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ABSTRACT

A quantitative assessment of the probability of derailment under earthquake conditions
is presented. Two derailment modes are considered: by vibratory motion - during the
ground motion - and by permanent track deformation - after the motion ended. Criteria
for derailment that apply to both modes are derived in terms of peak transversal
acceleration and peak transversal displacement. This allows a direct comparison
between the two causes of derailment. We find that the first mode of derailment (by
vibratory motion) dominates over the second mode (by track damage).

The model considers the effect of spatial non-homogeneities in soil and structural
characteristic and the incoherence of the ground motion into the assessment of
derailment risk. The lateral motion experienced by the train under non-synchronous
vibration of the track is obtained as the superposition of two contributions: one is the
track motion at a fixed location and the other is the motion as the train travels on
deformed tracks. Under linear elastic conditions, a method to obtain the power spectral
density function for ground acceleration is presented and used to obtain acceleration and
displacement response spectra. The second component of motion depends on speed. It is
found that the train motion due to track deformation has small effects at ordinary speeds
but that it becomes noticeable as the speed increases and the support spacing decreases.
In general, it is shown that changes in soil and structural properties present a higher risk
for derailment by vibratory motion. In some cases, the second component of train
motion may increase the acceleration due to track motion at a single location by a factor
of two.

The analysis is first done assuming linear behavior of the soil and structure and then
nonlinearities and permanent deformations are included. The elastic analysis is found to
be adequate, except for structures with natural periods exceeding 1 second where the
elastic analysis yields conservative estimates in comparison with the inelastic case.
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1 Introduction

From an engineering point of view, train derailment under earthquakes may occur under

two distinct conditions. During the strong ground motion phase, the accelerations and

displacements of the track may exceed limits that cause the train to derail. This first

mode of derailment is referred to as derailment by vibratory motion. If the train survives

the strong motion phase, it may subsequently encounter damaged tracks and derail

(derailment by permanent track deformation). In the past (e.g., Papadimitriou, 1995), it

has been assumed that the risk of derailment by vibratory motion is small relative to the

risk of derailment by permanent track deformation. More recent work by JR East shows

that this is not necessarily the case. For example, in the Niigata earthquake of 2004

sudden variation in site conditions may have induced differential structural responses

sufficient to trigger derailment of a Shinkansen train by vibratory motion. In general,

changes in soil and structural properties present a higher risk for derailment by vibratory

motion. In addition, recent work on spatial variation of ground motion has shown that

during the ground motion, spatially extended structures such as viaducts and

embankments experience excitations that vary along the structure and possibly develop

very large local deformations. It is not quite clear whether derailment by track damage

dominates over derailment during the ground motion.

Our objective is to make a detailed quantitative assessment of the two derailment

modes, in particular to improve the current earthquake risk analysis of the JR East

Shinkansen system.

The first step of this study is to develop criteria for derailment under earthquake

conditions that apply to both modes of derailment. Criteria for derailment in terms of

peak transversal acceleration and peak transversal displacement are presented. This

allows a direct comparison between the two causes of derailment.
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The second step is to present a model that considers the effect of spatial non-

homogeneities in soil and structural characteristic and the incoherence of the ground

motion into the assessment of derailment risk. The lateral motion experienced by the

train under non-synchronous vibration of the track can be obtained as the superposition

of two contributions: One is the track motion at a fixed location and the other is the

motion as the train travels on deformed tracks. First we characterize the vibratory

motion of the track using the dynamic properties of the soil and the structure at a single

location. This gives the first component of train motion. Then we consider the effect of

spatial non-homogeneities in soil and structural characteristics and the incoherence of

the ground motion to obtain a second component of lateral train acceleration. This

second component of motion is sensitive to train speed. Speed has actually two effects.

It may facilitate derailment under synchronous track motion and contributes to lateral

acceleration and displacement under non-synchronous track motion. The later effect is

considered, whereas the former effect is being ignored.

The analysis is first done assuming linear behavior of the soil and structure and then

nonlinearities in the structural response and permanent deformations are included.

Excessive residual deformation appears as a pertinent criterion when considering the

derailment of a train running on permanently damaged tracks. Clearly, any permanent

deformation at the end of the ground motion would be equaled or exceeded during the

motion itself However, spatial dependence of damage and train speed must also be

accounted for.

We find that the first mode of derailment dominates over the second mode. The elastic

analysis is found to be adequate, except for structures with natural periods exceeding 1

second. In this case, the elastic analysis yields quite conservative estimates in

comparison with the inelastic case. However, natural periods over 1 second are not

common. It is also found that the train motion due to track deformation has small effects

at ordinary speeds but that it becomes noticeable as the speed increases and the support

spacing decreases. In some cases, this second component of train motion may increase

the base acceleration due to track motion at a fixed location by a factor of two.

14



The thesis is organized as follows:

Chapter 2 analyzes derailment under earthquake conditions assuming linear behavior

of the soil and the structure that supports the tracks.

In Section 2.1, criteria for derailment under earthquake conditions are derived and the

first mode of derailment (by vibratory motion) is investigated for the case of a

stationary train. For this purpose, it is sufficient to consider the dynamic properties of

the soil and the structure at a single location. Under linear elastic conditions, a method

to obtain the power spectral density function for ground acceleration is presented and

used to obtain acceleration and displacement response spectra. Section 2.2 considers the

effect of train speed and asynchronous motion at different locations along the track. For

this purpose, we consider the effect of spatial non-homogeneities in soil and structural

characteristics and the incoherence of the ground motion to obtain a second component

of lateral train motion. This component depends on train speed.

Chapter 3 considers the effects of nonlinearities in the structural response and the

development of permanent deformations of the track, which may trigger derailment

events of the second type.

First, we re-evaluate derailment due to vibratory motion by considering inelastic

behaviour of the structure. This is done in Section 3.1. The soil response remains linear

elastic, and the structure is assumed to behave as an elasto-plastic single degree of

freedom system. In Section 3.2, permanent deformations are included, and the second

mode of derailment (by track damage) is considered.

Chapter 4 summarizes our main findings and conclusions and makes recommendation

for future work.
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2 Elastic Analysis

Derailment is most likely to occur when a large lateral force occurs simultaneously with

a reduced vertical load on wheel. A commonly used limit is expressed in terms of the

ratio between the lateral and vertical forces.

During the strong ground motion phase, the lateral acceleration and displacement of the

track may exceed limits that cause the train to derail. This cause of derailment is

referred to as derailment by vibratory motion. In this section, we consider this mode of

derailment under the assumption that the support and the rail system behave linearly.

The lateral motion experienced by the train under non-synchronous vibration of the

track can be obtained as the superposition of two contributions: 1) The shaking of the

track at the location of the train, and 2) The pseudo-static motion of the train due to the

waviness of the track induced by differences in support displacements. This second

component of motion depends on train speed.

First we characterize the vibratory motion of the track using the dynamic properties of

the soil and the structure at a single location. This first component of train motion, with

peak acceleration Sa and peak displacement Sd is considered in Section 2.1. Then we

consider the effect of spatial non-homogeneities and discontinuities in soil and

structural characteristics and the incoherence of the ground motion to obtain the second

component of lateral train acceleration, Sad. This component characterizes the

differential displacements of the track during the ground motion. This is discussed in

Section 2.2.

In all cases, we assume linear dynamic behavior of the soil and the structure.

2.1 Derailment of a Stationary Train due to Vibratory Motion

In this section, we consider the first component of vibratory motion, namely the shaking

of the track at a single location with peak acceleration Sa and peak absolute

17



displacement Sd. Section 2.1.1 presents general derailment criteria for trains under

dynamic but not necessarily seismic conditions. During the strong ground motion

phase, the acceleration and the displacement of the track may exceed threshold values,

causing the train to derail. An important objective is to determine those critical

conditions. This is done in Section 2.1.2. Criteria for derailment in terms of peak

transversal acceleration and peak transversal displacement are presented, and applied to

selected scenarios. Section 2.1.3 relates the levels of shaking Sa and Sd to earthquake

magnitude, epicentral distance, local site conditions and structural period. This is done

in a way that allows discussion of non-homogeneous site conditions when dealing with

derailment of a moving train (see Section 2.2). Acceleration and displacement response

spectra are derived, and a discussion concerning the contribution of the ground motion

to the critical level of shaking is proposed. Finally, in Section 2.1.4, we derive

probabilities of derailment by vibratory motion for selected earthquake scenarios. One

aspect that has been disregarded is the effect of speed under homogeneous site

conditions. This section considers vibratory motion of a stationary train, independently

of train speed. Speed may facilitate derailment under synchronous track motion. The

problem of including train speed is discussed at the end of this section, with a case study

of the Niigata earthquake.

2.1.1 General Derailment Criteria

This section presents a review of what is known concerning train derailment under

dynamic but not necessarily seismic conditions.

Derailment is most likely to occur when a large lateral force occurs simultaneously with

a reduced vertical load on wheel. During train motion, vertical, transversal and

longitudinal forces are applied to the train, even in the absence of ground motion. An

excessive transversal force H is the main cause of train derailment. Transversal forces

have both a static and a dynamic component. Static forces are due to centrifugal

acceleration whereas transverse dynamic forces are caused by track and rolling stock

defects. It is commonly assumed in railway engineering that the wheels and the rail are

free of defects (Railway Engineering, 2000) and static analysis that omits the dynamic

18



loads caused by defects is often considered adequate (Profillidis, 2000). Also in this

study we ignore rail and track defects.

Under certain conditions and when exceeding certain limits, lateral forces may cause a

train to derail. Derailments occur for various reasons: wheel climbing, vehicle

overturning, track lateral shift, overall unstable equilibrium, etc... A commonly used

limit is expressed in terms of the ratio Y of the lateral to vertical wheel forces

(Dynamics of Railway Vehicle Systems, 1984). The Y ratio is especially important in

predicting wheel climb (Simulation in Railway Dynamics, 1988). Derailment generally

occurs when the ratio YQ exceeds a limit that depends on the angle and coefficient of

friction between wheel and rail (Dynamics of Railway Vehicle Systems, 1984); see

Figure 2-1.

IAhe

13

Rail

Figure 2-1 Lateral and vertical forces between wheel and rail

A conservative estimate of the region of safe operation is given by Nadal's formula:

Y tan/-f 
(Q 1+ftan#9

where f is the wheel-rail friction coefficient and P the angle between wheel and rail;

see Figure 2-1. A typical value for the coefficient of friction f is 0.3 (Fundamentals of

rail vehicle dynamics: guidance and stability, 2003). The wheel-to-rail angle p takes

19



values between 60' and 80'. A coefficient of friction f =0.27 and a wheel-to-rail angle

P=60' have been used in the past to determine that the Y' ratio should not exceed 1.

Q
Studies of various cases of derailment have shown that- 1.2 or 1.3 provides an

Q
adequate safety factor (Alias, 1982). However, it has been shown (Japanese National

Railway -Yokose, Matsudaria) that the critical value ofY may actually range from

values of about 0.8 to over 2 due to changes in the angle of flange to rail attack and the

duration of the occurrence. The Y ratio can therefore reach values up to 2 without

leaving the region of safe operation (Interaction between Train and Track, 1966). The

criticality of a given ratio Y depends also on the dynamic conditions and a ratio that

may be a problem at high speeds may not be at lower speeds. There is nevertheless

consensus that a ratio of 0.8 is a minimum for wheel climb to occur (Computer-aided

Simulation in Railway Dynamics, 1988). Values in excess of twice to three times have

been observed, but because of their short duration, wheel climbing did not occur. An

accepted duration for the onset of wheel climbing is approximately 0.3second

(Computer-aided Simulation in Railway Dynamics, 1988).

The requirements for acceptable riding quality demand that the vertical acceleration

should not exceed 0.2g (Interaction between Train and Track, 1966) and that the ratio of

the lateral-to-vertical accelerations does not exceed 0.75. For example, a vertical

acceleration of 0.064g and a lateral acceleration of 0.048g are judged acceptable;

whereas a lateral acceleration close to 0.3g is unacceptable. Table 2-1 shows the

correspondence between ride quality and lateral and vertical acceleration (Interaction

between Train and Track, 1966). The British Railways Ride Quality Index (Bahatti,

1984) ranks from 1 (very good ride quality) to 5 (dangerous); as reported in Dynamic of

Railway Vehicle Systems (1984).

20



Ride Index Ride Quality Lateral acceleration Vertical acceleration Ratio Y

3 satisfactory 0.048g 0.064g 0.75

4 Tolerable 0.120g 0.164g 0.73

5 Dangerous 0.265g 0.35g 0.76

Table 2-1 Safety values of lateral and vertical acceleration, British Railways Ride Quality index.

It is apparent that derailment is most likely to occur when a large lateral force occurs

simultaneously with a reduced vertical load on wheel. Also in the case of a Y ratio

that does not exceed 0.8, a lateral acceleration of 0.3g is considered dangerous.

It is mentioned in Fundamentals of Rail Vehicle Dynamics (2003) and Railway

Engineering (2000) that another mode of derailment is the track shifting laterally, when

the lateral forces imposed by the vehicle are sufficient to shift the track laterally under

high transverse loads. This form of derailment occurs mainly at high-speeds when the

total transverse force H exceeds the transverse resistance L. Finally, the train may

overturn due to loss of overall equilibrium (Railway Engineering, 2000). It was found

(Amans, Sauvage, 1969) that in the worst case - with the center of mass 2.25m above

the track and for standard-gauge track, a train overturns when the transverse

acceleration reaches g/3: Atransverse -

Since the most frequent mode of derailment is by wheel climbing (see, for example,

Interaction Between Vehicle and Track, 1966; Dynamics of Railway Vehicle Systems,

1984; Fundamentals of Rail Vehicle Dynamics, 2003), this is the mode of failure

considered in our model of derailment.

Influence of Curves

One last factor to be mentioned is the effect of track curvature. From elementary

physics, a vehicle running at speed V on a curve of radius R develops a centrifugal

acceleration R= V and a centrifugal force F = m V . In order to reduce this

unfavorable effect, transverse cants are used to offset the centrifugal forces. Transverse
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cant almost compensates transversal accelerations generated by centrifugal forces. The

maximum non-compensated transverse acceleration for a vehicle at 300km/h (worst

case scenario, French TGV) is of 0.67m/s 2 (or 0.067g). The UIC (International Union of

Railways) sets limiting values of cant and acceleration, and in general, tracks are laid

for a maximum value of non-compensated centrifugal acceleration ranging between 0.5

and lm/s2. Therefore in a first approximation one may neglect the curvature of the track

when estimating the probability of derailment.

From this brief review of train dynamic, we conclude that no comprehensive theoretical

formula exists to assess train derailment probability under different levels of shaking.

Most of the existing relations are semi-empirical and are the result of tests conducted by

different railroads. Nevertheless, the following observations are made:

1. Derailment may have several causes; mainly track shifting, train overturning

or wheel climbing. The limit most often used to predict train derailment is in

terms of the ratio Y of the lateral to vertical wheel forces.

2. An excessive transversal force is the main cause of train derailment. The

vertical component of the acceleration is not considered and is usually

disregarded in earthquake-induced derailment risk analysis.

3. The critical transversal acceleration for overturning may be as low as 0.3g in a

worst case scenario. The British Railway Index indicates that a lateral

acceleration above 0.3g is unacceptable.

4. Transverse cants effectively compensate the transversal accelerations

generated by curvature. Hence as a first approximation, curvature and cant will

be omitted from derailment analysis.

5. A static analysis that omits the dynamic loads caused by defects is considered

adequate (Profillidis, 2000). Also in this study we ignore rail and track defects.
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2.1.2 Derailment under Earthquake Conditions

This section derives the critical levels of shaking in terms of transversal track

displacement and transversal track acceleration beyond which the train is expected to

derail. Previous simulations of train derailment under vibratory motion are considered.

Two variables appear as critical when dealing with train derailment: the peak transversal

acceleration and the peak transversal displacement. Criteria for derailment in terms of

these two quantities are presented, and applied to selected scenarios.

Simulations and tests have been conducted by the Safety Research Laboratory of the

East Japanese Railroad Company (JR East) to determine the conditions under which

earthquakes may induce derailment. The analysis includes two derailment modes. The

first mode is derailment by vibratory motion whereas the second mode refers to

derailment due to permanent deformation of the track at the end of the ground motion.

Each evaluation starts with a given earthquake scenario, defined by magnitude M and

distance to the source R, in addition to the natural period of the structure Tst (see Figure

2-2). Empirical attenuation relations are used to assess ground motion intensity at the

site using Spectral Intensity. Spectral Intensity (SI) is obtained from the velocity

spectra S :

SIcm/s(TT)= (b a) rS(T,T,,)dT thus yielding SI in kine value (cm/sec). JR East

also uses spectral intensity in units of displacement (mm). SI values expressed in mm

rather than in cm/s are defined as: SImm (T) = (b - a) * SIcm /s(T) = f Sv(T, Ts,)dT.

Semi-empirical fragility curves derived from dynamic simulations are used to assess the

probability of derailment given the spectral intensity SIjm/s (Tt) at the site.
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Figure 2-2 Derailments by vibration and derailments by track deformation - As evaluated by JR

East Safety Research Laboratory

As observed in the previous literature review, the assessment of train safety is largely

based on test results. However, in the case of seismic loads, testing is difficult.

Therefore, JR East has developed methods to assess safety by computer simulation; see

the dynamic train model in Figure 2-3. In addition, JR East has conducted experiments

using a bogie test device where conditions can be easily changed. Results for the first

mode of derailment (by vibration during the ground motion) are presented in this

section. Results for the second mode (derailment by damaged tracks) will be presented

in Section 3.2 where we consider inelastic behavior and track damage.

To assess the probability of derailment by vibratory motion, JR East conducted a series

of numerical analyses. Using the dynamic model in Figure 2-3, they determined the

limiting levels of shaking that the track can experience before triggering displacements

between wheel and rail exceeding the derailment limit of 70mm.
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Figure 2-3 Train dynamic model - From JR East Manual

The conditions of the simulations are as follows (Shimamura and Yamamura, 2005):

1) The Shinkansen cars are subjected to earthquake-induced vibrations when they

are running at constant speed over straight undistorted track;

2) The tracks are slab tracks with high rail supporting rigidity;

3) The input excitation is transversal to the track direction and is transmitted to the

rail by a structure with given natural period. The range of natural periods

considered is from 0.3 to 1.5s, with a damping of 5% for all structures.
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4) Stability of the train depends on the relative horizontal displacement between

wheels and rails, with a limiting value of 70mm.

The evaluation of the critical level of shaking and the variability of these quantities is

done in two stages: First, the critical level of shaking that induces displacements

between wheel and rail in excess of 70mm was evaluated by using the train dynamic

model shown in Figure 2-3 with sinusoidal inputs modeling in approximation the

vibratory motion generated by the earthquake. These first series of simulations yield

deterministic values for the critical levels of shaking Diimit and Alimit. Second, the

variability of these quantities was estimated by using actual recordings of earthquake

ground motion as inputs to the train dynamic model.

From the sinusoidal inputs simulations, the amplitude Dlimit of the sinusoidal motion

yielding displacements between wheel and rail in excess of 70mm is evaluated as a

function of the period of the vibrationT,. Figure 2-4 shows how Dlimit depends

on T for both Shinkansen and regular trains.

Critical Displacement

Figure 2-4 Relationship between critical amplitude Dlimit and period of vibration T,

(JREast Dynamic Model)
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In the case of Shinkansen trains, at periods smaller than about 1 second, Dlimit is close

to 70mm. For longer periods, Dlimit increases in an approximately quadratic way with

Tst.

Figure 2-5 shows the same results in terms of acceleration limit Alimit. Note

that Dlimit and Aimit are related as Alimit = W2 Dlimit where W5, = is the frequency of
St

vibration. Interestingly, for Shinkansen trains, the critical acceleration for T,, >1 sec is

approximately constant and equal to 0.3g.

Critical Acceleration

3

2

1

0
0,3 1,3 81,80,8 2,3

Figure 2-5 Relationship between critical acceleration Alimit and period of vibration Tt - derived

from Figure 2-4 with Alimit = 2sDlimit

The JR East simulations provide estimates of the critical amplitude Diiit and critical

acceleration Alimji of the sinusoidal input yielding wheel-rail displacements in excess of

70mm, as a function of the period of vibration Tst.

As a rough analogy for the wheel sliding on the rail of a stationary train, one may

consider the sliding block model of Newmark (1965). The results of this analysis are

presented in Appendix I. The trends of Alimit derived by JR East are in general in good
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agreement with those from the sliding block model. The sliding block model is

nevertheless very conservative for periods of excitation lower than 1 second. Indeed, a

train is more stable than a block sliding only in one direction; hence the higher levels of

critical acceleration found by JR East.

To predict whether derailment occurs or not, we approximate the motion of the viaduct

as sinusoidal with period T,. The peak acceleration A equals the spectral

acceleration Sa(Tt), and the peak displacement D equals the spectral absolute

displacement Sd(T). At periods below 1 second, the displacement limits obtained by

JR East are close to 70mm (Figure 2-4); whereas at periods above 1 second, the

acceleration limits are close to 0.3g (Figure 2-5). These limits of 0.3g at Tst>1s and

70mm at Tst<1s are used in Figure 2-6 where the acceleration limits obtained by

simulations are compared with the acceleration limits derived using the two

aforementioned criteria. These criteria reproduce JR East's results very accurately for

Shinkansen trains. For commuter trains, the agreement is not as good. One reason may

be the functional forms used to approximate the displacement limits obtained by

simulation of regular trains.

T<1sec

Dc=70mm
4

Displacement

Controlled
2

A
(ri n

:T1 sec
Accele:

Ac=0.3g
Control.c

'. .. ......

ration

led

Shinkansen

Our Criteria
(this study)

------- Regular Train

0 0,5 1 1,5 2 2,5 3

Tst (sec)

Figure 2-6 Composite model for the criteria for derailment'
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Then, we assume that the train derails if:

Aabs 0.3g

and

Dabs 70mm

(2)

Note that the criterion for displacement is in terms of the absolute displacement Dabs,

thus taking into account the contribution of the ground motion (PGD) and the

displacement of the structure relatively to the ground (Drei). Statistically, Dabs may be

related to Drei and PGD as follow:

Dabs = PGD2 +D2 = PGD 2 +
Os t

Derailment occurs when both criteria in Equation (2) are met; see Figure 2-7.

Derailment occurs in the shaded area.

Absolute Displacement
A'

Dabs = 7cm

Safe

Operation

Safe

Operation

Safe

Operation

Aabs =0.3g Acceleration

Figure 2-7 Criteria for derailment by vibratory motion
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The derailment criteria should be expressed in probabilistic terms. Here, we consider

sharp boundaries between the safe and unsafe regions. In reality, it is stochastic: There

is a probability that the train derails in the safe region, and there is a probability that the

train does not derail in the unsafe region. Nevertheless, if this type of uncertainty is

small relative to the uncertainty on{(D, AjM, R}, then assuming deterministic

boundaries yields satisfactory results. The variability of Dimit and Alimit was estimated

by JR East Research Laboratory, using actual recordings of earthquake ground motion

as inputs to the train dynamic model. It was estimated that 0.2 0 inA 0.4. The

variability of the peak motion about the median value, based on the scatter of peak

acceleration of individual recordings about the median empirical attenuation

relationship, is typically larger: 1insaM,R f 0.60 (Youngs et al., 1997). Thus, an analysis

that considers only the uncertainty on {(D, AIM, R} is considered adequate.

To assess the probability of derailment, the natural logarithm of Sa and Sd are assumed

to follow a normal distribution. Assuming that Sa and Sd are independent, the

probability to exceed the criteria for derailment (Equation 2) is expressed as:

P[(Sa 2 0.3g)n (Sd 7cm)] = (D InO.3 g-minsa _ In 7cm -mlnSd (3)
_ Uin Sa I I 0inSd _

where cD is the standard normal cumulative distribution function. The spectral

acceleration Sa(T) equals the peak acceleration A and the spectral displacement

Sd(Tt) equals the peak absolute displacement D. ulnSd and Cinsa are the standard

deviations of ln(Sd) and ln(Sa) respectively.

The variability of the peak motion about the median value is based on the scatter of

peak acceleration of individual recordings about the median empirical attenuation

relationship.
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Accelerations at a site resulting from earthquakes of a given magnitude and distance are

commonly assumed to be lognormal distributed with standard deviation a. For example,

McGuire (1978), Joyner and Boore (1981), and Campbell (1981) confirmed evidence

for a lognormal distribution of peak ground acceleration with corresponding value of a

between 0.37 and 0.62. Bender (1984) in a review of ground motion variability,

concludes that the lognormal standard deviation a appears to be somewhere in the range

0.35< a < 0.65. More recently, Youngs (1997) presented a review of the state of the art

in terms of ground motion variability. Youngs et al. (1988) had found that the scatter of

peak acceleration data about the median attenuation relationship decreased with

increasing magnitudes. Figure 2-8 presents the results of ground motion variability

from Youngs et al. (1997). Abrahamson and Silva (1997) empirical response spectra

relations present a similar model for the standard error. The results are presented in

Figure 2-9.

aln(Sa) aln(Sa)
Youngs (1997) 1- Abrahamson and Silva (1997)

0,9-

c 1.2 0,8

t 1 -5 0,7

~0'8- 0,6 - 5or less

t:0, 0,5 - W

W , 04 7 or higher

0,2 0.3

0 ,0 2
0 0,1

0 1 2 3

Tst (sec) 0 1 2 3

Tat (sac)

Figure 2-8 Standard deviation of In(Sa), Figure 2-9 Standard deviation of In(Sa),
Youngs (1997) Abrahamson and Silva (1997)

Youngs (1997) and Abrahamson & Silva (1997) found standard deviations larger than

previously reported. The standard deviation of the normal distribution, ain(sa) , appears

to be somewhere in the range 0.54< a < 1.05. A lognormal standard deviation of 0.65

for Sa is used in our study as it reflects the larger standard deviations found more

recently. The lognormal standard deviation of Sd is typically higher, and a value of 0.75

is used in this study.
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Figure 2-10 shows probability of derailment given different expected peak accelerations

Sa and expected peak absolute displacements Sd. The probabilities are evaluated

according to equation (3), where Sa and Sd are assumed independent and follow

lognormal distributions with corresponding standard deviations OrlnSa = 0.65 and

in Sd =0.75.

Probability of derailment given Sa and Sd
40

30

20

10

0
0 0.1 0.2 0.3g 0.4 0.5

Sa (g)

Figure 2-10 Probability of derailment given peak absolute acceleration Sa (g) and peak absolute

displacement Sd (cm)

Table 2-2 shows typical values of peak ground acceleration (PGA) and corresponding

peak ground displacement (PGD) for different Modified Mercalli Intensities in the

Western United States (Trifunac and Brady, 1975). The last column shows the

probability that the PGA exceeds 0.3g and the PGD exceeds 7cm. According to Table

2-2, scenarios where Sa 0.3g and Sd 7cm or Sa 0.3g and Sd 7cm have a low

probability of occurrence.
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M.M.Intensity M PGA (g) PGD (cm) P(PGA>0.3g and PGD>7cm)
I1 0.013 1.25 0.000001%
IV M<4.3 0.017 1.83 0.000016%
V 4.4<M<4.8 0.037 1.92 0.003%
VI 4.9<M<5.4 0.082 3.69 0.46%
VII 5.6<M<6.1 0.131 8.41 6.08%
Vill 6.2<M<6.5 0.167 8.58 11.11%
X 7<M<7.3 0.688 19.50 82.17%

1.088 24.00 92.72%
Table 2-2 probability of derailment given PGA(g) and PGD(cm)

We have derived criteria for derailment in terms of peak acceleration Sa and peak

absolute displacement Sd. In the next section, we relate the peak spectral acceleration

Sa and the peak spectral displacement Sd to earthquake magnitude, epicentral distance,

local site conditions, and structural period T, .
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2.1.3 Model for Displacement and Acceleration Response Spectra

This section presents methods to relate the level of shaking of the track to earthquake

magnitude, epicentral distance, and local site conditions. The characterisation is in terms

of spectral acceleration Sa(co,) and spectral displacement Sd(ws) where cost is the

natural frequency of a single degree of freedom oscillator with 5% damping. In Section

2.1.2, criteria for derailment by vibratory motion have been expressed in terms

ofSa(ot) and Sd(ws,). There are several ways to obtain acceleration and

displacement response spectra at given points along the track. One is to use recorded

data and derive empirical attenuation relations by regression analysis (see, for example,

the attenuation relationships derived by Abrahamson and Silva, 1997 or Youngs, Chiou,

Silva and Humphrey, 1997). Although empirical spectral attenuation relations are

commonly used to assess the response of a structure at a single point, to evaluate the

differential motion at two points along the track in the case of horizontally

heterogeneous soils and structures, one should follow a more engineering approach in

which the dynamic properties of the soil and the structures are considered through

appropriate transfer functions H(a) (see, for example, the work of Monti & Pinto,1998;

Shinozuka et al., 2000; or Sextos et al., 2003). For consistency, the same approach can

be used for the motion at a single point. In what follows, the response spectra are

derived from the acceleration power spectral density function, which accounts for the

effects of source, path and local site conditions. Specifically, the acceleration power

spectral density function of the track is expressed as:

SA (C) = SO H(a|M, R) rock H(osoil)2 , |H(aoost, st )Kructure (4)

Where H(aOM, R)1ock models the propagation of the seismic waves from the source to

the site bedrock, H(oisoil) models the effect of local soil conditions, and

IH( owst)s r is the contribution from the response of the structure that supports the

tracks. So is a scale factor. Integration of SA(a) gives the variance of the track
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acceleration from which the acceleration response spectra Sa(wt )can be estimated. In

essence, we are using the spectrum for ground motion acceleration compiled by Boore

(2003) and others. Because we needed to model the soil effect continuously and with

parameters related to the soil physical properties, we slightly modified the model to

obtain a continuous representation of the local soil conditions. The soil response is

therefore treated analytically by propagating the bedrock motion through a specified soil

column, using an equivalent linear soil-response methodology. Response spectra for

displacement are derived directly from the acceleration power spectral density function

1
using the relation SD (O) = 4SA (CO) - Integration of SD (CO) gives the variance of the

track displacement from which the displacement response spectra Sd(w,,) can be

estimated. Next, we discuss in greater detail the various terms in Equation (4).

1) The Spectrum of Ground Motion on Very Hard Rock Srock = SoIHkrock

Aki (1967) was one of the first seismologists to derive a theoretical source spectrum,

referred to as the a -squared model:

A(1M)= 2 (5)

1+ 0)(/

The comer frequency wa = 2 rfa depends on magnitude M . Aki's work has been

extensively used and refined by including path effects (attenuations with distance R and

spreading) and site condition effects (amplifications). Boore (2003) presents a review of

a general spectrum for ground motion that he and others have developed in the last few

decades. It is a compilation of previous work on the subject, by Brune (1970), Hanks

and McGuire (1981), Boore (1983), Atkinson (1984), Atkinson and Silva (1997, 2000)

and others. This spectrum is presented below.
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The Fourier spectrum of ground motion at a very hard rock site Hrock (OIM, R) in

Equation (4) and represented as:

H(OM, R)rock = CMO A(OM) D(w) P(aOR) I(w)

is broken into contributions from earthquake source CMO A(OmM) D(w), path P(aR),

and type of motion I(&). The scale factor So is included in the formulation ofHrock.

Hrock is the Fourier spectrum of ground motion displacement if I(a) =1 and of ground

motion acceleration forl(w) = - 2

C is a constant given by C = Re 3 where Re is the radiation pattern, usually
47r R0 p R

averaged over a range of azimuths and take-off angles (Boore and Boatwright, 1984)

and is estimated to be 0.55 on average for shear waves. V represents the partition of

total shear wave energy into horizontal components V = 1 F is the effect of free-

surface amplification, taken as 2 in almost all applications, R0 is a reference distance,

usually set equal to 1 km; and p and 8 are the density and shear wave velocity

respectively. M is the moment magnitude, related to the seismic

2MOthrough:M =-log(M0 )-10.7.
3

parameter values:

Re : radiation patern =.55

Fe = 2
F=2

p = 2.8gm / cc = 2.8.106 gm / m 3

8= 3.2km / s

Atkinson and Silva (2000) use the following
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The shape and amplitude of the source spectrum A(aOM) depends on the magnitude of

the earthquake. Although the most popular form of the source spectrum is the w)-squared

model (see Equation 5), also referred to as the single-corner Brune model (Brune,

1970), other models have been developed. Among others is the 2-corner frequency

model:

A(4M)= + (7)

/+ Oa 1+ b

used, for example by Atkinson and Silva (2000). The corner frequencies

fa = and fb depend on magnitude M . The lower corner frequency fa is

determined by the source duration To = 2fa (Boatwright and Choy, 1992). From

empirical data, Atkinson (1993) founds log(fa) = 2.181-0.496M. The higher corner

frequency fb is the frequency at which the spectrum attains half of the high frequency

amplitude level. It has been found that log(fb) = 2.41- 0.408M (e.g., Atkinson and

Silva, 2000). The constant e in Equation (7) is a weighting parameter taking values

between 0 and 1. For s =1, the 2-corner model is equivalent to the O2 model (Equation

5). Atkinson and Silva (2000) are using log(s) = 0.605 - 0.255M . A(aOM), as presented

above in Equation 5 or 7, is the Fourier spectrum of source displacement. It has to be

multiplied by c2 to obtain the acceleration source spectrum shown below. The 2-corner

frequency model source spectrum for acceleration is presented in Figure 2-11 for 3

magnitudes. It is the spectrum used in our model.
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Fourier acceleration source spectra
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Figure 2-11 Source spectrum for acceleration, 2-corner frequency model

The decrease of the motion at high-frequency is modelled through the kappa operator

D(w) = exp where k is the diminution parameter. The attenuation operator
1-2 _

D(&) accounts for loss of high-frequency in the ground motion independent of the path.

This loss is considered as a source effect by Papageorgiou and Aki (1983), a site effect

by Hanks (1982) and Boore (2003) suggests a combination of these effects as plausible.

From comparison with data, Boore and Joyner (1997) suggest that a value ofk near 0.04

is appropriate for California. The diminution parameter in the Atkinson and Silva study

(2000) is of 0.03, and Boore (2003) suggests that values between 0.02 and 0.04 are

appropriate. In our model, we use k= 0.035 as in Boore & Joyner (1997). This value is

close to the average reported by Anderson & Hough (1984), Boore et al. (1992),

Atkinson & Silva (1997) and Boore & Joyner (1997). The diminution factor is plotted in

Figure 2-12 fork= 0.02, 0.03 and 0.04.
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Kappa diminution for High Frequency
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Figure 2-12 Kappa diminution factors at high frequency for k=0.02, 0.03 and0.04.

Figure 2-13 presents the 2-corner frequency source spectrum for acceleration for M 5

and 7. The roll-off at high frequency is a result of the kappa factor with k = 0.035.

Hsource with Kappa attenuation at high frequency

- - M.7, R=1 00
M=S, R-1 00

10

2 
210'

10 10 10 10 10

Figure 2-13 Source spectrum for acceleration, 2-corner frequency model with kappa k = 0.035

The second component of the ground motion spectrum in Equation (6) is the

propagation and attenuation from the source to the site, denotedP(O|R). This term is

generally expressed as the product of two factors, P(Oa)R) = G(R) * Q(aOR) (Boore,

2003). The geometric spreading, modeling the attenuation with distance relative to the
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source G(R), and the anelastic attenuation Q(aOR), may be taken as (Raoof et al.,

1999):

- R < 40km

G(R)= R
1 40

4 - R >4

(8)

and

Q(OiR) = exp 8o 1
2*180(& #j4

(9)

where R is the distance to the source R =d + h2 with d the closest distance to the

fault plane, and h the source depth;#8 is the shear wave velocity (#8 = 3.2km / s).The

functional forms and parameters in Equations (8) and (9) were obtained by fitting

empirical data (Raoof et al., 1999; Atkinson and Silva, 2000).

Figure 2-14 shows the attenuation with distance relative to

Attenuation geometric spreading f(R)
0.1

0.09

0.08

0 0.07

0.06

S0.05

<c 0.04

0.03

0.02

the source (Equation 8).

110 20 30 40 50 60 70 80 90 100
R (km)

Figure 2-14 Geometric spreading as a function of distance to source

Figure 2-15 shows the anelastic attenuation in frequency content, Equation (9), for two

distances R=50 and 100km.
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Figure 2-15 Anelastic attenuation in frequency content

For very hard bedrock sites (,8 =3.2km / s) the spectrum is completely described by the

source spectrum modified by the earlier two processes (kappa and attenuation). For

softer soil conditions, we must also consider site amplifications through the soil column.

2) Soil transfer functions jH(soil)2

As it propagates from the source region where the shear wave velocity is 3.2km/s,

toward the surface where the shear wave velocity decreases, the bedrock spectrum is

amplified. In Boore (2003), this phenomenon is modelled through frequency-dependent

crustal amplification factors that depends on the shear wave velocity at the site, such as

those of Boore and Joyner (1997) plotted in Figure 2-16-a. The reference soil -

amplification of 1 - is very hard rock (shear wave velocity above 3km/s). Figure 2-16-b

shows the amplifications factors combined with the loss of high-frequency (kappa

operator with k=O.03 5).

41



Sites Amph (Boore & Joyner 97)
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Figure 2-16 Crustal amplifications factors, from Boore and Joyner, 1997

The amplification factors in Figure 2-16 have been obtained by simulations (see Boore

& Joyner, 1997). No analytical forms are available.

The total Fourier spectrum for acceleration is plotted below, for an earthquake of

magnitude 7 and distance to the epicentre of 100km. The different plots correspond to

different site conditions vs,30 =620,520,310 and 255 m /s, as defined by the Boore and

Joyner amplification factors.
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Figure 2-17 Total Fourier spectrum (source, attenuations and amplifications) for different soil

conditions (v=650m/s to 255m/s)

The dynamic response of a single-degree-of-freedom system is characterized by the

transfer function:

1+

IH(wko3~mst ,)Istructure

(I- ( %ist

Where H(t*w5 ,,{ )structure is the complex function
l+2ifs, (Ce) )

'0 s,

-(C )2+2ifs,(Col,)

natural frequency of the SDOF system considered, and ,tthe fraction of damping

(fst=5%)

The mean power spectral density of structural acceleration is obtained as:

SA (O|M, R, soil, wst, ,st) =|H(|M, R) c' |H(Osoil JH (Ost ,s, ) s
roc soi structure
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with I(a) co . The soil conditions are accounted for through the Boore and Joyner

(1997) amplification factors. Although they do not offer a continuous modelling of soil

conditions, they propose 4 different conditions.

Acceleration response spectra Sa can be derived using random vibration theory,

assuming a stationary process of finite duration. We use the following relation between

the peak motion Sa and the standard deviation of the process aAtrack:

Sa(wst)=c(st)* 2a

where

A2,ack (st) = I7S A(c)do= l IH((|M, R)oCk H (osoil)j2 , H(WI st,)I do)

and c(cost) is the peak-to-standard deviation ratio. This ratio has been variously

estimated, usually starting from the classic result of Rice (1954) for the mean

upcrossing rate of a stationary random process. For example, Vanmarcke (1977) has

suggested:

c(KQ)= 21n(2.8 * 2* tp) (10)
22

with Q2 the ratio of the variance of the derivative of the process to the variance of the

process and tp the duration of the process. Vanmarcke's equation (Equation 10) is used,

for example, by Monti, Nuti & Pinto (1996) to derive peak ground motion for soils with

different natural periods. As a first approximation, Q can be set equal to the natural

frequency of the system. This gives c(ws,)= 2 ln(2.8 * s't * Tg ) where co, is the
27 g

natural frequency of the structure and Tgm the duration of the ground motion.

Acceleration response spectra for selected (M, R) are presented below. Three

earthquake scenarios, one of magnitude M = 7 and epicentral distance R=100km, and

two of magnitude M= 6, with R = 50 or 100km. For each scenario, 7 response spectra
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are plotted. Five response spectra are obtained from the Boore formulation, and are

plotted with simple lines. The lower one is for bedrock (source spectrum with kappa and

propagation attenuation, but without site amplification: i.e., v,3 = 3.5 km /s

and H(Osoil),, =1). The 4 remaining plots assume different soil conditions with

v,= 620, 520, 310 and 255 m /s and H(asoil),., the corresponding amplification

factor of Boore and Joyner (1997). For comparison, two empirical attenuation relations

are plotted as dotted lines (Youngs, 1997, empirical attenuation relations). These are

denoted by 'Rock' and 'Soil'. By comparing the amplification from 'Rock' to 'Soil' in

the empirical relation and their own site factors, Boore and Joyner (1997) recommend to

compare 'Rock' with with v,3 equals 620m/s and 'Soil' with vs equals to 310m/s .

A(g) (7,100) theo model

0,25

0,2

0,5

0,1

0,05

0
0 0,5 1 1,5 2 2,5 3 3,5

Tst (s)

Figure 2-18 Acceleration response spectra, Boore model for M=7, R=100
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Figure 2-19 Acceleration response spectra, Boore model for M=6, R=100
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Figure 2-20 Acceleration response spectra, Boore model for M=6, R=50

In the short periods range, the shape of the theoretical spectra is close to the empirical

ones, whereas in the long period range, the theoretical spectra overpredict the motion.

This phenomenon is also reported in Atkinson & Silva (2000). Boore (2003) suggests a

method to overcome this problem. We shall implement his method later when

computing response spectra that include the continuous soil transfer function.

One of the main shortcomings of the Boore model is that the local soil conditions are

treated empirically with amplification factors that are derived for a limited numbers of

soil conditions (soils with average shear-wave velocity in the upper 30m of 620m/s,
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520m/s, 3 1Om/s and 255m/s). The section below proposes a model with a continuous

representation of the local soil conditions.

Continuous model of the local soil conditions

The soil response can be treated analytically by propagating the rock motion through a

specified soil column. Considerations of the filtering effect of a soil column through

linear one-dimensional soil transfer functions jH(jsoil)12  provide a tool to obtain a

continuous model of the local soil conditions. Two models have been considered, the

modified Kanai-Tajimi spectrum, presented in Appendix II and which considers only

the first mode of vibration of the soil layer; and a linear one-dimensional soil transfer

function which includes also the higher modes. The latter, combined with the spectrum

for ground motion derived earlier, provides an attractive framework to include soil

conditions. This second method is presented below and integrated into the spectrum of

ground motion afterward.

The transfer functions are denoted H and verify

Sa s =H(w) Sarock

where Sarockis the spectrum of ground motion at bedrock, e.g. as derived by Boore

(2003).

transfer function
base outcrop

basie

Figure 2-21 Transfer function for soil, adapted from Yamazaki

The most widely used technique for the study of one-dimensional amplification of

vertically propagating seismic waves involves solution in the frequency domain of the
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dynamic equations for linearly visco-elastic material. The soil is idealized as a

horizontal layer overlaying rock with parameters as shown in Figure 2-22. The incident

waves are assumed to be plane waves propagating in a known direction through the

rock. The analytical solution to this soil amplification problem was given by Thomson

(1950).

SasoI(ot M,R)

< DC C: -- C C C -C C C C -C -C -c: C D C - C DC -C DC ' -C 4)

, R)

I g e C - 2 C P r C C C C aC C . nC C C Cs
I -C C C C C CCC 1 . I

h CCCC CCC) C CC(C -
C C CC C C C C C C C CCC -C"

-C -C -C -C C C -C -C -C C C C C-C VC -C C -C

(11),~igr 2-2 Psathemrattis of dapnghe sue tansiner hystetio dampsig needn

Thf frquer.Mtra apn snral function of ampilayro ephhmasdnitude.dad harwv

Pheres =f the ranfe kf=ntis fhe simp(eduanceiontra)taretewn roc Figubscip 2-23 Iand

s ahddase for inrragae

ofreqenc.Mtigur 2-22in Parmers ofteane f non fopsile

Ptsthe transfer fno olr of Eputhin ,1 marshdensi Fiur and3 and shawae

soil (sbsit 1)e asitd kdicreases the silncmesn softerse TffAle -3).ifEqation

48



increases with increasing k: soft soils amplify the ground motions. Conversely, for

smaller values ofk the amplification decreases.

Y=bou
d=0.05
h=100

k=.5

k=3-

0 10 15 20 25 3

h=50E
CD

L
(0

CD

5 10 15 20 25 30
f (Hz)

2-23 Amplification functions for soil: amplitude of motion at free surface, for different

values of depth h, and different impedance contrast k.

(Tsoi)4
v-650
h=30

k=1.5
W=.6

-k=2

10 15
f(Hz)

20 25 30

Figure 2-24 Amplification Functions: amplitude of motion at free surface
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Table 2-3 provides ranges fork. Typically, k would range between 1 and 5 with respect

to bedrock.

Soil Wave Velocity (mi/s) Unit Weight (kg/m) k (w/r to rock)

Very soft 220 1,600

280 1,920 7

medium 370 2,0

4002,000

450 2,160

Hard Rock 2440 2,400

Table 2-3 Soil properties and typical values commonly used, adapted from Kausel and Roesset,

1984.

Derivation of our Engineering Model

Here we combine the Boore approach with an analytical transfer function for soil. The

mean power spectral density of structural acceleration is therefore obtained as:

SA(0) = H(O|M,R,rock)k withy,,3620m/s IH(aOh,k) 2 i| IH(Ocstst) 2su r (12)

where the three terms in the right hand side (rhs) are as follows.

The first term is the mean power spectral density of ground acceleration at a rock site

characterized by a shear wave velocity in the upper 30m of

620m/s:

H(|M, R,rockk with v,30=620m / s =|CMO A(OM) D(c) P(|R) V(Orock) I(m) (13)

The various terms on the rhs of Equation (13) were discussed in the previous section,

and the amplification factors V(aOrock) are for 'rock' (Boore and Joyner Amplification

factor, 1997), with an average shear-wave velocity in the upper 30m of 620m/s. This is

the value used by Atkinson and Silva (2000) to derive peak motion at rock sites. Thus,

for rock sites with v=620m/s, the spectrum coincides with the Boore model.
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The second term in Equation (12), |H(Oh,k)12  ,C = s is
soil lik cos(O(1 - i )) - sin(O(1 - f)12

the transfer function for soil. Note that P2 , v2 being the mass density and the shear wave

velocity of the underlying bedrock, v2 is therefore set equal to 620m/s to be consistent

with the parameters used in the power spectral density of ground acceleration at a rock

site (Equation 13). The soil layer above the rock takes different values depending on the

soil condition to be modelled. The different soil conditions are parameterized by the

couple (h,k) where h is depth of the soil layer, and kthe coefficient of softness

(e.g., k=1 rock; k=3 softer soil). Note that as it is currently set up, the shear wave

velocity of the soil column above the bedrock must be less or equal to 620m/s.

The third term in Equation (12) is the response of the structure:

l+45,ructure(Q 3
H(alwst, st )1ructure \ structure

structure 2
-(CO )2 +4tructurem )2
/ £)structure / structure

Using the mean power spectral density function of structural acceleration SA (CO)

(Equation 12), the acceleration response spectrum Sa is derived using random vibration

theory, as mentioned earlier. However, Boore (2003) includes improvements in the

random vibration results for earthquake ground motion, improvements that were not

implemented in earlier versions of the theoretical attenuation approach. Those

improvements are presented next, followed by the resulting acceleration response

spectra.

The relation between the peak accelerationSa and the standard deviation of the

process aA Sa(st)= c(w5 ,) * Ock requires the variance of the process 2

and the peak-to-standard deviation ratio c(ast). Random-vibration results provides an

estimate of the ratio c(ws,) as mentioned earlier; and Parseval's theorem gives the

variance as the integral ofSA (O).
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Boore (2003) notes that the random vibration results may not be appropriate for

application to earthquake motion because seismic waves from earthquakes are

inherently non-stationary. Also, one must consider that the response of resonant systems

- local soils and mechanical oscillators - has significant correlation between adjacent

peaks. Both characteristics violate basic assumptions of standard random vibration

formulas. Boore suggests simple refinements when the oscillator period is longer than

the duration of ground motion and for lightly damped oscillators, for which the response

continues well past the ground motion excitation. This last phenomenon is thought to be

responsible for the low-frequency discrepancy in Figure 2-18 and Figure 2-19 between

empirical response spectra and theoretical results.

The durations to use in determining the two quantities of interest (peak-to-standard

deviation ratio, and variance of the process) are modified. Boore and Joyner (1984)

found that good results could be obtained if two durations were used:

One duration, corresponding to the duration of the process i.e., the duration of

ground motion, Tgm = To(M)+Tpath(R), for the evaluation of the

ratio c(ct)= 21n(2.8* ost * TM)
2;r

. And another one, longer, Trms for the computation of the

variance aHtrack = T K() d
rms o

The total duration of ground motion, Tgm, is the sum of 2 components: a source

duration, To and a path duration Tpath. The source duration increases with magnitude and

the path duration increases with distance, due to scattering and dispersion (Raoof et al.).

A simple model that includes these dependencies is:

Tgm TO(M)+Tpath(R) = To +0.05R (14)

where To = is the source duration (Boatwright and Choy (1992)). fa is the first
2fa(M)

corner frequency of the 2-corner frequency source spectra model and depends on

earthquake magnitude. From data on source duration, Atkinson, 1993 found
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that log(fa)= 2.181- 0.496M . Tpath(R)=0.05R is the path duration function used by

Atkinson and Silva (2000) in simulation of ground motion. The distance R is in

kilometer to obtain duration in second.

From considerations of oscillator response and numerical experiments with time-

domain simulations, Boore and Joyner (1984) proposed the following equation for the

time Trms to be used in the computation of the variance:

Trms = Tgm r n (15)

Tg

where the equivalent stationary duration of the oscillator response is given by

1
r =2-fs

From numerical experimentation, Boore and Joyner (1984) found that n=3 and ct=1/3.

More recently, Liu and Pezeshk (1999) proposed a more complex form for a.

Comparisons between the Boore & Joyner (1984) and the Liu & Pezeshk (1999)

modifications of random-vibration results for oscillator response show that the two

methods are in good agreement (see Boore, 2003). Here, we use the earlier and simpler

form a=1/3.
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The durations above have been used to derive the acceleration response spectra Sa in

Figure 2-25 to 2-31. Additional acceleration response spectra for different magnitudes,

distances and soil conditions can be found in Appendix III.

CM

0
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0.25

0.225

0.2

0.175

0.15
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0.1

0.075

0.05

0.025
0 0.5 1 1.5 2 2.5 3

Tst (s)

Figure 2-25 Acceleration response spectra: variation in soil condition modelled by variation in k,

h=100m remains constant.

Figure 2-25 illustrates the effect of the impedance contrast k. As the impedance contrast

k increases, the soil becomes softer, the amplification of the ground motion increases,

and the resonance period also increases. The earthquake considered has magnitude 7

and an epicentral distance of 100km from the site.

Selected acceleration response spectra are shown in Figure 2-26, comparing our model

(solid lines) with the empirical attenuations of Youngs, 1997 for inter-slab events

(dotted lines). Note that in the long period range, the theoretical model using the

modification from Boore no longer over-predicts the spectral acceleration.
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Figure 2-26 Acceleration response spectra, comparison between our model (solid lines) and the

empirical relations of Youngs, 1997 (dotted lines)

The empirical relations of Youngs (1997) distinguish between two types of event: Intra-

slab and inter-slab events. They have been shown to generate different accelerations.

Figure 2-27 shows acceleration response spectra from our model (plain line) and inter

and intra events from Youngs, 1997 (dotes lines). At the magnitude and distance

considered in this example (7 and 50 km respectively), our model is closer to the

empirical attenuation for inter-slab events. Nevertheless, this is not true for all

magnitudes and distances.
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Figure 2-27 Acceleration response spectra, comparion between our model (solid line) and the

empirical relations from Youngs, 1997 (dotted lines)

For example, Figure 2-28 shows that for large earthquakes, our model may be closer to

the empirical relationships for intra-slab events. In any case, our model does not account

for such differences.

Figure 2-28 Acceleration response spectra, comparison between our model (solid lines) and the

empirical relation from Youngs, 1997
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The effect of soil conditions is shown in Figure 2-29. The peak acceleration at the

resonance period for the soft soil considered is about 1.5 times higher than the

acceleration at the reference rock site. For more flexible structures, Tq->1 s, the effect of

soil is not noticeable. Additional comparison between the empirical relationship

derived by Youngs (1997) for rock and soil, and the results of our model are presented

in Appendix III.

Figure 2-29 Acceleration response spectra for rock (dotted lines) and soft soil (solid lines)

The model is used to obtain the acceleration experienced by different structures given

an earthquake scenario of magnitude M, a distance to the epicentre R and a specific soil

condition. Different soil conditions can be selected since the model offers the

flexibilities of a continuous model. For the examples in this study, 'soil' refers to a soil

layer of 30m and a shear wave velocity of 350m/sec, classified as 'medium soil' in the

literature. 'Rock' refers as a soil layer of 620m/s as defined by Boore and Joyner

(1997).

Figure 2-30 shows the peak ground acceleration obtained with our model for Rock and

Soil conditions for 4 different magnitudes (M=5, 6, 7 and 7.5) as a function of the
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distance to the epicentre R (in Km). On average, the peak ground acceleration (PGA) on

the soft soil considered is 1.4 times higher than the peak ground acceleration on rock

site. For example, for an earthquake M=7.5 and at R=50km from the epicentre, the PGA

on rock is 0.17g; whereas the PGA on soil is 0.24g.

Peak Ground Acceleration (g)
for Rock (solid) and Soil (dotted) lines

1.00
---- 7.5 Rock

- - - 7.5 Soil

0.10 7 Rock

-)%- '7 Soil
<w >:6 Rock

0.01 -. - ---- 6 Soil

i-5 Rock

-- --- -5 Soil
0.00

10 R (km) 100

Figure 2-30 Peak Ground Acceleration (g) for Rock (solid lines) and Soil (dotted lines) as a function

of distance from the source R (km) in log scale.

Figure 2-31 shows the peak acceleration obtained for a structure with natural period

Tst=0.4s for both Rock and Soil conditions and for 3 different magnitudes (M=5, 6 and

7). The peak acceleration is plotted as a function of the distance to the epicentre R (in

Km).

For structures with natural periods in the range 0.1-0.8 seconds, softer soils amplify the

peak acceleration with factors of 2 or higher compared to 'rock'. For example, for an

earthquake M=7 and at R=100km from the epicentre, the peak acceleration on rock is

0.06g; whereas it is 0.15g on soil.
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Figure 2-31 Spectral Acceleration (g) for Tst=0.4s for Rock (solid lines) and Soil (dotted lines) as a

function of distance from the source R (km) in log scale.

Figure 2-32 shows the peak accelerations obtained for a structure with natural period

Tst=ls for both Rock and Soil conditions for 4 different magnitudes (M=5, 6, 7 and 7.5)

as a function of the distance to the epicentre R (in Km).

Spectral Acceleration (g)
Tst=l s

Rock (solid) and Soil (dotted) lines
1.00

-- 7.5 Rock
--.--- 7.5 Soil

0.10 7 Rock
x 7 Soil

<w m 6 Rock
0.01 - - --- 6 Soil

-- 5 Rock

------ 5 Soil
0.00

10 R (km) 100

Figure 2-32 Spectral Acceleration (g) for Tst=ls for Rock (solid lines) and Soil (dotted lines) as a

function of distance from the source R (km) in log scale.

As the structure becomes more flexible, the differences in the peak acceleration between

rock and soil condition is less pronounced.
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To use our model, one needs to estimate Vs 3o at the site, as well as the characteristics of

the supporting structure in terms of its natural period Tst and its percentage of

damping,.

. Tunnels have records of behaving particularly well during earthquake conditions.

Peak ground accelerations in tunnels are generally lower than at the free surface. There

is no free-surface effect, thus, the F factor in the Boore formulation that models the

effect of free-surface amplification and taken as 2 in almost all applications, is set equal

to 1.

. According to JR East simulations, the natural period of the viaduct in the JR East

network varies between 0.4 and 0.9 seconds.

. The peak acceleration and displacement on embankments can be taken as the peak

ground acceleration and peak ground displacement respectively.

Soil conditions are more difficult to assess. Currently, JREast classifies soils in 11

categories that are not directly related to the physical properties of the soil deposits. The

National Earthquake Hazards Reduction Program (NEHRP) uses the average shear-

wave velocity represented by parameter Vs-30, which is calculated as the ratio of 30 m to

the vertical shear wave travel time through the upper 30 m of the site. The NEHRP

classification is reported in Table 2-4. Studies by Borcherdt and Glassmoyer (1994),

Borcherdt (1994) recommend Vs 30 as a means of classifying sites for building codes.

The classification provides a first estimates to assess shear wave velocity of a soil layer.
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Description

Hard Rock

Firm to hard rock

ense soil, soft rock

Stiff soil

Soft clays

Mean Shear Wave
Velocity to 30 m

>1500 m/se

760-1500 rn/sec

360-760 m/sec

180-360 m/se

<180 m/sed

Special study soils, e.g., liquefiable soils,
F sensitive clays, organic soils, soft clays > 36

m thick

Table 2-4 NEHRP classification for soils based on shear wave velocity

Stewart (2003) suggests using the correspondence between shear wave velocity and

surface geology. Shear wave velocity has been found to be correlated with surface

geology characteristics such as age, soil texture and fracture spacing for rock (Fumal,

1978). Quantitative estimates of this correlation have been derived by Wills and Silva

(1998). The correlation between Vs-3o and surface geology characteristics can therefore

be used to generate state-wide maps of V,.30 by using current map of surface geology.

This has already been done by Wills et al. (2000) for example.

Displacement Response Spectra

The model is also used to derive absolute displacement response spectra Sd and relative

displacement response spectra. The absolute displacement response spectrum is derived

directly from the auto power density spectrum for acceleration noting

1
that SD () = 4 SA (C), where SA (C) takes the form reported in Equation (12).

Integration over the full range of frequency gives the variance of the displacement, and

the peak absolute displacement is obtained assuming a relation between peak

displacement and variance of the type:

Sd = 3
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The relative displacement response spectrum is derived following the same

methodology, but by considering the relative dynamic response of a single-degree-of-

freedom system characterized by the transfer function: H(Ow 5 ,st )structure 2

1+2ifs,(0 )
Where H(a*wst, fs),rcture is the complex function +2 os

st ' St)stuctre _ 1-( )2 +2if,,(COI,

The quantity of interest, peak ground displacement (PGD), is found at very short

periods in the case of absolute response spectra or at sufficiently long periods in the

case of relative displacement response spectra. The modifiers from Boore are not used

because the parameters in the formulation are not calibrated for very short and very long

periods. A peak-to-standard deviation ratio of 3 is therefore assumed.

Figure 2-33 to Figure 2-40 show absolute and relative displacement response spectra for

different earthquake scenarios.

Absolute displacement (cm) Relative displacement (cm)

25 25
-7,50, sal -7,,sl

20 20

-15 15

2 0010
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0.1 1 Tst (sec) 10 100 Tst (sec)

Figure 2-33 Absolute displacement response Figure 2-34 Relative displacement response

spectra for M=7 and R=50km (in cm) spectra for M=7 and R=50km (in cm)

Figure 2-33 and Figure 2-34 show the absolute and the relative displacement response

spectra for an earthquake scenario M=7 and R=50km. It is observed that in the range 0 -

1 second, the ground displacement dominates the relative displacement of the structure.

The peak displacement is very close to the peak ground displacement in this range.
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Figure 2-35 Absolute displacement response

spectra for M=7 and R=50km for rock and

soil (in cm)

Tat (sec)

Figure 2-36 Relative displacement response

spectra for M=7 and R=50km for rock and

soil (in cm)

The effect of soil on the absolute and relative displacements is relatively small. Figure

2-35 and Figure 2-36 show the relative effect of soil. In the following response spectra,

only one type of soil (soft) is shown.

Absolute displacement (cm)

E

1000.1 1 10
Tst (sec)

1 Tst (sec) 10 100

Figure 2-37 Absolute displacement response

spectra for M=7 and R=100, 50 and 20km

Figure 2-38 Relative displacement response

spectra for M=7 and R=100, 50 and 20km

The effect of magnitude and distance on the absolute and relative displacement is shown

in Figure 2-37, Figure 2-38, Figure 2-39 and Figure 2-40. In all cases, the PGD

dominates the response in the range 0 - 1 second.
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Figure 2-40 Relative displacement response

spectra for R=50 and M=6, 7 and 7.5
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Figure 2-41 Peak ground displacement as a function of distance to the epicenter R (km) for M=6, 7

and 7.5

Figure 2-41 shows the peak ground displacement as a function of the distance to the

epicenter for M=6, 7 and 7.5. For a train running on an embankment, the parameters of

interest are PGA and PGD. For example, for an earthquake M=7.5 and at R=50km from

the epicentre, the PGA on rock is 0.17g; whereas the PGD is 10.9cm. In this specific

case, the displacement limit of 7cm is exceeded, whereas the acceleration limit of 0.3g

is not reached.
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Figure 2-39 Absolute displacement response

spectra for R=50 and M=6, 7 and 7.5
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Figure 2-42 Absolute (solid lines) and Relative (dotted lines) displacement at Tst=0.4s, as a function

of R, and for M=6, 7 and 7.5.

Figure 2-42 shows the comparison between the absolute and the relative displacement

for a natural period of the structure of 0.4seconds. At this period, the PGD dominates

the response.

The relative contribution of the ground displacement to the critical levels of shaking can

be evaluated by comparing the relative displacement response spectra to the peak

ground displacement (PGD). The relative displacement response spectrum is asymptotic

to the PGD: The spectral deformation approach the peak ground displacement at

sufficiently long periods. For example, for the 1940 El Centro earthquake, the processed

peak values of ground acceleration (PGA) and displacement (PGD) are: PGA=0.348g

and PGD=10.9cm respectively. The relative displacement response spectrum shows

displacements over 40cm at the resonance period (Tst=10 seconds) (Mylonakis &

Syngros, 2002). In the range 0-1second, the relative displacement is well below the

PGD. Those orders of magnitude are observed in our model. Figure 2-43 and Figure

2-44 show the absolute and the relative displacement response spectra for an earthquake

of magnitude M=7.5 and distance to the epicentre of 50km, derived from our model.

Figure 2-45 shows the acceleration response spectra associated. The ground motion is

such as PGA=0.24g and PGD=10.9cm. It is observed that the PGD dominates the

response for periods in the range 0 - 1 second. A maximum relative displacement of

49cm is obtained at Tst=4s.
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Figure 2-43 Absolute Displacement Response

Spectra M=7.5, R=50km

Figure 2-44 Relative Displacement Response

Spectra M=7.5, R=50km

Figure 2-45 Acceleration response spectra for M=7.5, R=50km, on soft soil

Conclusion

In essence, we used the Fourier spectrum for ground motion acceleration compiled by

Boore (2003) and others to relate Sa and Sd to earthquake magnitude, epicentral

distance, site conditions and natural period of the structure. We slightly modified the

model to obtain a continuous representation of the local soil conditions with parameters

related to the soil physical properties such as the shear wave velocity V- 30. In our

model, the soil response is treated analytically by propagating the rock motion through a

specified soil column. For small to medium size earthquakes (M<7.5) and for distances

from the epicenter from 10 to 100km, the model reproduces with accuracy the shape of

the empirical response spectra. For large earthquakes (M>7.5) and close distances to the
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epicenter, the model over-predicts the peak acceleration at the resonance period. Sharp

variations of the acceleration around the resonance period are observed in our model.

The amplifications from rock to softer soils are in general in good agreement with

empirical estimates.

In the next section, we assess the probability of derailment of a stationary train during

the strong motion phase, given the natural period of the structure underlying the track

and the soil conditions as given by the shear wave velocity V- 30.
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2.1.4 Probability of Derailment of a Stationary Train due to Vibratory

Motion

In this section, we use the criteria for derailment derived in Section 2.1.2 to assess the

probability of derailment by vibratory motion for a stationary train given an earthquake

scenario. The analysis in Section 2.1.3 provides estimates of the peak acceleration Sa

and the peak absolute displacement Sd given an earthquake scenario; and Section 2.1.2

provides the criteria for derailment in terms of Sa and Sd.

The conditions for derailment are Alimt0.3g and Diimjit70mm.

Based on a normal distribution of the natural logarithm of Sa with a corresponding

standard deviation rinsa = 0.65, and a normal distribution of the natural logarithm of

Sd with a corresponding standard deviation 6 ln Sd = 0.75, we assume that Sa and Sd are

independent and the probability of derailment by vibratory motion is given by equation

(3), reproduced below for convenience:

P[(Sa 0.3g) r (Sd 7cm)] = In 0.3g - minsa * In 7cm - minSdL OrInSa I L 6 InSd

From Equation (3) and the accelerations and displacement obtained from our model

given an earthquake scenario, we evaluate the probability of derailment during the

strong motion phase. Examples of results are presented below for magnitudes M=6, 7

and 7.5.
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Figure 2-46 Probability of derailment by vibratory motion for the ground motion (no structure) for

Rock (solid lines) and Soil (dotted lines) as a function of distance from the source R (km) in log

scale.

Figure 2-46 shows the probability of derailment by vibratory motion given different

earthquake scenarios at the ground level (no structure). It is the probability that the peak

ground acceleration (PGA) exceeds 0.3g and that the peak ground motion exceeds 7cm.

These probabilities may be applied to a train running on an embankment, for example.

Probability of Derailment
Tst=0.4s

1000.000%
(6, rock)

10.000% - (6, soil)
(7, rock)

S 0------ (7, soil)
-D0.100%2 (7.5, rock)

-.. .- -........ (7.5, soil)
0.001%

10 100

R (km)

Figure 2-47 Probability of derailment by vibratory motion for Tst=0.4s for Rock (solid lines) and

Soil (dotted lines) as a function of distance from the source R (km) in log scale.
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Figure 2-47 shows the probability of derailment by vibratory motion for T5t=0.4s. It is

the probability that Sa and Sd at Tst=0.4s exceeds 0.3g and 7cm respectively. These

probabilities are to be applied to a train running on a structure with a natural period of

0.4s.

Figure 2-48 shows the probability of derailment by vibratory motion for a train running

on a structure with natural period T, =Is.

Probability of Derailment
Tst=1 s

100.000%
(6, rock)

10.000% - (6, soil)

. 1.000% (7, rock)

0.100% ------- (7, soil)

o0 (7.5, rock)
o.. 0.010%

0.001%-------- (7.5, soil)
0.001%

10 100

R (km)

Figure 2-48 Probability of derailment by vibratory motion for Tst=ls for Rock (solid lines) and Soil

(dotted lines) as a function of distance from the source R (km) in log scale.

Figure 2-46, Figure 2-47 and Figure 2-48 show the probabilities of derailment by

vibratory motion of a stationary train, for different supporting structures (no structure,

Tst0=.4 and Isec respectively) and for different earthquake scenarios. The probability of

derailment is higher for structures in the range 0.3s:r,,0.5s. This is shown in Figure

2-51. Indeed, in this range, the spectral acceleration is amplified with respect to the peak

ground acceleration (see Figure 2-49). For Tst=1s, the peak acceleration falls below the

PGA, and the peak displacement is still close to the PGD (see Figure 2-50), thus leading

to probabilities of derailment lower than in a case where there is no supporting

structure.
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Figure 2-49 Acceleration response spectra for

an earthquake M=7, and R=100 and 50km
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Figure 2-50 Displacement response spectra

for an earthquake M=7, and R=100 and

50km

Figure 2-51 shows that the probability of derailment is statistically higher for structures

with natural period around 0.4seconds, compared with a case where there is no structure

(peak ground motion - PGM) or where the structure is more flexible (Tst=1sec).

Probability of Derailment
M=7, soft soil

100.000%

10.000%

PGM
- 1.000%

x Tst=0.4s

. 0.100% Tst=1s

0.010%
10 100

R (km)

Figure 2-51 Probability of derailment by vibratory motion for the ground motion, Tst=0.4s and

Tst=ls for an earthquake scenario M=7 on soft soil as a function of distance from the source R (km)

in log scale.

The derailment probabilities reported above refer to a stationary train. One aspect that

has been disregarded is the effect of speed. Speed has actually two effects: it may

facilitate derailment under synchronous track motion and contribute to lateral

acceleration and displacement under non-synchronous track motion. The later effect is

considered in the next section (Section 2.2), whereas the former effect is being ignored.
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Intuitively, one would expect that as the speed of train increases, the critical level of

shaking for derailment decreases. To quantify this decrease, one should formulate a

dynamic model of a moving train, which is behind the scope of the present work.

Case-Study: The Niigata Earthquake

During the magnitude 6.8 Niigata Chuetsu Earthquake of October 23, 2004, the Joetsu

Shinkansen Toki No. 325 derailed. The train was located 10 km from the epicentre and

was running at about 200km/h. The train was just out of a tunnel and entering a viaduct

that presented sharp discontinuities in structural conditions. The peak-ground

acceleration (PGA) at the location of the accident was about 0.6g.

Recordings of the ground motion near the location of the accident show a high

frequency content near 0.8 second. Structures with natural period close to 0.8 second

would therefore experience very strong motions.

Figure 2-52 Acceleration response spectra - Niigata earthquake

Figure 2-52 shows different acceleration response spectra for an earthquake of

magnitude 6.8 10km from the epicentre. The thick solid line is from our model, for

medium soil. The remaining curves are from empirical attenuation relationships for rock

and soil conditions and for inter-slab and intra-slab events (Youngs, 1997).
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The PGA predicted for an earthquake of magnitude 6.8 and at a distance of 10km are

0.7g with our model and 0.5g with Youngs attenuation relationship for soil conditions

and intra-slab event. Assuming the period of the viaduct to be 0.4s, our model predicts a

peak acceleration of 0.9g and the empirical relation gives an acceleration of 0.8g.

Hence, the two models predict similar structural responses. The PGA is also in

agreement with what has been observed during the Niigata earthquake.

The absolute and relative displacement response spectra corresponding to the

earthquake scenario M=6.8 and R=10 km are shown in Figure 2-52 and Figure 2-53

respectively. For Tst=0.4s, Sd=19 cm (and the relative displacement is 6.7 cm).

Absolute displacement (cm) Relative displacement (cm)

70 70

606.80rdu 0 68 0 u

50 5

j40 4

30 30

20 20

10 \

0 0

0.1 1 Tst (sec) 10 100 0.1 1 Tst (sec) 10 100

Figure 2-53 Absolute displacement response Figure 2-54 Relative displacement response

spectra for R=10 and M=6.8 spectra for R=10 and M=6.8

For an earthquake of magnitude 6.8, and at a distance of 10 km from the epicentre, the

median peak acceleration is 0.9g and the median peak displacement is 19cm. Using our

derailment criteria for a stationary train on a viaduct with a natural period of 0.4second,

the probability that the acceleration exceeds 0.3g and the peak (absolute) displacement

exceeds 7cm is:

P[(Sa 0.3g)n (Sd 7cm M = 6.8, R = lokm]= 87%

The corresponding probability of derailment under vibratory motion is relatively high:

87%. Thus, our criteria for derailment are in good agreement with what happened

during the Niigata earthquake. Note that the two effects of speed aforementioned have

not been considered yet and would give an even higher probability of derailment:

73



1) The train speed may have facilitated the derailment under synchronous track motion.

At high speeds, the critical levels for derailment in Equation (2) should be lower; hence

yielding a higher probability of derailment.

2) The train speed also contributes to lateral acceleration and displacement under non-

synchronous track motion. The additional acceleration due to the passage of the train on

wavy tracks (waviness induced by the relative displacement between two piers at the

top of the structure) has not been taken into account. In the case of the Niigata

earthquake, where the train was entering a more flexible structure with important

changes in geometric and structural characteristics, the differences in support

displacement may have played an important role. This phenomenon is considered next

(Section 2.2), where a method to quantify the second component of lateral train

acceleration Sad is presented.

The Niigata case is re-evaluated at the end of Section 2.2.
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2.2 Derailment of a Moving Train under Heterogeneous Site

Conditions

In the previous section, we have considered the derailment of stationary trains under

vibratory motion. The critical acceleration under these conditions is denoted by Sa. As

has been observed in the Niigata case, shifts in site conditions may induce differential

structural responses sufficient to trigger derailment. Here we consider the effect of

spatial non-homogeneities in soil and structural characteristics as well as the

incoherence of the ground motion to obtain a second component of lateral train

acceleration, Sad. This component is sensitive to train speed.

First, we present a method to quantify the differential response at different structural

locations and derive Sad from the relative displacement of the track (Section 2.2.1).

Second, we investigate in more detail the causes of differential ground motion and

present a model to include spatial variability of ground motion (SVGM) through a

coherency function (Section 2.2.2). Finally, we obtain the acceleration Sad (Section

2.2.3).

2.2.1 Modelling the Relative Displacement of the Track

Each location i along the track is characterized by a specific structure and a specific

soil column, as shown in Figure 2-55.
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Figure 2-55 Discretization model for train acceleration

Three parameters are influential on the acceleration Sad :

1) The amplitude of the displacement Dtrain (ti), between the top and the bottom of

the pier. This relative displacement depends mainly on magnitude M, epicentral

distance R, and local soil and structural conditions.

2) The speed of the train, V; and

3) The spacing of the supports, d.

The evaluation of Sad will therefore depend on those three parameters. We denote the

transversal train displacement by Dtrain(ti)= Dtrack(x(t),ti). Technically, train and

track displacements are not the same. Here, we are really evaluating Dtrack and we

assume that the train follows the rails, with no slack, so that Dtrain ~ Dtrack . We can

obtain Dtrain(ti) by using the power spectral density function of displacement. Then, if

Dtrain (t) is known at nearly equally spaced time t , the train acceleration Sad at time

t1 may be evaluated as:

(15)Sad (t1 )= Dtrain (ti 1 ) - 2Dtrain (ti) + Dtrain (ti+1)
(Atj) 2
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where Ati 2 t'-'- is the approximate time discretization step around ti . The
2

spacing of the supporting structure d and the train speed V are related to Ati through:

At ~ ti+1-ti_1 _ d
2 V

The variance of the train acceleration Sad, denoted 2 ,maybe obtained as follow.

Consider the vector of transversal train displacements

The spectral density matrix ofD is:

SDI[

Sa =

SD12 SD 13 1 var(D1 )

SD22 S D 2,

SD3

Dtrain (tg_1) I
D = Dtrain (ti) 2

LDtrain (ti+1)j 3

cov(D1 , D2 ) cov(DI, D3)
var(D2 ) cov(D 2 , D 3)

var(D 3 ) _

The spectral density matrix has components SD :D
1

(64

found directly from our model for spectral acceleration attenuation.

The train acceleration at time t, is evaluated using the discrete formulation in Equation

(15). It follows that:

var(A) = I [var(DI)+ 4 var(D2) + var(D 3) - 4 cov(D 2 , D3 )- 4 cov(DI, D2) +2 cov(D , D3 )
At4

Hence, with respect to the power spectral density function for displacement SD'

SA d (c) is obtained as:

SAd (CO) = 1 {D (c) + 4 S D2 (co) + SD ()) - 4 Re SD, (co)]-4Re[SD2 (w)]+2Re[SD, ( )
(At, )4 i

(16)

The variance of the train acceleration, a7 , is obtained by integrating SA (c) over the

full range of frequency, and the acceleration Sad is obtained by multiplying the

standard deviation by the peak-to-standard deviation ratio described earlier in this study.
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The power spectral density functions for acceleration S4 are needed to derive the

power spectral density functions for displacement SD in Equation (16). Therefore, a

presentation of the functional form of S4 is presented below based on the analysis of

derailment of a stationary train.

Spatial variability is described by means of a stationary, zero-mean Gaussian random

field in space-time. The field is completely described by the matrix of spectral density

functions for acceleration SA (co):

SA12 (a)

SA2 (a)
A S ()

Lgx=

S (O)

SA (a)

S (a)

where n is the number of spatial location or

'stations'.

The diagonal terms (the auto-power spectral density functions Sj (a)) describe the

process at each single station i. It can be shown that there is at least one

functionHi (a)) that satisfies Si (c) = (Hi(0)12 . In the earlier assessment of derailment

for a stationary train, we used the following form for the mean auto power spectral

density for acceleration (Equation 12):

SA (C) = SA (a) =IH (aM,R)(OCk H(so il)IH(oatst)ructure Only the

functional form of SA (w) = IHj(a)1 2 was needed, since it describe completely the

process at a single location i. The off-diagonal terms (the cross-power spectral density

functions SA (a))) measure the dependence of the processes at station i and j. Denoting

by Hi (w) the function Hi(a) = H(OM,R)rock H(osoil)s0 i1 H(O~a stlst)sructure at

station i, then SA (a)) = jH (0)12 and S4 (a)) = Hi (w)Hj (-)

Consequently, the functional forms of the auto- and cross- power spectral density

functions for displacement SD. are obtain using:
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SD(w)= H(w)roc H(O)SiiH*( )soi H(to) structurea H * (() structure j ] (m (o)] [exp [i w(ti -tj)] (17)

Where Hrock , Hsoil and Hstructure are the Fourier spectrum for acceleration modelling

the effect of source and propagation, soil amplification and track support structure

response respectively; as defined in equation (12); H* is the conjugate of H. ry is the

coherency function whose functional form is derived in the next section (Section 2.2.2).

expiUo(ti - tj)] is the shift in phasing due to the fact that the train is moving at a speed

d
V and therefore reaches station j at time t. with a time lag Ati = ti - ti of - after

V

having reached station i, d being the distance separating station i and j. This shift is

different from the lagged time for the arrival of the waves, included in the coherency

function ri . For the case of the auto-power spectral density functions, we have the

simplified form:

SD 5i (w) =- [H boore ((0)12 [H5 0o ())]2 [Hsructurei (0))]2

The motion between i and i is fully coherent, therefore rq = 1, and there is no lagged

time due to the traveling of the train from i to i. For the case of the cross-power spectral

density functions, we have to refer to Equation (17).

The functional form of the coherency function yy is derived next.

2.2.2 Causes of Spatial Variability

To obtain the second component of lateral train acceleration Sad, we consider the

different causes of spatial variation in support motion. Spatial variation may result from:

1) The heterogeneity of soil or structural characteristics at different locations along the

track, and 2) The lack of spatial coherence of the bedrock ground motion.

a. Spatial Variability of Site Conditions

Also for perfectly coherent waves and identical motion at all bedrock locations, the

local soil and structural conditions can vary and produce differential motion. Figure

2-56 illustrates the variability of site conditions. The parameters reported in the figure
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are: for the soil, its type modeled through the shear wave velocity v, and the depth of

the soil layer h, and for the structure, the type (viaduct, bridge, embankment, tunnel...)

and the specific characteristics of each type (e.g. for a viaduct, the natural period and

damping, and the spacing of the supports).

Changes in soil and structural properties along the track may be gradual or sudden.

Spatial Variability of Site Conditions

Train speed V(t) (km/h)__ _

di
d2 | Structures

Figure 2-56 Spatial variability of site condition

b. Spatial Variability of Bedrock Ground Motion

Also in the case of spatially uniform soil and structural conditions, different points

along the track experience different ground motions. This phenomenon is modeled

through a coherency function. A functional form for the coherency function is derived,

based on reviews of what is known concerning the spatial variability of ground motion

(SVGM).

During ground motion, spatially extended structures such as viaducts and embankments

experience excitations that vary along the structure in terms of arrival time, amplitude,

phase and frequency content (e.g., Sextos et.al, 2003). Four distinct phenomena

contribute to the spatial variation of earthquake ground motion (e.g., Der

Kiureghian,1992 and 1996; Harichandran, 1999; or Lupoi et al., 2005):
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1) The loss of correlation - referred to as the incoherence effect - between the

motions at separate points. Spatial incoherence arises from two phenomena: The

scattering of the waves as they propagate through the heterogeneous medium of

the ground produce random reflections and refractions as the waves travel.

Second, the differential superpositioning of the waves when arriving from

extended sources amplifies the loss of coherency. These two components are

denoted collectively as the 'incoherence effect'.

2) The difference in arrival times of the seismic waves at different stations

commonly referred to as the wave-passage effect.

3) The attenuation effect which is the gradual decay of ground motion amplitude

(especially at the high frequencies) due to geometric spreading and energy

dissipation; and

4) The site-response effect due to spatially varying soil profiles.

In the context of a stationary representation, the spatial variation of ground motion can

be characterized throughSj(w), the cross-power spectral density function of ground

acceleration at point i and j. The coherency function yr, (W) is a normalized version of

this function, defined as:

Sy (0) (18)
ASi i ( 0)Sij (0)

The coherency has a bounded modulus, yr (a) 1, and is a measure of linear

dependence between the two ground motions at the two locations. yg (C) = 1 implies

identical synchronous motions whereas yrj() = 0 denotes complete lack of correlation.

Der Kiureghian (1996) presents a theoretical model of the coherency function. It

incorporates incoherence, wave-passage, and site-response effects.

By expressing the coherency function in the form:

y (c) = Iy. (w) exp [iG ())] (19)

Der Kiureghian shows that the two factors in Equation (19) characterize distinct aspects

of spatial variability:
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* The modulus IY (W) describes the incoherence effect (variation in space) due

to the scattering and the superpositioning of the waves at each location.

. The frequency-shift in the phasing of the two processes, exp[i6 (.)), is due to

the two remaining effects: wave-passage (variation in time) and site response.

The nature and the magnitude of the variation in space (incoherence effect) and time

(wave passage effects) have been studied based on actual records in region where the

soil conditions are more or less uniform (e.g., Harichandran and Vanmarcke, 1986).

Abrahamson, Schneider and Stepp (1991) proposed empirical spatial coherency

functions. Variations in both space and time have been shown to increase with distance

between the stations and with increasing frequency a. The attenuation effect is

insignificant for typical sizes of structures and has little influence on the coherency

function (Der Kiureghian, 1996). Attenuation is included in the power spectral density

function Sf, (o) but not in the coherency function.

The most popular form of coherency function (e.g., Der Kiureghian and Neuenhofer

1992, Monti et al. 1996, Der Kiureghian 1996, Lupoi et al. 2005) is:

yu = exp r-(2f) a * d jjexp (2 pd) * exp i6ol ()) (20)
s Vapp _

. The first term of Equation (20) is real-valued and models reflection/refraction

effects. In this term, vS is the shear-wave velocity of the waves (bedrock), d the

distance between i and j and a is a parameter. Typically, one uses = 300m / s (e.g.,
a

Lupoi et al., 2005). This choice ofvsa produces rather low values of rgY(m) .

= <o implies fully coherent waves.
a

. The second term in Equation (20) models the wave passage effect through a phase

shift associated with the time lag rT for the arrival of the waves at station j after
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their arrival at station i. Ifvapp is the apparent surface wave velocity and d L is the

dL
projected distance d along the direction of wave propagation then rg;= . Hence

Vapp

Vapp -> 0 models full coherence in time; and vapp =300m/s is usually considered in

application (e.g., Lupoi et al., 2005).

The Theoretical form of soil in Equation (20), which models the incoherence

soil -1 Im[Hsoi; i(&)HSoil 7(-&)1induced by soil variations, is = - tan soilr i 1(6)H 0ij(-a)J where

Hsoil (co) is the linear transfer function for soil (e.g., see Equation 11). The phase

shift caused by the soil columns does not depend on the power spectral density of

the bedrock motion or the distance between the two stations, but only on the

characteristics of the two soil columns.

The vast majority of recent studies concerning the effect of spatial variation of ground

motion on structural response finds that spatial variation in ground motion influence

negatively the response of structures and should therefore be included in seismic design

evaluations. The relative displacements between two piers are statistically larger when

spatial variation of ground motion is considered than when it is assumed that all points

experience the same ground motion (Sextos et al., 2003). The commonly adopted

synchronous input procedure is not conservative when soil conditions differ along the

structure (e.g., Shinozuka et al., 2000). Sextos et al. (2003) present a parametric study

where results are expressed in terms of maximum relative pier top displacements

(displacement between pier tops). Scenarios that include spatial variation of ground

motion are normalized with respect to the synchronous-input base case. The vast

majority of the ratios of the relative displacements are in the range 1 to 2. Hence, the

relative displacements between pier tops are statistically larger when spatial variation of

ground motion is considered than in the synchronous case. When loss of coherence and

wave-passage are considered alone (no sites effect) the detrimental effect is not

pronounced, and in some cases lightly favourable. But when sites effects are added, it is

clearly observed that spatial variation of ground motion increases the relative
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displacement between two piers by a factor of 1.5 to 2 with respect to the uniform base

case. By taking into account inelastic behaviour, the response is amplified by factors

ranging from 1 to 3 with respect to the uniform inelastic base case. The presence of non-

homogeneous soil profile under the supports dominates over other sources of spatial

variation (loss of coherence and wave-passage). This result is first reported by Monti

and Pinto (1998), and confirmed by Shinozuka et al. (2000); Sextos et al. (2003) and

Lupio et al. (2005). The different scenarios involving loss of coherence and wave-

passage effects produce relatively small differences in the response; whereas when soil

conditions differ, the magnitude of the response increases significantly (e.g., Shinozuka

et al., 2000). It is suggested to set to one the third factor of the coherency function

modelling site conditions (third factor of Equation 20). The problem of variation in site

condition can be dealt with by using correlated ground motions that have specific

response spectra appropriate to each site condition. This possibility is validated by

Monti & Pinto, 1998; and in accordance with the findings of Shinozuka et al., 2000. As

a result, in our model, where the variation of site condition is taken into account by

using specific response spectra representative of the soil column at each location, the

site conditions are included in the power spectral density function Sy(w) and will not

appear in the coherency function.

In what follows, the coherency function rg takes the simpler form:

r. (w)= exp [- a exp i c: ] L (21)
s Vapp_

2.2.3 Sensitivity Analysis

Due to the complexity of the problem, we have performed a series of analyses to

estimate the effect and relative importance of each parameter or set of parameters.

Specifically, we have considered

1) The variation in site conditions alone,

2) The spatial variation in ground motion, which adds incoherence and wave-passage

effects to site variations,
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3) The effect of train speed, support spacing, and earthquake characteristics (M, R).

As a reference, Table 2-5 gives the peak track acceleration Sa experienced by a

stationary train for the two earthquake scenarios and for the two soil conditions that will

be used in the analysis ofSad .

7, 100km 7, 50km
Sa (g) PGA Tst=0.4s PGA Tst=0.4s
Rock 0.04 0.06 0.1 0.18
Soil 0.08 0.15 0.12 0.30

Table 2-5 Peak Acceleration for a stationary train (in g)

One should compare Sad to Sa to assess the extent to which the acceleration due to

track deformation increases the base acceleration. The resulting acceleration Sa,0 , may

be estimated by combining Sad and Sa as follow:

2 2 (2Satot = Sa +Sad (22)

a. Variation in Site Conditions alone

In order to appreciate the effect of varying site conditions (soil and structure) relative to

incoherence and wave-passage, we start by evaluating Sad for the case of fully coherent

waves (Ny, =1). The shift in phase due to the fact that the train reaches station j

d
- seconds after having reached station i is nevertheless kept. Two scenarios are
V

presented: One assumes the same structural characteristics at the 3 supports, but

considers variation in the soil columns (Figure 2-57). The second one models variation

in structural conditions, but with identical soil conditions at all locations (Figure 2-58).

It should be noted that the acceleration Sad is zero when both the soil and the structure

are identical along the track.
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Figure 2-57 Acceleration due to track deformation - variation in soil conditions

Figure 2-57 gives Sad as a function of train speed for an earthquake of magnitude 7 at

epicentral distance of 50 or 100 km. Results are for a natural period of the structure of

0.4 sec at all locations. The soil condition at locations 1 and 3 is rock (vs30 = 620m /s ),

and soft at location 2 (vs30 = 350m Is ). The spacing of the support is set to 8m (typical

distance between span in the JR East network).

Note that for (M, R) = (7, 100km), the peak ground acceleration (PGA) on soil is about

0.08g. A structure with natural period of 0.4s amplifies this base acceleration to

Sa(Tst = 0.4s)= 0.15g. In the (M, R) = (7, 50km) case, PGA=0.12g on rock and the

response of a structure with natural period of 0.4s amplifies this base acceleration to

0.3g (see Table 2-5).

1
Note that Sad varies proportionally to and is zero for a stationary train (V = 0).

Track deformation has small effects at ordinary speeds: for example, at 200km/h, and

for the earthquake scenario (7, 100), Sad =0.05g. Combination with the base

acceleration of 0.15g gives a total peak

acceleration Sa,0 , = Sa2 + Sad = 0.152 + 0.052 = 0.16g, which is not significantly

different fromSa . For (M, R)=(7, 50), Sad =0.1g. Compared with the base acceleration
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of 0.3g, we obtainSa0 , = Sa +Sa = 0.32 +0.1 =0.31g, leading to the same

conclusion. Nevertheless, as speed increases, the effect of varying soil conditions is

more pronounced. For V=300km/h and for the earthquake scenario (7, 100),

Sad =0.12g. This gives a total peak

acceleration Sao, = Sa + Sad = 0.152 +0.122 = 0.19g . It is a 26% increase in the

peak acceleration from the uniform case.

Sad (g)
Tst variation (0.4-0.5-0.4 sec)

0,2

0,15

IM 0 , --- ( 7,100)

-- (7,50)
0,05

0
0 50 100 150 200 250 300

V km/h

Figure 2-58 Acceleration due to track deformation - variation in structural characteristics

Similar results are obtained when the soil is uniform (rock), and the structural

characteristics vary. As an example, Figure 2-58 shows results for a natural period of

the structure of 0.4 sec at stations 1 and 3, and 0.5sec at station 2, on rock. In this

specific case, at 300km/h and for the earthquake scenario (7, 100), Sad =0.08g.

Combination with the base acceleration of 0.09g (Tst=0.4s, on rock) gives a total peak

acceleration Satot = Sa2 + Sad = 0.09 + 0.082 = 0.12g , which is a 34% increase

compared with the uniform case.

The effect of varying the spacing of the supports is presented in Figure 2-59. Sad is

plotted for a given earthquake scenario and a given variability in structural conditions.
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Two different spaces between supports are considered. In general, all over conditions

being the same, Sad depends on support spacing d and train speed V as .

Sad (g)

effect of d (m)
0,4

0,1

0
0 50 DO t0 200 250 300

V km/h

Figure 2-59 Acceleration due to track deformation - variation in the spacing of the support

From this first model, it is inferred that the acceleration due to track deformation Sad

has small effects at ordinary speed but that it would become noticeable as the speed

increases. We are interested in speed in a range from zero up to 400km/h. Along the

Sanyo line in Japan, trains operate at a top speed of 300km/h since 1997.

Concerning the support spacing, the effect will be emphasized and noticeable for

closely spaced supports. In this case, the train has to negotiate the waviness within a

smaller distance, making it therefore more challenging than if the same amount of

displacements were spread on a longer distance. JR East estimates an average of 8m

between span. Based on this first series of analyses, for an average distance between

span of 8m, Sad becomes noticeable at speed of 300km/h and higher.

The importance of the acceleration due to track deformation Sad relatively to the base

acceleration Sa is analysed with more detail later on, after adding the coherency

function.
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b. Introduction of spatial variation of ground motion

We now include the effect of lack of ground motion coherency (Equation 21).

Incoherence and wave-passage effects are considered in addition to site variations.

Figure 2-60 and Figure 2-61 show Sad when considering only spatially varying soil or

structural conditions and when in addition the loss of bedrock motion coherency is

included. Both figures are for M=7 and R=50km and for a support spacing d of 8m.

Figure 2-60 shows results for variation in soil conditions; whereas Figure 2-61 analyses

a case with variable structural characteristics.

Sad (g)

variation in soil
Site conditions alone vs. Site + SVGM

0,30 --- site + SVGM

I-site condition only

2 0,20

0,10

0,00
0 50 100 150 200 250 300

V(knth)

Figure 2-60 Acceleration due to track deformation - variation in soil conditions vs. soil conditions

and SVGM

89



Sad (9)

variation in structure
Site conditions alone vs. Site + SVGM

--- site + SVGM

0,15 - site condition only

0,1

0,05

0
0 50 100 150 200 250 300

V (km/h)

Figure 2-61 Acceleration due to track deformation - variation in structural characteristics vs.

structural characteristics and SVGM

Notice that adding spatial variation of ground motion through the coherency function

increases the acceleration due to track deformation.

Figure 2-62 re-investigates the dependence in the spacing of the support, for an

earthquake of magnitude 7 and distances to the epicentre of 50km.

Sad (9)
variation in structure

1,0 Spacing of the support d

-- d=4m
0,8 -x- d=8m

^ 0,6 d=16m

c 0,4

0,2

0,0
0 50 100 150 200 250 300 350 400

V (km/h)

Figure 2-62 Acceleration due to track deformation - effect of the spacing of the support

Figure 2-63 presents the relative effect of soil and structural variations, for two

earthquake scenarios. For each earthquake scenario, two types of variation are shown:
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One assumes the same structural characteristics at the 3 supports (natural period of the

structure set to 0.4s), but considers variation in the soil columns: rock condition, as

defined by v,3 = 620m /s, at stations 1 and 3, and soft soil, with v, =320m Is, at

station 2. The second one models variation in structural conditions (Tst=0.4s at stations

1 and 3, and Tst=0.5s at station 2), but with identical soil conditions at all locations

(rock). In this specific case, with the parameters used to model structural and soil

variation, the soil variations dominate over the structure variations. Nevertheless, no

general statement can be drawn from this specific example.

Sad (9)

soil vs. structure variation

(7 ,50) soil

-0 - (7 ,100) soil
0,4 (7 , 50 ) Struct.

o
(7, 100 ) Struct.

u) 0,2

0,0 r

0 50 100 150 200 250 300 350 400
V (km/h)

Figure 2-63 Acceleration due to track deformation - soil vs. structural variation

The total accelerations in Table 2-6 and Table 2-7 are obtained by combining Sad and

2 2Sa as: Sat0 t = Sa + Sa. The percentage increase is relative to the base

acceleration Sa. The acceleration due to track deformation has small effects at ordinary

speed: Table 2-6 shows the effect of Sad for a train speed of 100km/h. The effect

ofSad is not noticeable. It becomes noticeable as the speed increases: in Table 2-7, the

percentage increase in Sa due to Sad is of about 50% for a train speed of 300km/h.
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Accelerations variation in soil variation in structure

(g) (7,100) (7,50) (7,100) (7,50)
Sa 0.15 0.3 0.06 0.18
Sad
(v=1OOkm/h) 0.042 0.072 0.041 0.068

Satot 0.161 0.31 0.07 0.19
% increase 4%1 3% 21% 7%

Table 2-6 Relative importance of Sad compared to Sa at V=100km/h

Accelerations variation in soil variation in structure

(g) (7,100) (7,50) ( 7 ,10) (7,50)
Sa 0.15 0.3 0.06 0.18
Sad
(v=300km/h) 0.16 0.33 0.097 0.18

Satot 0.221 0.451 0.11 0.25
% increase 46%1 49% 90% 41%

Table 2-7 Relative importance of Sad compared to Sa at V=300km/h

Figure 2-64 and Figure 2-65 show the comparison between the probability of derailment

of a stationary train and the probability of derailment of a moving train on wavy tracks.

Figure 2-64 shows the results for varying structural condition, whereas Figure 2-65

shows the results obtained for varying soil conditions. For v=100km/s, the increase is

very small, for v=300km/h, the increase in the probability of derailment is of

importance.
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Figure 2-64 Comparison between derailment of a stationary train and derailment of a moving train

on wavy tracks for M=7 on rock, and for varying structural characteristics

Figure 2-65 Comparison between derailment of a stationary train and derailment of a moving train

on wavy tracks for M=7 and for varying soil conditions at Tst=0.4s.

Based on this analysis, the peak acceleration of a stationary train Sa is expected to

increase by a factor between 1 and 2 when considering a moving train on varying site

conditions. The number of cases analyzed in this study is not sufficient to draw more
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specific conclusions concerning the ratio Sa 0  . Nevertheless, this section provides a
Sa

general framework that can be used for parametric studies of the ratio Sa for different
Sa

scenarios of variation in soil and structural characteristics. From this analysis, it can be

concluded that the acceleration due to track deformation Sad has small effects at

ordinary speed but that it becomes noticeable as the speed increases. Concerning the

support spacing, the effect will be emphasized and noticeable for closely spaced

supports. As a first reference, for an average of 8m between supports, Sad becomes

noticeable at speed of 300km/h and higher and may increase the peak acceleration by a

factor of 1.5 in some cases.

Re-Evaluation of the Niigata Case:

In the Niigata case, sudden shifts in site conditions may have induced differential

structural responses. The train was just out of a tunnel and entering a viaduct that

presented sharp discontinuities in structural conditions. In light of the results concerning

spatial variability of ground motion, the base acceleration due to track motion at a single

location Sa=0.9g may be increased by a factor of 1.5; thus, in the Niigata case, one can

consider that the total acceleration was Sar=1.35g. This yield a probability of

derailment P[Derailment Sd = 19cm, Sa = 1.35g]=90%.

Already, without taking into account the discontinuities in site conditions, the situation

was rather precarious: the probability of derailment under vibratory motion for a

stationary train was 87%. When the discontinuities in site conditions are considered, the

situation is worst, for the probability of derailment under vibratory motion for a moving

train becomes 90%.
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3 Inelastic Analysis

In the previous chapter, we assumed linear dynamic behavior of the soil and the

structure. In this section, nonlinearities in the structural response and permanent

deformations are included.

In linear analysis, the acceleration response spectra were obtained by filtering the

bedrock ground motion through a linear soil filter and a linear structural filter.

Considering that most structures behave inelastically in a major earthquake, this linear

approach may not be appropriate to describe seismic demands. Parameters that describe

the inelastic behaviour of a structure under seismic conditions are the ductility demand

pt, which measures the imposed post-elastic deformation on a member; and the inelastic

strength demand which is the yield strength required to limit the ductility ratio p. to a

given value.

In Section 3.1, we re-evaluate derailment due to vibratory motion by considering

inelastic behaviour of the structure. The soil is assumed to remain linear elastic, and the

structure is assumed to behave like an elasto-plastic SDOF system. In Section 3.2,

permanent deformations are included, and derailment due to running on damaged tracks

is considered. A method based on residual displacement is presented. In this approach,

derailment of the second type occurs when the residual displacement of the track

exceeds a displacement limit Dimit. Also in this analysis we assume that the soil is

linear elastic and the structure elasto-plastic. Spatial dependence of damage is

considered, including train speed in the model.

3.1 Derailment during Ground Motion

In this section, we re-consider derailment by vibratory motion under the assumption that

the soil behaves linearly whereas the structure has elasto-plastic behaviour. If the linear

elastic acceleration demand Saei (cs, ) is less than the acceleration at yielding Sayeld ,

the elastic analysis presented in the previous chapter is adequate: both the peak

acceleration and the peak displacement remain unchanged. When Saei (CS,)
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exceeds Sayield, the acceleration demand equals to Sayield (o). In this case, non-linear

behaviour in the structure reduces the peak elastic acceleration to the acceleration at

yielding, but it also increases the peak relative displacement. Criteria for derailment are

in terms of both peak acceleration and peak absolute displacement. Therefore, one must

consider the trade-off between the increase in displacement and the decrease in

acceleration. Specifically, we determine whether the increase in relative displacement

may increase sufficiently the absolute displacement to augment the probability of

derailment with respect to the elastic case. A brief review of the demand parameters

when considering inelastic behaviour is presented first. Then, a method to evaluate the

probability of derailment is presented.

One effect produced by nonlinear behavior in the structure is the reduction in lateral

strength demand Sa. Another effect is an increase in displacement demand. The

parameters that describe these effects are the strength ratio R, and the ductility demand

pt. They are described next.

The relative elastic lateral strength is measured by the relative elastic strength ratio R. It

is defmed as:

R = Saei
Sayield

where Sayield is the lateral acceleration at yielding, and Sae represent the lateral

strength required to maintain the system elastic. It is the absolute acceleration of the

elastic system, sometimes referred to as the elastic strength demand.

The ductility inelastic displacement ratio p measures the imposed post-elastic

deformation on a member and is defined as the ratio of the maximum lateral inelastic
displacement DineiastictO the yield displacement Dyield:

Dineiastic

Dyield

Note that the displacements are relative to the ground. These parameters are

summarized in Figure 3-1.
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Figure 3-1 Demand parameters when considering inelastic behaviour (elasto-plastic system)

The inelastic displacement ratio CR is defined as the maximum lateral inelastic

displacement demand Dineiastic divided by the maximum lateral elastic displacement

demandDeion systems with the same mass and initial stiffness (i.e. same period of

vibration) when subjected to the same earthquake (i.e. constant relative strength):

CR = Dinelastic (23)
Dei

with CR =1 in the elastic range (R 51) and CR tends to be greater than one when

inelastic behaviour are considered. Displacements are relative to the ground.

Ruiz-Garcia and Miranda (2003) studied how CR depends on the natural period of the

structure Tq for different values of the relative elastic strength R. In this investigation

non-linear regression analyses on CR yield to the following equation:
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C(R -1) (24)
CR a (T )bC

Where Ts, is the natural period of the structure, T, is a characteristic period at the site

and a, b and c are constants that depend on site condition. The effect of soil type

onCR is small and in what follows we use the ratio averaged over the different soil

types. Equation (24) provides estimates of CR as a function of R and Tt.

For R <;1, the structure behaves elastically, and the inelastic displacement ratio CR =1.

The values of the peak acceleration and the peak displacement remain unchanged.

For R > 1, the peak acceleration decreases: Saineiastic = Sayield , and the inelastic

displacement ratio CR > 1 implies that the peak relative displacement increases:

Dinelastic = CR * Dei .

Given R, the ductility demand R can be computed with the constant relative strength

inelastic displacement ratios CR. The relationship between R and the expected value of

[t can be expressed in terms of the expected value of the inelastic displacement ratio CR

as follows (Ruiz-Garcia and Miranda, 2003):

E[#] = R * E[CR]

Therefore, the constant relative strength ratio CR like those reported by Ruiz-Garcia and

Miranda (2003) can be used to obtain the maximum inelastic displacement when R is

know for a given ground motion.

The absolute acceleration Sd may be estimated as:

Sd = jPGD2 + D (25)

Figure 3-2 shows the expected value of CR for R=2, 4 and 6; using Equation (24)

with T =0.85s.
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Inelastic ratio

Figure 3-2 Inelastic displacement ratio CR as a function of the natural period of the structure Tst,

for relative strength R=2, 4 and 6 (Miranda, 2003)

Clearly, for flexible structures (T 0.7s) the inelastic displacement equals the elastic

displacement; and thus even for large values of R. Therefore, for structures with natural

period greater than 0.7 seconds, the elastic analysis is only conservative: in this range,

nonlinear behavior in the structure produces only a reduction in the lateral acceleration;

the increase in relative displacement being not noticeable, the increase in absolute

displacement Sd as reported in Equation (25) is even more negligible. The elastic

analysis for Tq-0.7s yields conservative results when Sa exceeds Sayield. Sayield for

flexible structures (Tt 0.7s) are low so it is likely that Sa exceeds Sayield. For example,

in the case of a natural period of Tqt=lsec, the peak acceleration exceeds Sayield in one

scenario, for M=7.5 and R=20km.

For stiffer structures (Tti <0.7s), there is a more pronounced increase in the

displacement produced by nonlinear behavior in the structure. Note that this increase is

in the relative displacement. This range is of particular interest and investigated next.

Figure 3-3 shows CR as a function of the relative strength R for natural periods of the

structure Tst=0.3, 0.4 and 0.5s.

99

4

3.5

3

2.5

2

1.5

1

0.5
0.1 0.3 0.5

Tst (sec)

0.7 0.9



Inelastic ratio

1.4

-Tst=0.3s

1.2 
-- Tst=0.4s

Tst=0.5s
1

0.8
0 1 2 3 4 5

R

Figure 3-3 Inelastic displacement ratio CR as a function of the relative strength R for natural period

of the structure Tst=0.3, 0.4 and 0.5s (Miranda, 2003)

The amplitude of CR increases as the natural period of the structure decreases. The peak

relative displacement increases for stiffer structures. Figure 3-4 summarizes the

different cases. In zone 1, the elastic analysis is adequate. In zone 2, the elastic analysis

is conservative. In zone 3, there is a trade-off between the increase in Sd and the

decrease in Sa.

R

= Sdei

'e.

R=1 -
ELA TIC

Zone 1
R,-1

0.3s O.4s 0.5s Tst 9.7s 0.9s Is Tst

1.47g 0.93g 0.66g 0.41g O.29g 0.25g

Figure 3-4 Trade-off between increase in Sd and decrease in Sa
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As shown in Figure 3-4, the trade-off between the increase in Sa and the decrease in Sd

is to be considered when Tst<0.7s. Nevertheless, three observations lead us to consider

that the elastic analysis remains conservative even in Zone 3:

1) In this range, for structures with natural periods Tst>0.3s, and for low-level of

lateral strength ratio (R<2), CR <1.13 (see Figure 3-3). Thus the increase in relative

displacement due to the non-linear behaviour remains small. For example, for R=2, the

spectral acceleration decreases by a factor of 2 whereas the relative displacement

increases by less than 13%.

2) In addition, For Tst<ls, the peak ground displacement dominates the absolute

displacement: the relative displacement is thus small compared with the peak ground

displacement. Therefore, the increase in the absolute displacement must not be

noticeable. Equation (24) gives:

Sdinelastic = PGD 2 + Dneastic = PGD2 + (CR * Dei)2 . For Tst=0.3s, Dei < PGD

hence, a 13% increase in Dei only yields a 1.6% increases in absolute displacement. By

comparison, Sa decreases by a factor of 2 in this example.

3) Finally, Sayield increases as the natural period of the structure decreases. Thus CR

is high when the acceleration at yielding is high (see Figure 3-4). Table 3-1 shows the

displacements and accelerations at yielding Dyield and Ayield; and the displacements Dmax

that cause the ductility capacity of the viaduct to be exceeded. Dyield and Dmax are from

JR East assessments of viaduct damages through simulations; Ayield is computed using

2
Ayield =stDyield

Tst Dyield Ayielding Dmax

0.3s 3.29cm 1.47g 11.10cm

0.4s 3.71 cm 0.93g 12.80cm

0.5s 4.13cm 0.66g 14.50cm

0.75s 5.17cm 0.37g 18.75cm

1s 6.22cm 0.25g 23.00cm
Table 3-1 Displacements (cm) and Accelerations (g) at yielding and before failure (JR East viaduct

damage assessment)
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As a result, two observations are made:

1) When considering very flexible structures (Tst>0.7s) , the elastic criteria are

conservative compared with results that could be obtained by allowing inelastic

behaviours. Inelastic behaviour produces a decrease in the peak acceleration, the

increase in the peak displacement for Ts>0.7s being not noticeable. Since Sayield for

flexible structures are low, the elastic analysis may be quite conservative.

2) For stiffer structures, the peak ground displacement largely dominates the

relative displacement. Hence, as a first approximation, one can assume that the

increase in absolute displacement is negligible and that the elastic analysis is still

conservative.

In what follows, we re-evaluate the probability of derailment under vibratory motion for

the 3 scenarios presented in the elastic case: no structure (criteria for derailment in terms

of PGA PGD), and for a natural period of the structure of Tst=0.4s and Tst=ls (see

Figure 2-46, Figure 2-47 and Figure 2-48 in the elastic case).

When there is no structure, the elastic case remains unchanged.

For Tst=0.4s, and for the 3 earthquake scenarios considered previously (M=6, 7

and 7.5 and R=20, 50 and 100km), the expected value of Saei never exceeds

Sayield=0. 9 4 g. To obtain the probability of derailment, one must consider the

probability that Saei exceeds Sayield.

For Tst=ls, and for the 3 earthquake scenarios aforementioned, Saji exceeds

Sayield=0. 2 5 g once, in the case M=7.5 and R=20. In the elastic case, the

probabilities of derailment in this scenario were 82.7% and 86.6% for rock and

soil respectively. They fall to 38.5% and 38.6% when considering the reduction

in Sa in the inelastic case.

As a conclusion, the elastic criteria are in most cases conservative compared with results

that are obtained by allowing inelastic behaviours. The order of magnitude of the

demand parameters at stake when considering seismic loads (peak displacement and

peak acceleration) are in most cases within the elastic range for stiff structures and an

elastic analysis may be considered adequate. For more flexible structure, as Sayield takes
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lower values, the decrease in Sa is of importance and may yield to lower probability of

derailment when considering inelastic behaviours.

Next, we consider the second cause of derailment due to permanent deformations of the

track.
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3.2 Derailment after the Ground Motion due to Track Damage

The cause of derailment considered so far has been excessive track vibration and

deformation during the ground motion. Now we consider the second cause of

derailment, which is permanent track deformation after the ground motion as ended.

Structural damages are primarily the result of lateral deformations (Garcia and Miranda,

2005). Section 3.2.1 reviews studies where derailment is related to the peak

displacement demands on the supporting structure. However, excessive residual

deformation appears as a more pertinent criterion for derailment due to running on

damaged tracks. A method based on residual displacements is presented in Section

3.2.2.

3.2.1 Previous Studies of Derailment due to Permanent Track

Deformation

Papadimitriou (1995) presented an evaluation of the probability of train derailment due

to permanent track damage. JR East Research Laboratory developed its own evaluation

using semi-empirical results of viaduct failures based on simulations. These two

methods relate derailment due to track damage to peak deformation demand.

Papadimitriou (1995) assumed that a train does not derail unless the viaduct structure it

runs on has exceeded its ductility capacity estimated to be 4 for a typical Shinkansen

viaduct. For a viaduct height of 10m designed under normal soil conditions, the viaduct

top displacement at yielding Sdyielding was estimated to be between 3.1 and 3.4cm.

Hence, the maximum peak displacement demand at failure is assessed to be between

12.4 and 13.6cm. The median spectral accelerations at yielding for different natural

periods were estimated assuming Sayield = wSdyield. The median spectral acceleration

Salimit that causes the ductility capacity of the viaduct to be exceeded are obtained

through the strength reduction factor R(p) = ur I a yielding by which the median

resistance relative to first yielding Sa yielding is increased to obtain Salimit. Table 3-2

summarizes the values of Sayield, R and Salimit for different natural periods of the

structure.

104



Tst (sec) Sayielding range (in g) R(U = 4) Salimit (in g)

0.3 1.36-1.49 2.2 2.99-3.28

0.4 0.76 - 0.84 2.3 1.75 - 1.93

0.5 0.49-0.54 2.4 1.18-1.30

Table 3-2 Median spectral acceleration at yielding

It is assumed that the structural resistance of the structure in terms of Sa follows a log-

normal distribution (NIBS Technical Manual, 1994). The median resistance of the

structure is Saimit and the value of the logarithm standard deviation 0 inR is based on

results on literature on the seismic fragility of framed reinforced concrete structures and

set at CinR = 0.4. The median values of Salimit shown in Table 3-2 are used to evaluate

the probability of structural damage in Figure 3-5.

Probability of local structural damage

(1nR 0.4

0,9
0,8
0,7
0,6

S0,5

0,4
, 0,3

0,2

0,1
0

0 0,5 1 1,5 2 2,5 3

Sa (g)
------- Tst=0.3s - Tst=0.4s - Tst=0.5s

Figure 3-5 Probability of local structural damage for normal soil condition and for Tst=0.3, 0.4 and

0.5s

Estimates of the probability of local structural damage given Sa as reported by

Papadimitriou (1995) are listed in Table 3-3. In addition, it shows the corresponding

probability of derailment by vibratory motion, from our study. Derailment by vibratory

motion dominates.
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Sa (g) 0.1g 0.3g 0.5g 1g 1.5g
Probability of derailment by track 0.0000% 0.0002% 0.0367% 5.01% 26.43%

damage (papadimitriou, 1995)
Sdre (cm) 0.40 1.19 1.99 3.98 5.97
PGD (cm) 5.17 10.99 15.60 25.10 33.16
Sdabs (cm) 5.19 11.06 15.73 25.42 33.69

Probability of derailment (%) by 1.57% 36.45% 67.42% 92.66% 97.54%
vibration (our study) ____ _ I_____ I____ I___ I___

Table 3-3 Probability of derailment by track damage (Papadimitriou, 1995)

and by vibratory motion (our study).

Figure 3-6 shows the comparison between the two modes of derailment. Clearly,

derailment by local track damage does not dominate.

Probability of derailment

100.0%

80.0%
- by track damage

60.0% (papadimitriou, 1995)
x by Nibratory motion

40.0% (our study)

20.0%

0.0%
0 0.5 1 1.5 2

Sa (g)

Figure 3-6 Comparison between derailment by track damage (papadimitriou) and by vibratory

motion.

JR East research laboratory developed its own evaluation of damaged spans using semi-

empirical results based on simulations. In Papadimitriou (1995) work, one level of

damage was considered. In JR East work, the resistance performance is evaluated for 4

different levels: shear failure, yielding, maximum moment and ultimate bending

moment (see Figure 3-7 below). First, the 4 displacement magnitude limits Dijmt

corresponding to the 4 damage levels are evaluated for different structures; then, the

maximum response displacement magnitude Dmax are calculated as a function of

earthquake intensity (SI).
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Figure 3-7 Levels of damage - Moment as function of displacement (JR East, 2005)

First, six types of representative viaducts were selected, each characterized by different

foundations, upper structure shapes, height of columns, shearing resistance ratios, etc.

Static non-linear analyses in the rail direction and at right angle to the rails were

conducted to evaluate the earthquake resistance performance of the structures in terms

of the displacement magnitude limit Dijmit for each damage level. Table 3-4 shows an

example of Dlmit values obtained for a particular viaduct (Tst=0.5sec).
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Diimit (cm) of a specific viaduct for different damage levels

Level 1 Level 2 Level 3 Level 4

shear failure yielding maximum ultimate

2,49cm 4,99cm 22,99cm 31,24cm

Table 3-4: Example of Dumt for a specific viaduct and for different level of damages

Figure 3-8 shows

structure Tst. The

results.

the displacement limits as function of the natural period of the

relationships are obtained by linear regressions on the simulation

Displacement limit (cm)

30

25

E 20

15

F310

5

0
0,37 0,47 0,57 0 67

------- level 1: shear failure
level 2: yielding

-- level 3: maximum
-*- level 4: ultimate

0,77 0,87
T st (sec)

Figure 3-8 Displacement limits as a function of the natural period of the structure (JR East

simulation)

Second, the relationship between ground motion intensity - measured in SI value - and

peak displacement Dx was assessed by conducting dynamic response analysis using

numerical models for the frameworks of the viaducts and ground motion time history as

vibratory inputs.

Table 3-5 shows examples of Dmax values for a specific viaduct (same viaduct as in

table Table 3-4) as a function of earthquake intensity (SI).
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Mean of D..a(cm) as function of SI(cm/s) for Tt=0.5sec

SI(cm/s) 20 30 40 50 60 70 80 90 100

D a(cm) 2.3cm 3.4cm 4.8cm 9.0cm 11.9cm 18.6cm 19.8cm 20.8cm 23.6cm

OlnD 0.23 0.20 0.24 0.56 0.47 0.44 0.37 0.35 0.27

Table 3-5: Example of Dm. for a specific viaduct (Tst=0.5sec), as a function of SI (cm/s).

(D
It is then assumed that the logarithm displacement ratio ln i )ax follows a normal

distribution. The standard deviations of the lognormal distribution are in the range 0.25

and 0.45. The damage probability for each damage level was calculated as the

probability that the logarithmic displacement ratio would be positive. Figure 3-9 shows

an example of fragility curves for viaduct damage for Tj=0.5s.

Fragility Curve -V Eductdam age Probabilities
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a
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a)
a
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0,0

0,4 - dam age ve1

4~.. .~,,

_6- dam age levell

* dam age bve12
-@- dam age bve13
- 4- dam age ]ee4
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Figure 3-9: Example of a fragility curve for Tst=0.5s.

In Papadimitriou (1995), 3.lcm Sdyielding 3.4cm. JR East's estimates of

displacement at yielding, as shown in Figure 3-8, are of about 4cm for Tt= 0.4sec. The

two models are in good agreement. Failure in Papadimitriou's model occurs when the
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displacement exceeds the ductility capacity. This corresponds to a damage level of 3

with the JR East notations. To evaluate the probability of derailment by track damage

with the methodology used by JR East, one should consider damage level 3.

Results for the first mode of derailment (by vibration during the ground motion) are

compared to the results for the second mode (derailment by damaged tracks with level 3

as the critical level); according to JR east simulations. Figure 3-10 shows the

comparison between derailment by vibratory motion and derailment by track damage

for Tst=0.4s; whereas Figure 3-11 shows the comparison between the two modes for

Tst=ls.

Probability of derailment
Vibratory motion vs. Track damage

JR East estimations, Tst=0.4s

CO
-0

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

10060200 40

S I (cm/s)

Figure 3-10 Comparison between derailment by vibratory motion vs. derailment by track damage

for Tst=0.4s, JR East simulations
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Figure 3-11 Comparison between derailment by vibratory motion vs. derailment by track damage

for Tst=1s, JR East simulations

Clearly, when considering level 3 as the critical level for derailment by track damage,

this mode of derailment is not dominant.

When considering derailment of a moving train running on damaged track, a more

pertinent parameter is the residual displacement. During the ground motion phase, our

model assumes that derailment does not occur until the relative displacement between

wheel and rail exceeds 70mm. After the ground motion phase, the same derailment

criteria must apply, and derailment should not occur until those criteria are met. Next, a

method based on residual displacement is presented.
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3.2.2 Residual Displacement

The amplitude of the residual deformation appears as a more relevant parameter when

determining whether a train running on damaged tracks will manage to negotiate the

deformed tracks.

The criteria for derailment derived earlier are (Equation 2):

A > 0.3g

and

D 70mm

If these two parameters are sufficient to trigger derailment during the ground motion,

then, it is expected that the same criteria must apply after the ground motion. After the

ground motion ended, only one parameter is considered: the permanent

displacement Dres. In what follows, it is assumed that a permanent displacement of

diim = 7cm after the ground motion is by itself sufficient to trigger the derailment of a

moving train running on damaged tracks. The acceleration is not considered after the

ground motion ends. This second constraint would yield even lower probability of

derailment by track damage.

The second step is to evaluate the amplitude of the residual displacement as a function

of the peak elastic acceleration Sae, . Given the acceleration Saei and a natural period of

the structure T, we can obtain the probability that the residual displacement

Dres exceeds diim = 7cm. This is done by deriving the probability density

function An Dres(ln d) as a function of Saei and T,,. The probability that Dres > dim is:

P(lnDres > In diim) ffinDres(Ind)dInd

in dii

A brief review on residual displacement is presented first, followed by the derivation of

An Dres -
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The evaluation of residual displacement demands has been generally oriented to a

constant-ductility approach (e.g., Kawashima et. al, 1998), when the displacement

ductility resistance of the system is known. However, Miranda (2001) and Ruiz-Garcia

and Miranda (2003) note that the displacement ductility demand is in general not known

and therefore a more appropriate procedure is to evaluate deformation demands from

known properties of the system such as the period of vibration Tst and the lateral

strength R. Ruiz-Garcia and Miranda (2005) have studied the residual displacement

ratio Cr:

Cr = Dres
Del

Cr is the ratio between the residual displacement Dres and the peak relative elastic

displacement Del. The ratios Cr were computed using single degree of freedom

(SDOF) systems with specific lateral strength ratio R. The lateral strength ratio R is

given by:

R = Sae
R Sayielding

where Saei is the peak elastic acceleration and Sayelding is the lateral yield strength

capacity of the system.

The residual displacement ratios Cr were computed for elastoplastic, bilinear and

stiffness-degrading SDOF systems with lateral strength ratio R=1.5, 2, 3, 4, 5 and 6.

Systems with positive post-yield stiffness and stiffness-degrading systems produce

smaller residual displacement ratios than elastoplastic systems. Hence, elastoplastic

results are conservative.

The following simplified form for Cr is proposed by Ruiz-Garcia and Miranda (2005):

Cr=a + - -exp[-d(R-1)e
b 4 1 Tc

where Ts, is the natural period of the structure, R the lateral strength ratio and

a, b, c, d and e are coefficients that depend on site condition.
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Figure 3-12 and Figure 3-13 show the amplitude of the residual displacement ratios for

elastoplastic systems and for R=2 and R=4 respectively. The different curves in each

figure are for different soil conditions (denoted AB, C and D). The effect of soil type

onC, is small and in what follows, we use the ratio averaged over the three soil types

(denoted ABCD).

Residual Displacement Ratio Cr
in site classes AB, C, D

2

1,5
- Cr AB

1 ___Cr C

0,5 Cr D

CrABCD
0

0 0,5 1 1,5 2 2,5 3

Tst (sec)

Figure 3-12 Residual displacement ratio for R=2; Ruiz-Garcia and Miranda (2005)

For example, for R=2,

permanent deformation

elastic structure.

a structure with Tst=0.4s is expected to experience a terminal

equal to about 50% of the maximum displacement of a linear

Residual Displacement Ratio Cr
in site classes AB, C, D

2 R=42

1,5
__CrAB

- Cr C

0,5 Cr D
..CrABCD,

0
0 0,5 1 1,5 2 2,5 3

Tst (sec)

Figure 3-13 Residual displacement ratio for R=4; Ruiz-Garcia and Miranda (2005)
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C, displays a large record-to-record variability. The coefficient of variation of

Cr ranges from 1.6 for periods smaller than 0.3s to 0.8 for longer periods (T>0.5s) (see

Table 3-6). This variability is significant and must be taken into account. For example,

for systems with period of vibration smaller than Is, the residual displacement can vary

from being less than 10% of peak elastic displacement to being larger than the elastic

deformation (Ruiz-Garcia and Miranda, 2005).

Figure 3-14 Residual displacement ratio as a function of the relative lateral strength R

When R ; 1, the structure responds elastically and there is no residual displacement:

Cr=O (see Figure 3-14). Nevertheless, even if R is expected to be less than 1, there is

still a probability that R exceeds 1, yielding non zero residual displacements.

The probability density function fin Dres (ln d) is calculated as follows.

Given the acceleration demand Sae, for a structure with natural period T,,, the median

lateral strength ratio R is: R = SaiSayelding ( . The standard deviation of the

lognormal distribution of R is 0.4 (see Section 3.2.1).
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Assuming a relation between acceleration Sa and relative displacement D of the

form Sa = 2D, the ratio of the relative displacements equals the ratio

accelerations:

Del(M,R _km) Saei(M, R _km) = R
Dyield Sayield

Given R, the residual displacement ratio CrIR can therefore be written as:

CrR = Dres _ Dres
De R * Dyield

It follows that: Dres ~ CrIR * Dyield * R or: ln(Dres) ~ ln(CrIR ) +n(Dyield)+ n(R)

The ratio CrR may be taken as having a log-normal distribution with standard

deviations evaluated from the coefficients of variation ofCrR given by Ruiz-Garcia and

Miranda (2005). When R<l, the structure responds elastically and there is no residual

displacement Cr=O. Therefore, the log-normal distribution of CrJR is truncated and for

R$I, Cr=0.

The probability density function of the residual displacement is obtained as:

fAnDres(Ind)= fAnf rnr) fIncr, (lnd -InDy-lnr)

Where

fInR(In r) =
1 F

exp
01n R [

I Inr-mlfR

2~ ( UnR

fAnC (ln cr)= exp
Orn Cr r 5

In d - In Dy - In r - minC

UinC

The following values of the displacement at yielding are from JR East and refer to

viaduct structures. The coefficients of variation of Cr are from Ruiz-Garcia and

Miranda, 2005.
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Tst (sec) Dy (cm) COV Cr
0.3 3.3 1.2
0.4 3.7 1.1
0.5 4.1 1
0.9 5.8 0.8

Table 3-6 Displacement at yielding and coefficient of variation of Cr as a funtion of the natural

period of the structure T,

The probability that the residual displacement D,, exceeds a residual displacement

limit diim of 7cm given the lateral strength ratio R is presented in Figure 3-15.

P(Dres>7cm)

80%

70%

60%

50%

40%

30%

20%

10%

0%

0 1 2 R 3 4 5

Figure 3-15 Probability of exceeding a residual displacement of 7cm given R

Interest is mostly in lateral strength ratios smaller than 1 (Figure 3-16). For example, for

a structure with natural period T,,=0.4s, Sayield=0.93g. For an earthquake of magnitude

M=7 at 50 km of the epicentre, Saci=0.3g (soft soil). This excitation yields an expected

lateral strength ratio R of 0.33. Given R=0.33, the probability that the residual

displacement exceed 7cm is 0,0003%.
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P(Dres>7cm)

Figure 3-16 Probability of exceeding a residual displacement of 7cm given R

Sensitivity analysis concerning the residual displacement limit has been conducted for 3

different levels of dim : 5, 7 and 9 cm. They are reported in Figure 3-17.

P(Dres>Dlim) Tst=0.5s
80%

60%

40%

20%

0%
0 1 2 R 3 4 5
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Figure 3-17 Probability of exceeding a residual displacement of 5, 7 and 9 cm given R; for Tt=0.5s

Given a lateral strength ratio of R=0.5, and for a natural period Tst=0.5s, the probability

that the residual displacement exceed 5cm is 0,06%. It becomes 0,03% when diim is set

equal to 7cm; and 0,01% when diim =9cm.

In what follows, we evaluate the probability of derailment due to running on damaged

tracks for two of the earthquake scenarios presented in the elastic case: for T5t=0.4s and

Tst=Is (see Figure 2-47 and Figure 2-48 in the elastic case) and for M=6, 7 and 7.5. The

probability that Dres exceeds 7cm in these scenarios is shown in Figure 3-18 for T,,=1s;

and in Figure 3-19 for T5t=0.4s.
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Probability of derailment by track damage
Tst=ls
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Figure 3-18 Probability of derailment by local track damage for Tst=ls

Probability of derailment by track damage
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Figure 3-19 Probability of derailment by local track damage for Tst=0.4s

The probabilities obtained are relatively low: In Figure 3-20, the probability of

derailment by local track damage (solid line) is compared to the probability of

derailment by vibratory motion (dotted line) for an earthquake of magnitude 7. When

considering the same earthquake scenario and the same site conditions, the probability

of derailment by vibratory motion dominates.
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Probability of derailment
by track damage vs. by vibratory motion
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Figure 3-20 Comparison between derailment by vibratory motion and by track damage

Clearly, any permanent deformation at the end of the ground motion would be equaled

or exceeded during the motion itself Based on this consideration, derailment by track

damage is not dominant, at it is shown in Figure 3-20. Papadimitriou (1995) and JR East

simulations (2005) also come to the same conclusion.

Spatial dependence of damage

The probability of derailment by local track damage is further investigated by taking

into account the spatial dependence of damage. Equation (26) formulates the

phenomenon of clustering of earthquake damage:

Pd =I- exp[- A * P] (26)

where A is the number of spans that a train runs through until it stops. P is the

probability of local damage as estimated in this section and Pd is the probability of

derailment by track damage that takes into consideration the phenomenon of clustering

of damage. In this formulation, the train speed is included, for A will increase as the

speed increases. The probability of derailment by track damage increases as the number

of spans that a train runs through until it stops increases, as seen in Figure 3-21.
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Figure 3-21 Spatial dependence of damage

In order to compare the results under the same conditions, it is assumed that the train

runs at the highest speed, 275 km/h, and stars the brake when the wave arrives at the

site. Under these assumptions, the number of spans A is 78 (JR East estimations,

personal communication). The probability of derailment by track damage with spatial

dependence of damage is presented in Figure 3-22 for an earthquake scenario M=7 on

soft soil, for T5t=0.4s. The probability of derailment by track damage without spatial

dependence of damage is plotted in solid line; whereas the probability of derailment by

track damage with spatial dependence of damage is plotted in dotted lines for A=78 and

A=140.

Probability of Derailment
Tst=0.4s
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- (7, soil, dam, A=78)
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Figure 3-22 Probability of derailment by track damage with spatial dependence of damage

Spatial dependence of damage increases significantly the probability of derailment by

track damage. The sensitivity to A is relatively minor.
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In Figure 3-23, the probability of derailment by track damage with spatial dependence

of damage is compared with the probability of derailment by vibratory motion. The

probability of derailment by vibratory motion is plotted in dotted line; whereas the

probability of derailment by track damage with spatial dependence of damage is plotted

in solid lines for A=78 and A=140.

Probability of Derailment
Tst=0.4s

10.000%
.....- ---- (7, soil, .4b)

(7, soil, dam, A=78)
0.100% (7, soil, dam, A=140)

0.

0.001%
10 100

R (km)

Figure 3-23 Probability of derailment by track damage with spatial dependence of damage

compared with the probability of derailment by vibratory motion

Also in the case of spatial dependence of damage, derailment by vibratory motion

dominates. If the derailment criteria are not met during the vibratory motion phase, it is

possible but unlikely that they are met after the ground motion ended. Any permanent

deformation at the end of the ground motion would be equaled or exceeded during the

motion itself. Hence, we find that the first mode of derailment by vibratory motion

dominates over the second mode, and the same result is obtained when spatial

dependence of damage and train speed is considered. Spatial dependence of damage

increases significantly the probability of derailment by track damage but not sufficiently

to exceed the probability by vibratory motion under the same conditions.

The acceleration criterion has not been considered after the ground motion ends. In any

case, adding a second constraint to the probability of derailment by track damage would

123



have yield lower probabilities for this mode of derailment. Hence, by considering only

the displacement criterion, one is being conservative.
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4 Conclusions

General criteria for derailment under earthquake conditions have been derived in terms

of peak transversal acceleration and peak transversal displacement of the train.

It has been concluded that a train derails if:

A A 0.3g

and (2)

D 70mm

These criteria reproduce JR East's results very accurately for high-speed trains

(Shinkansen). For commuter trains, the agreement is not as good. The criteria are in

terms of absolute acceleration and absolute displacement, thus accounting for the

contribution of the ground motion to the critical level of shaking. The vertical

component of the acceleration is not considered and is usually disregarded in derailment

risk analysis. However, to quantify the contribution of the vertical component, one

should conduct simulations similar to those performed by JR East, using a dynamic

train model with input excitations vertical to the track direction.

The derailment criteria should be expressed in probabilistic terms. Here, we considered

sharp boundaries between the safe and unsafe regions. In reality, it is stochastic: There

is a non-zero probability that a train derails in the safe region; as well as a non-zero

probability that a train does not derail in the unsafe region. It is assumed that this second

type of uncertainty is small relative to the uncertainty on{(D,A)M,R}, thus the analysis

that considers only the uncertainty on {(D,A)M,R} is adequate. Although the

uncertainty in the derailment criteria is a second order uncertainty compared to the

uncertainty in displacement and acceleration given M and R, it could be analysed in

future work.

Two modes of derailment have been considered. First, during the ground motion,

derailment may occur due to excessive track vibration and deformation. Second, after

the ground motion has ended, derailment may occur due to excessive permanent track

deformation. The criteria in equation (2) refer to both modes of derailment. If the
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derailment criteria are not met during the vibratory motion phase, it is possible but

unlikely that they are met after the ground motion ended. Any permanent deformation at

the end of the ground motion would be equaled or exceeded during the motion itself.

Hence, we find that the first mode of derailment by vibratory motion dominates over the

second mode. This result holds when spatial dependence of damage is considered, and

train speed included in the assessment of the probability of derailment by track damage.

However, the relation between the probability of derailment by local damage and the

probability of derailment by track damage that considers the spatial dependence of

damage needs to be further investigated.

Train speed has been considered only in part in the assessment of the first mode of

derailment. Speed has actually two effects: 1) It may facilitate derailment under

synchronous track motion and 2) It contributes to lateral acceleration and displacement

under non-synchronous track motion. The latter effect is considered in the estimation of

the second component of train acceleration, whereas the former effect has been ignored.

Intuitively, one would expect that as the speed of train increases, the critical level of

shaking for derailment decreases. To quantify this decrease, one should formulate a

dynamic model of a moving train, which is behind the scope of the present work. The

decrease in the critical level induced by train speed will increase the probability of

derailment by vibratory motion.

An elastic analysis is considered adequate to assess the probability of derailment under

earthquake conditions. One effect produced by nonlinear behavior in the structure is a

reduction in lateral acceleration. Another effect is an increase in relative displacement.

In theory, one should consider the trade-off between the increase in displacement and

the decrease in acceleration. However, it is concluded that the increase in relative

displacement is not sufficient to yield a significant increase in the absolute

displacement. Hence, only the decrease in acceleration is considered of importance. The

elastic criteria are therefore conservative compared with results that are obtained by

allowing inelastic behaviours. When the period of the structure is greater than 1 second,

the yielding accelerations are low, and the elastic analysis is quite conservative.

However, such periods are not common. The order of magnitude of the demand
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parameters at stake when considering seismic loads (peak lateral displacement and peak

lateral acceleration) are in most cases within the elastic range for stiffer structure. An

elastic analysis is therefore considered adequate.

Under linear elastic conditions, a method to obtain the power spectral density function

for ground acceleration is presented and used to obtain acceleration response spectra for

the train. This model includes non-homogeneous site conditions when dealing with

derailment of a moving train. Two components of the total lateral motion of the train are

obtained. One is the track motion at a fixed location and the other is the motion as the

train travels on deformed tracks. The latter component includes the effect of spatial

variations in soil and structural characteristics as well as the effect of the incoherence of

ground motion. It is found that the train motion due to track deformation has small

effects at ordinary speeds but becomes noticeable as the speed increases and the support

spacing decreases. For example, for a spacing of 8m between supports, the second

component of train motion becomes important at speeds of 300km/h or higher and in

some cases may increase the peak acceleration due to track motion at a single location

by a factor of 2. In the Niigata case, sudden shifts in site conditions may have induced

differential structural responses. In light of the results concerning spatial variability of

ground motion, the base acceleration due to track motion at a single location Sa may be

increased by a factor of 1.5. Already, without taking into account the discontinuities in

site conditions, the situation was rather precarious: the probability of derailment under

vibratory motion for a stationary train was 87%. When the discontinuities in site

conditions are considered, the situation is worst, for the probability of derailment under

vibratory motion for a moving train becomes 90%.

The model used in this study to obtain theoretical acceleration response spectra has

parameters whose effects on the shape of the response spectra need to be further

discussed. In particular, a more complete sensitivity analysis on the parameters of the

power spectral density function for acceleration is needed. The effect of the shear wave

velocity v, 30 , the depth of the soil column h and the percentage of damping, should be

further investigated.
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Appendix I: The Sliding Block Model

A simple theoretical model - the sliding block model - is used to verify the trends

observed in the simulations. As a first approximation, the sliding-block model is used to

model the dynamic behavior of a train subject to seismic ground acceleration. The

simulations conducted by JR East research laboratory derive the relationship between

the period of the input motion and the critical acceleration yielding to a limiting

displacement of 70mm. They are interpreted as the base acceleration required to

overcome transversal resistance and initiate derailment. In earthquake engineering, the

sliding-block model is used for Newmark analysis to model the dynamic behavior of

landslides.

Ac

Sliding-block model used for Newmark analysis

It has been shown (e.g., Wilson and Keefer (1983)) that using Newmark's method to

model the dynamic behavior of landslides on natural slopes yields reasonable and useful

results. As summarized by Jibson et al (1998), Newmark's method models a landslide as

a rigid block that slides on an inclined plane. The block has a known critical (or yield)

acceleration, Ac, which is the threshold base acceleration required to overcome shear

resistance and initiate sliding. The block is subjected to a base acceleration representing

the earthquake shaking. The analysis calculates the cumulative permanent displacement

of the block relative to its base as it is subjected to the effects of an earthquake

acceleration-time history. In the figure below, an acceleration-time history of interest is

selected, and the critical acceleration of the slope to be modeled is superimposed.

Accelerations below this level (in the figure, Ac is chosen equal to 0.3g) cause no
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permanent displacement of the block. As soon as Ac is reached, a permanent

displacement occurs.

Acceleration

Amax

Ac =0.3g

--- t (s)

Fig. A

Disnlacement A> Ac

A <Ac
. occurs

t (S)
No perm. disp.

Fig. B

Newmark-analysis algorithm in picture, adapted from Wilson and Keefer (1983)

Various equations have been proposed to assess the normalized residual displacement

D as a function of the normalized transmittable acceleration N. Equations proposed by

Newmark (1965), Richards-Elms (1979) and Igarashi are reproduced below. The

following notations have been used: S is the residual displacement of the bloc; V the

V 2
peak velocity; A the peak ground acceleration; and D defined as = D is the peak

A

S
displacement of the ground. The ratio is the normalized residual displacement;

AA

A c is the transmittable block acceleration; and finally N = -c is the normalized
A

transmittable acceleration.
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Normalized Residual Displacement
S=f(N)

10

ffl

CO

0)

C,,

E
Z

10

10

10

10 10 10 10
N =.Transmittable block acceleration AcIMaximum Ground Acceleration A

Regression against Peak velocity and Acceleration reproduced after Igarashi (1986) and Whitman

and Liao (1985)

Most of the previous equations of siding block model are upper bound predictions of

residual displacement. Igarashi's equation provides the less conservative results and will

be used in our study. We modified Igarashi's equation to obtain no residual

displacement when the maximum ground acceleration A is less or equal to Ac . It is

also reproduced in the figure above and referred to as the Modified Igarashi's equation.

In our study, this analysis will model a train as a rigid block that slides on an inclined

plane (the rails). The block has a known critical (or yield) acceleration, Ac, which is the

threshold base acceleration required to overcome transverse resistance and initiate

derailment. The block/train is subjected to a base acceleration (A) representing the

earthquake shaking. Ground motions below the critical levels (Ac and Sc) cause no

derailment.
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In order to compare the modified Igarashi equation with the results obtained by

simulations, we converted the modified Igarashi's equation from a regression of peak

displacement against peak acceleration into a regression of peak displacement against

frequency.

SC and Ac being the critical displacement and acceleration of the train before derailment

respectively, we Assume the following critical acceleration and displacement:

AC = 0.3g = 3000mm /s 2

Sc = 70mm

We obtain an equation of Dc as a function of f plotted in yellow in the figure below

with the simulations results.

Critical Displacement

1000 D(mm)Sh

800 -D(mm) Tr

60 D(mm) sliding
E 600

S400

200

0
0,3 1,3 2,3 3,3 4,3 5,3

f (Hz)

Critical displacement as a function of frequency. From dynamic modeling (JREast model: D-Sh and

D-Tr) and from the slinding-block model (Igarashi's modified equation D-sliding).

It appears that the sliding block approximation to model dynamic train derailment

subject to earthquake-induced ground motion yields results in terms of critical

displacement that are in general agreement with those observed in the JREast

simulations. Although the same trends are observed, the numerical values are not

identical: the sliding-block model is a simple model.
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Critical Accelerations before derailment (in g) 1
Tst (s) Shinkansen Regular train Sliding Block

0,3 3,57 1,53 1,17

0,4 2,01 0,96 0,99

0,5 1,29 0,80 0,87

Critical Accelerations before derailment. Comparison between simulations (Shinkansen and Regular

train) vs. the sliding-block model.

This table presents some values of critical acceleration for selected natural periods (0.3-

0.5 sec). The sliding block model is conservative. A train is more stable than a block

sliding in only one direction on a slope. But the trends observed are in general

agreement with the simulation.
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Appendix II: The Modified Kanai-Tajimi Spectrum

The approach considers the dynamic properties of the soil through a linear transfer

function. To describe the soil layer at station i, a popular functional form for the auto

spectral density function is the modified Kanai-Tajimi Spectrum (MKT) for ground

acceleration (Clough and Penzien, 1975), expressed as:

2 1±+42( 2 *)4

1 + 4i2

Ground acceleration histories can be directly generated from the modified Kanai-Tajimi

power spectral density function - eg. Der Kiureghian and Neuenhofer (1992), Monti et

al. (1996). This model idealizes the soil layer as a single-degree-of-freedom oscillator of

frequency og and damping ratio (;. The first term on the RHS of the equation is the

Kanai-Tajimi spectrum, and the second term is a modifier that makes the mean square

ground displacement finite. co; and (, are characteristic of the soil layer (see table

below) and are based on classification of ground condition. ofand {fare set equal to

0.1 oi and 0.6 respectively; to make the mean square ground displacement finite. The

characteristic ground frequency and damping of the MKT model depend on the soil type

as follow (Der Kuireghian and Neuenhofer, 1992):

Soil Type f1 {

Hard rock 5 0.8

Stiff 3 0.6

Medium 1.5 0.4

Soft 0.5 0.2

Characteristics of soils for the MKT model
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Natural period Ground Type Geological definition

TG<0. 2 s I (Stiff) Tertiary or older rock, or diluvium with H<10m

0.2<TG<0.6s II Diluvium with H>IOm, or alluvium with H<25m

(medium) including soft layer with H<5m

0.6s<TG III (soft) Other than the above ( usually soft alluvium or reclaimed

land)

Classification of ground condition based on the natural period of ground TG

The ground condition is commonly classified in three groups, as shown above, based on

the natural period of the ground TG (Japan Road Association 1990), as reported by

Kawashima, 1998. For the purpose of the transfer function, the soil layer is assimilated

to a single-degree-of-freedom oscillator of frequency fi and damping ratio i.

The transfer function is plotted for 4 set of parameters values that idealize sites with

soft, medium, stiff and hard rock soil properties.

0 5 10 15

MKT Frequency-reponse functions for soils
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The structural response may be obtained through random vibration analysis. The mean

power spectral density of structural acceleration has the form:

S(O|M, R, soil, wt, ,st) = So (M, R) jH(Ooj, , )j2  | H( t s) structure

Note that since the transfer function for soil does not distil what is known about the

various factors affecting ground motion: source modelling, propagation and attenuation,

the scale factor So must depend on M and R. The standard deviation is obtained through

integration over the full range of frequency of the transfer function, from which the

peak response for a given natural period of the structure is derived (see methodology

earlier in this chapter).

Acceleration Response Spectra

1,4
1,2

E0,6
0,4

0,2
0

0 0,5 1 1,5 2 2,5 3 3,5
Tst(sec)

MKT Response Spectra for Firm soil

The figure above shows response spectra from the MKT model (dark line) and from an

empirical relation (Youngs, 1997) in a lighter shade. We see how the theoretical model

(MKT) leads to response spectra with shapes close to the empirical one. In this figure,

the Youngs (1997) empirical attenuation relations if for an earthquake of magnitude 7

and epicentral distance of 100km. A coefficient specific to the couple (M,R)=(7,100)

was applied to fit the theoretical spectra to the attenuation relationship of Youngs for

rock.
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Theoretical (MKT) Acceleration Response Spectra
different soil types

2
-- Amax rock

- 1,5 Amax Firm

0 Amax Med
0

' 0,5

0
0 0,5 1 1,5 2 2,5 3

Tst (s)

Theoretical Response Spectra for different soil conditions

The shortcoming of this method is that except for the site conditions, it does not

incorporate various factors affecting ground motion, such as magnitude M, and distance

to source R. Although the MKT function for soil allows a continuous modelling of soil

conditions, the model requires calibrating each soil type to a PGA empirically observed

on this type of soil. Hence, it implies extensive calibrations, and the empirical data

provides response spectra only for a restricted number of soil conditions. Typically,

only 2 soil conditions are reported - 'Rock' and 'Soil' - hence the difficulty to obtain

calibrations for other soils. In addition, the calibration is likely to vary with the natural

period of the structure.
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Appendix III: Acceleration Response Spectra

Acceleration spectra derived from our model are presented for different earthquake

scenarios. The parameters are noted as follow: 'Magnitude, Epicentral distance (km),

Soil type (rock or soil)'. 'soil' refers to a soil with shear wave velocity of 350m/s, a

depth of the soil column of 30m, and an impedance contrast k of 2. 'Rock' refers to a

soil with shear wave velocity of 650m/s, a depth of the soil column of 30m, and an

impedance contrast k of 1.

For example, '7, 100, soil' refers to our model, it stands for an earthquake of magnitude

7, an epicentral distance of 100km and on soft soil conditions.

When compared with empirical relations, those empirical relations are noted as:

'Magnitude, Epicentral distance (km), Soil type (rock or soil), Type of event (inter or

intra), and name of the author (Y stands for Youngs, 1997). 'Rock' and 'Soil' refer to

the Youngs (1997) study.

For example, '7, 100, soil (intra) Y' stands for an earthquake of magnitude 7, an

epicentral distance of 100km from the Youngs (1997) empirical relationship for soil.

The magnitude considered are: 5, 6, 7, 7.5 and 8, the distances are 100, 50 and 20 km

from the source, and 2 soil conditions are considered.
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