84.297
2.25 1.00 1.30 800 72.667
2.25 1.00 1.30 900 60.881
2.25 1.00 1.30 1000 49.450
2.25 1.00 1.50 10 100.000
2.25 1.00 1.50 25 100.000
2.25 1.00 1.50 50 100.000
2.25 1.00 1.50 100 100.000
2.25 1.00 1.50 200 100.000
2.25 1.00 1.50 300 100.000
2.25 1.00 1.50 400 98.837
2.25 1.00 1.50 500 91.423
2.25 1.00 1.50 600 78.082
2.25 1.00 1.50 700 62.210
2.25 1.00 1.50 800 47.464
2.25 1.00 1.50 900 34.666
2.25 1.00 1.50 1000 24.526
2.25 1.00 1.70 10 100.000
2.25 1.00 1.70 25 100.000
2.25 1.00 1.70 50 100.000
2.25 1.00 1.70 100 100.000
2.25 1.00 1.70 200 100.000
2.25 1.00 1.70 300 99.758
2.25 1.00 1.70 400 93.080
2.25 1.00 1.70 500 76.536
2.25 1.00 1.70 600 56.819
2.25 1.00 1.70 700 39.372
2.25 1.00 1.70 800 25.384
2.25 1.00 1.70 900 15.672
2.25 1.00 1.70 1000 9.163
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Table C.4 (Cont’d)

Mean Value

Mean Value

Mean Value

Mean Value

for Fq for d¢/L for L/y for T, Reliability %
2.25 1.00 1.90 10 100.000
2.25 1.00 1.90 25 100.000
2.25 1.00 1.90 50 100.000
2.25 1.00 1.90 100 100.000
2.25 1.00 1.90 200 100.000
2.25 1.00 1.90 300 97.746
2.25 1.00 1.90 400 81.559
2.25 1.00 1.90 500 57.287
2.25 1.00 1.90 600 36.278
2.25 1.00 1.90 700 21.133
2.25 1.00 1.90 800 11.231
2.25 1.00 1.90 900 5.675
2.25 1.00 1.90 1000 2.549
2.25 1.00 2.10 10 100.000
2.25 1.00 2.10 25 100.000
2.25 1.00 2.10 50 100.000
2.25 1.00 2.10 100 100.000
2.25 1.00 2.10 200 99.991
2.25 1.00 2.10 300 91.966
2.25 1.00 2.10 400 65.971
2.25 1.00 2.10 500 39.143
2.25 1.00 2.10 600 20.404
2.25 1.00 2.10 700 9.298
2.25 1.00 2.10 800 3.843
2.25 1.00 2.10 900 1.335
2.25 1.00 2.10 1000 0.365
2.25 1.00 2.30 10 100.000
2.25 1.00 2.30 25 100.000
2.25 1.00 2.30 50 100.000
2.25 1.00 2.30 100 100.000
2.25 1.00 2.30 200 99.659
2.25 1.00 2.30 300 82.059
2.25 1.00 2.30 400 49.371
2.25 1.00 2.30 500 24.064
2.25 1.00 2.30 600 10.072
2.25 1.00 2.30 700 3416
2.25 1.00 2.30 800 1.004
2.25 1.00 2.30 900 0.202
2.25 1.00 2.30 1000 0.021
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Table C.4 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L'y for T

2.25 1.00 2.50 10 100.000
2.25 1.00 2.50 25 100.000
2.25 1.00 2.50 50 100.000
2.25 1.00 2.50 100 100.000
2.25 1.00 2.50 200 98.211
2.25 1.00 2.50 300 69.885
2.25 1.00 2.50 400 34.058
2.25 1.00 2.50 500 13.010
2.25 1.00 2.50 600 3.895
2.25 1.00 2.50 700 0.898
2.25 1.00 2.50 800 0.119
2.25 1.00 2.50 900 0.003
2.25 1.00 2.50 1000 0.000
2.25 1.00 2.70 10 100.000
2.25 1.00 2.70 25 100.000
2.25 1.00 2.70 50 100.000
2.25 1.00 2.70 100 100.000
2.25 1.00 2.70 200 94.872
2.25 1.00 2.70 300 56.164
2.25 1.00 2.70 400 21.760
2.25 1.00 2.70 500 6.357
2.25 1.00 2.70 600 1.320
2.25 1.00 2.70 700 0.140
2.25 1.00 2.70 800 0.002
2.25 1.00 2.70 900 0.000
2.25 1.00 2.70 1000 0.000
2.25 1.00 2.80 10 100.000
2.25 1.00 2.80 25 100.000
2.25 1.00 2.80 50 100.000
2.25 1.00 2.80 100 100.000
2.25 1.00 2.80 200 92.515
2.25 1.00 2.80 300 49.424
2.25 1.00 2.80 400 16.865
2.25 1.00 2.80 500 4.183
2.25 1.00 2.80 600 0.611
2.25 1.00 2.80 700 0.035
2.25 1.00 2.80 800 0.000
2.25 1.00 2.80 900 0.000
2.25 1.00 2.80 1000 0.000
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Table C.4 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy for d¢/L for L/y for T,

2.50 1.00 1.10 10 100.000
2.50 1.00 1.10 25 100.000
2.50 1.00 1.10 50 100.000
2.50 1.00 1.10 100 100.000
2.50 1.00 1.10 200 100.000
2.50 1.00 1.10 300 94.569
2.50 1.00 1.10 400 73.179
2.50 1.00 1.10 500 48.503
2.50 1.00 1.10 600 28.718
2.50 1.00 1.10 700 15971
2.50 1.00 1.10 800 7.927
2.50 1.00 1.10 900 3.771
2.50 1.00 1.10 1000 1.504
2.50 1.00 1.30 10 100.000
2.50 1.00 1.30 25 100.000
2.50 1.00 1.30 50 100.000
2.50 1.00 1.30 100 100.000
2.50 1.00 1.30 200 99.163
2.50 1.00 1.30 300 77.450
2.50 1.00 1.30 400 44.794
2.50 1.00 1.30 500 21.527
2.50 1.00 1.30 600 8.597
2.50 1.00 1.30 700 3.171
2.50 1.00 1.30 800 0.897
2.50 1.00 1.30 900 0.170
2.50 1.00 1.30 1000 0.019
2.50 1.00 1.50 10 100.000
2.50 1.00 1.50 25 100.000
2.50 1.00 1.50 50 100.000
2.50 1.00 1.50 100 100.000
2.50 1.00 1.50 200 93.554
2.50 1.00 1.50 300 54.019
2.50 1.00 1.50 400 22.117
2.50 1.00 1.50 500 6.600
2.50 1.00 1.50 600 1.442
2.50 1.00 1.50 700 0.198
2.50 1.00 1.50 800 0.007
2.50 1.00 1.50 900 0.000
2.50 1.00 1.50 1000 0.000
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Table C.4 (Cont’d)

Mean Value

Mean Value

Mean Value

Mean Value

for Fy for d¢/L for L/y for T Reliability %
2.50 1.00 1.70 10 100.000
2.50 1.00 1.70 25 100.000
2.50 1.00 1.70 50 100.000
2.50 1.00 1.70 100 100.000
2.50 1.00 1.70 200 81.043
2.50 1.00 1.70 300 32.534
2.50 1.00 1.70 400 8.177
2.50 1.00 1.70 500 1.297
2.50 1.00 1.70 600 0.079
2.50 1.00 1.70 700 0.000
2.50 1.00 1.70 800 0.000
2.50 1.00 1.70 900 0.000
2.50 1.00 1.70 1000 0.000
2.50 1.00 1.90 10 100.000
2.50 1.00 1.90 25 100.000
2.50 1.00 1.90 50 100.000
2.50 1.00 1.90 100 100.000
2.50 1.00 1.90 200 63.969
2.50 1.00 1.90 300 16.804
2.50 1.00 1.90 400 2.218
2.50 1.00 1.90 500 0.119
2.50 1.00 1.90 600 0.000
2.50 1.00 1.90 700 0.000
2.50 1.00 1.90 800 0.000
2.50 1.00 1.90 900 0.000
2.50 1.00 1.90 1000 0.000
2.50 1.00 2.10 10 100.000
2.50 1.00 2.10 25 100.000
2.50 1.00 2.10 50 100.000
2.50 1.00 2.10 100 99.842
2.50 1.00 2.10 200 46.683
2.50 1.00 2.10 300 7.275
2.50 1.00 2.10 400 0.356
2.50 1.00 2.10 500 0.000
2.50 1.00 2.10 600 0.000
2.50 1.00 2.10 700 0.000
2.50 1.00 2.10 800 0.000
2.50 1.00 2.10 900 0.000
2.50 1.00 2.10 1000 0.000
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Table C.4 (Cont’d)

Mean Value | Mean Value | Mean Value | Mean Value Reliability %

for Fy4 for d¢/L for L'y for T

2.50 1.00 2.30 10 100.000
2.50 1.00 2.30 25 100.000
2.50 1.00 2.30 50 100.000
2.50 1.00 2.30 100 98.829
2.50 1.00 2.30 200 31.760
2.50 1.00 2.30 300 2.519
2.50 1.00 2.30 400 0.025
2.50 1.00 2.30 500 0.000
2.50 1.00 2.30 600 0.000
2.50 1.00 2.30 700 0.000
2.50 1.00 2.30 800 0.000
2.50 1.00 2.30 900 0.000
2.50 1.00 2.30 1000 0.000
2.50 1.00 2.50 10 100.000
2.50 1.00 2.50 25 100.000
2.50 1.00 2.50 50 100.000
2.50 1.00 2.50 100 96.135
2.50 1.00 2.50 200 19.655
2.50 1.00 2.50 300 0.607
2.50 1.00 2.50 400 0.000
2.50 1.00 2.50 500 0.000
2.50 1.00 2.50 600 0.000
2.50 1.00 2.50 700 0.000
2.50 1.00 2.50 800 0.000
2.50 1.00 2.50 900 0.000
2.50 1.00 2.50 1000 0.000
2.50 1.00 2.70 10 100.000
2.50 1.00 2.70 25 100.000
2.50 1.00 2.70 50 100.000
2.50 1.00 2.70 100 91.144
2.50 1.00 2.70 200 11.055
2.50 1.00 2.70 300 0.085
2.50 1.00 2.70 400 0.000
2.50 1.00 2.70 500 0.000
2.50 1.00 2.70 600 0.000
2.50 1.00 2.70 700 0.000
2.50 1.00 2.70 800 0.000
2.50 1.00 2.70 900 0.000
2.50 1.00 2.70 1000 0.000
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Table C.4 (Cont’d)

Mean Value

Mean Value

Mean Value

Mean Value

for Fy for d¢/L for Ly for T Reliability %
2.50 1.00 2.80 10 100.000
2.50 1.00 2.80 25 100.000
2.50 1.00 2.80 50 100.000
2.50 1.00 2.80 100 87.887
2.50 1.00 2.80 200 7.819
2.50 1.00 2.80 300 0.012
2.50 1.00 2.80 400 0.000
2.50 1.00 2.80 500 0.000
2.50 1.00 2.80 600 0.000
2.50 1.00 2.80 700 0.000
2.50 1.00 2.80 800 0.000
2.50 1.00 2.80 900 0.000
2.50 1.00 2.80 1000 0.000
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Table C.5 Simulation results for the case of COV of F4 is doubled

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fd for df/L for L/y for Ts
1.95 1.00 2.70 10 100.000
1.95 1.00 2.70 25 100.000
1.95 1.00 2.70 50 100.000
1.95 1.00 2.70 100 100.000
1.95 1.00 2.70 200 99.994
1.95 1.00 2.70 300 99.740
1.95 1.00 2.70 400 98.234
1.95 1.00 2.70 500 94.721
1.95 1.00 2.70 600 89.283
1.95 1.00 2.70 700 82.437
1.95 1.00 2.70 800 74.521
1.95 1.00 2.70 900 66.983
1.95 1.00 2.70 1000 59.542

Table C.6 Simulation results for the case of COV of L/y is doubled

Mean Value

Mean Value

Mean Value

Mean Value

for Fq4 for d¢/L for Ly for T, Reliability %
1.95 1.00 2.70 10 100.000
1.95 1.00 2.70 25 100.000
1.95 1.00 2.70 50 100.000
1.95 1.00 2.70 100 100.000
1.95 1.00 2.70 200 100.000
1.95 1.00 2.70 300 99.981
1.95 1.00 2.70 400 99.681
1.95 1.00 2.70 500 98.131
1.95 1.00 2.70 600 94.294
1.95 1.00 2.70 700 88.080
1.95 1.00 2.70 800 79.924
1.95 1.00 2.70 900 71.367
1.95 1.00 2.70 1000 62.550
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Table C.7 Simulation results for the case of COV of T is doubled

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fd for df/L for L/y for Ts
1.95 1.00 2.70 10 100.000
1.95 1.00 2.70 25 100.000
1.95 1.00 2.70 50 100.000
1.95 1.00 2.70 100 100.000
1.95 1.00 2.70 200 100.000
1.95 1.00 2.70 300 99.837
1.95 1.00 2.70 400 99.754
1.95 1.00 2.70 500 98.749
1.95 1.00 2.70 600 96.695
1.95 1.00 2.70 700 91.809
1.95 1.00 2.70 800 84.293
1.95 1.00 2.70 900 74.690
1.95 1.00 2.70 1000 64.629

Table C.8 Simulation results for the case of COV of d¢/L i1s doubled

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fy for d¢/L for L'y for T
1.95 1.00 2.70 10 100.000
1.95 1.00 2.70 25 100.000
1.95 1.00 2.70 50 100.000
1.95 1.00 2.70 100 100.000
1.95 1.00 2.70 200 99.997
1.95 1.00 2.70 300 99.888
1.95 1.00 2.70 400 99.084
1.95 1.00 2.70 500 96.654
1.95 1.00 2.70 600 92.164
1.95 1.00 2.70 700 85.544
1.95 1.00 2.70 800 77.776
1.95 1.00 2.70 900 69.498
1.95 1.00 2.70 1000 61.126
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Table C.9 Simulation results for the case of COVs of all parameters in

Equation (4.3) are doubled

Mean Value | Mean Value | Mean Value | Mean Value Reliability %
for Fy for d¢/L for L/y for T
1.95 1.00 2.70 10 100.000
1.95 1.00 2.70 25 100.000
1.95 1.00 2.70 50 100.000
1.95 1.00 2.70 100 99.998
1.95 1.00 2.70 200 99.781
1.95 1.00 2.70 300 98.171
1.95 1.00 2.70 400 94.565
1.95 1.00 2.70 500 89.211
1.95 1.00 2.70 600 83.532
1.95 1.00 2.70 700 76.722
1.95 1.00 2.70 800 70.575
1.95 1.00 2.70 900 64.612
1.95 1.00 2.70 1000 58.861
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