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ABSTRACT

This paper deals with response analysis of inelastic simple engineering structures under high-speed
train-induced vibration. The dynamic load is represented as a time-variant pulse-train function of
unequal amplitudes. The structural response is quantified in terms of ductility factor, permanent
deformation, number of cyclic loops, and input, hysteretic and damping energies. Measures of the
structural performance based on energy concepts and damage indices are also considered. Specifically,
the structural performance is quantified in terms of Park and Ang damage index. Damage indices
imply that the structure is damaged by a combination of repeated stress reversals and high-stress
excursions. In fact, the use of damage indices provides a measure on the structural damage level and
required repair. A new scalar index based on Park and Ang and Cosenza and Fajfar damage indices is
also proposed in this paper. The formulation is demonstrated by studying the structural response of
single-degree-of-freedom inelastic structure to pulse train load composed of locomotive and 10
coaches. A computational code is developed in the Matlab platform to illustrate the numerical results.

Keywords: Damage index; ductility ratio; hysteric energy; inelastic structure; input energy;
train-induced vibration.

1. Introduction

Structural damage prevention from train- and vehicle-induced vibration remains a key
problem for engineers nowadays. This is particularly true for railway and vehicle bridges
and buildings adjacent to railways, since such structures are always subjected to repeated
osscilations during passage of heavy vehicles and high-speed trains. Trains emit not only
noise but also vibration, and the influence of vibration is poorly understood. The effect of
train noise and vibration on human was discussed [1]. [2] Hans et al. (2016) provide
practical experience of performing measurements nearby railway lines and describes a
method that can be used in order to obtain reliable results with a statistical approach.
Vibrations induced by high-speed trains are dynamic loads similar to earthquake and blast
loads. However, characteristics of each of these loads (e.g., frequency content, amplitude,
time duration, etc.) are different. The total duration for a blast load due to a chemical
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explosion is about 0.001-0.1 s, while that for an earthquake is about 20-50 s and the total
duration from a high-speed train lies between these two barriers (2-10 s) for instance.
Furthermore, train-induced loads have positive amplitudes while blast and earthquake
loads have positive and negative amplitudes. [3] presented a comprehensive state-of-the-art
review on train-induced vibration. The study discusses various impact criteria, building
damage, vibration measurement, control of groundborne noise/vibration and evaluation
techniques. Which include wheel and rail maintenance, track support system design,
resilient wheels, tunnel wall thickness, floating slabs, trenches and building isolation? The
study investigates resiliently supported ties, floating slabs, tracks, subway/soil interaction,
and radiation from the subway structure, vibration propagation, and attenuation in soil and
building response to ground borne vibration.

Train-induced vibrations on bridges are transmitted directly to the structural members
with almost same amplitude and frequency. If the buildings located close to railways, the
soil medium amplifies amplitudes and filters frequency content of train-induced vibration
before they hit nearby buildings. A theoretical study on 3D wave propagation in layered
soil is reported [4]. Experimental results of hammer (impulse), harmonic and railway
traffic excitation are also presented by the same author. The ground vibration is assumed to
consist of primarily Rayleigh waves induced by moving forces on rough roads propagating
along the surface of an elastic homogeneous half-space.

A numerical model of free-field traffic-induced vibrations during the passage of a vehicle
on an uneven road accounting for the dynamic interaction between the road and the soil
using the dynamic substructure method and the boundary element technique is developed [5].
The model is validated with analytical results and numerical illustrations for free-field
vibration during passage of a vehicle on a traffic plateau. Understanding train vibration from
their origin and associated structural response remains an active area of research. In reality,
the process of train vibration transmitted to the structure such as bridges and nearby
buildings is energy transferring process. Energy is produced by oscillation of the ground due
to train-induced vibration, and the movement of the ground transfers ground shaking as input
energy to the structure. This input energy is then transformed into different forms of energies
dissipated by the structure (strain, kinetic and damping energies) inducing soil settlement and
structural damage [6] and [7]. Hence, it is crucial to understand the energy characteristics and
energy transfer and associated structural damage due to train-induced vibration.

The rapid increase of high-speed train lines, especially throughout Europe, East-Asia and
some African countries, has recently stimulated researchers to develop and calibrate predictive
tools for analysis of ground vibrations induced in the vicinity of railways. Excessive ground
vibrations may have a significant impact on human comfort and on the built environment. Due
to rapid urbanization, more buildings are constructed closer to busy roads and railways. [8]
analyzed the response of five hypothetical reinforced concrete structures subjected to field
measured ground motions caused by normal traffic conditions and discussed the effect of
traffic induced ground motions on safety of building structures adjacent to busy roadways. This
study focused on human and normal operation of sensitive equipment housed in buildings.

Vertical ground motion induced by a moving train is one of the major sources of
environmental loads that affect the normal operation of sensitive equipment installed in
high technology buildings nearby railways. [9] investigated the micro vibration level of a
high technology building subjected to nearby train-induced vertical ground motion and its
mitigation using a hybrid control platform for sensitive equipment. [10] compared the use
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of local and global shape functions in a boundary element method used in a prediction
model for traffic-induced vibrations. Vibration levels have been predicted using a vehicle
model and related to measured values [11]. A method of calculating the wave field of
horizontally layered soils was presented [12]. An entirely analytical method of calculating
the power spectrum density function of ground vibration in vicinity of a busy roadway is
presented [13]. [14] developed a closed form analytical model for traffic-induced ground
vibrations expressing excitation as a random process using power spectral density.

[15] used the finite element method to simulate ground vibrations transmitted from a
road on a layered site subjected to harmonic forces. [16] utilized the boundary element
method to deal with the numerical modeling of free field vibrations induced during the
passage of a vehicle using the dynamic substructure method. The dynamic response of a
simply supported, single-span structure during the passage of a train modeled by the Euler-
Bernoulli beam theory under constant moving loads was studied [17]. This elementary, yet
realistic, model often gives higher vibration amplitudes than field measurements but can be
refined by considering different interactions. The model can be developed by adding
variation of the load where forces are time-variant functions. [18] considered axle loads to
be composed of constant and harmonic components.

In general, the structural response depends on dynamic properties of the structure
(natural frequency, mode shape, damping, etc.) and on characteristics of train-induced
vibration (speed, frequency content, vibration amplification medium, etc.). To develop a
model which includes the interaction between the train and the structure, the train can be
modeled as a rigid body system. The wheels, bogies and wagon body can be modeled as
separate rigid bodies, linked by dampers and springs (see, e.g., [19] and [20]). [20]
investigated important parameters such as speed of the train, train-to-structure frequency
ratio, mass and span ratios, structure damping and distance between axles on structural
response and concluded that these parameters influence greatly the dynamic response of
the structure. [21] recommends using a nonlinear stiffness law to model the interaction
between the track and the structure. Most previous studies have focused on structural
response, such as displacement, velocity and acceleration under train vibration. This study
deals with damage of inelastic simple structures under train-induced vibration.

2. Response of structures to train-induced vibration loads

In this section, the response analysis and energy quantification for single-degree-of-
freedom (SDOF) inelastic structures under train-induced vibration is studied first.
Subsequently, the use of inelastic response parameters and energy absorbed by the
structure in developing damage indices is explained.

2.1. Dynamic analysis of inelastic structures

The equation of motion governing the relative displacement response u(t) for an
inelastic structure modeled as a SDOF system under train-induced vibration is given by:

mii(t) + cu(t) + f5(t) = f(©) (1)

where m, c, are the mass and damping of the SDOF system, respectively, and f;(t) is
the restoring force in the spring. The above equation of motion may describe the dynamic
response of a single-story frame structure adjacent to a railway or a road or for a simple
bridge model subjected to train-induced vibration f(t). For linear structural behavior the



287
Abbas Moustafa, Alshaymaa Ameen, damage analysis of inelastic structures under train-induced ....

restoring force f;(t) is a linear function of the displacement response u(t) and the spring
stiffness coefficient k. Whereas, in the more general case, when structural nonlinearities
are considered, this force is a nonlinear function of the structure displacement and velocity.
Figure 1 depicts the spring force f(t) for nonlinear systems with force—displacement
characteristic modeled with elastic—plastic behavior. Figure 2 shows the relationship
between the inelastic deformation and the spring hysteretic force for bilinear and elastic-
plastic materials. Equation (1) can be rewritten as:

ii(t) +2Ewoi(t+woy fi(t) =12 )

Here & and w are the pre-yield damping ratio and the pLe-yieId natural frequency of the
structure, respectively, u,, is the yield displacement, and f;(t) = f;/u,, is the normalized
hysteric force. Equation (2) can be further recast as:
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Fig. 1. (a) Inelastic single-degree-of-freedom system, (b) elastic—plastic behavior.
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Fig. 2. Force-displacement relation for nonlinear materials: (a) bilinear model; (b) elastic-plastic model.

where u(t) = u(t)/u, = ductility ratio; and a, = woz/fy = constant that can be
interpreted as the acceleration of the mass necessary to produce the yield force. The
response of inelastic SDOF structures is computed by solving the incremental form of
equations (1), (2) or (3) using numerical integration at discrete points of time (e.g.,
Newmark B-method or Wilson-8 method). For bilinear behavior, an iterative procedure is
adopted to correct for approximations of the secant stiffness used from previous time step.
The next subsection demonstrates the quantification of the train-induced vibration input
energy and associated energy dissipated by the inelastic structure.

2.2. Energy dissipated by SDOF inelastic structures under train-induced vibration

The energy balance for the SDOF inelastic structure can be obtained by multiplying
equation (1) by the relative velocity u(t) and integrating with respect to time [22], [23],
[24], [7], [25] and [6] as follows:
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Jy mi(Du(o)dr + [, ci?(Ddr + [ fi(Du@)de = [ f(Du(r)de (4a)
Ex(t) + Ep(t) + Es(t) = E;(t) (4b)

Equations (4a) and (4b) represent the relative energy terms (see [24] and [25]).
Here E;(t) is the relative input energy to the structure since the structure starts to shake
until it comes back to rest. Ex(t) is the relative kinetic energy [Ex(t) = mu?(t)/2] and
Ep(t) is the energy absorbed by damping. The energy Eg(t) represents the combination of
the relative elastic-strain recoverable energy and the hysteretic cumulative irrecoverable
(yield) energy Ey(t). At the end of the train vibration duration the kinetic and elastic-strain
energies diminish while the hysteretic energy accumulates. Thus, the train vibration input
energy to the structure is dissipated by the hysteretic and the damping energies. [6] studied
different forms of energy absorbed by inelastic structures under earthquake ground motion.
The use of the response parameters in developing damage indices is explained hereafter.

2.3. Damage of inelastic structures under train-induced vibration

The literature on damage measures of structure under earthquake ground motions is vast
(e.g., [26], [27] and [6]). Damage measures of structures under strong ground motion are
expressed in terms of damage indices. Damage indices are based on either a single or
combination of structural response parameters. [6] summarizes several damage measures that
are based on a single response parameter (see, €.g., [28] and [26]). The first measure indicates
the ultimate ductility produced during the ground shaking. Clearly, this measure does not
incorporate any information on how the train vibration input energy is imparted on the structure
nor how this energy is dissipated. Train vibration damage occurs due to the maximum
deformation or ductility and associated with the hysteretic energy dissipated by the structure.
The definition of structural damage, in terms of the ductility factor, is inadequate. The last three
measures indicate the rate of the train vibration input energy to the structure (i.e., how fast E; is
imparted by the train vibration and how fast it gets dissipated). Damage indices can be
estimated by comparing the response parameters demanded by the train vibration with the
structural capacities. [28] proposed a damage index in terms of the ultimate ductility (capacity)
Uy, and the maximum ductility attained during ground shaking t,,qx:

Umax—U -1
Dlgye = max_—y — Hmax (5)
Uy —Uy Hy—1

Since, DI, does not include effects from hysteretic energy dissipation, [26] and [29]
proposed a damage index based on hysteretic energy E}; as:

Ey/(fyu
DICF = % (6)
A robust damage measure should include contribution of maximum response and repeated
cyclic loading. [30], [31] and [32] developed a simple damage index, given as follows:

DI — Ymax En — Pmax Eny 7
pA Uy +nyuu Hu + ﬁfyuyﬂu ( )
Herein, u,,., and Ey = maximum displacement and dissipated hysteretic energy

(excluding elastic energy) under the train vibration. Note that u,,;, IS the maximum
absolute value of the displacement response under ground motion, u, is the ultimate
deformation capacity under monotonic loading and £ is a positive constant that weights the
effect of cyclic loading on structural damage. The contribution to DI, from cyclic loading



289
Abbas Moustafa, Alshaymaa Ameen, damage analysis of inelastic structures under train-induced ....

is omitted when B = 0. The state of the structural damage is defined as: (a) total or
complete collapse, when DIp, > 1.0, (b) damaged beyond repair, when 0.40 < DIp, <
1.0, and (c) repairable damage, when DI, < 0.40. These criteria are based on calibration
of DIp4against experimental results and field observations in train vibration [32]. The Park
and Ang damage index reveals that both maximum ductility and hysteretic energy
dissipation contribute to the structure resistance during ground motions.

A scalar index can be defined using accumulated Park and Ang damage index as follows:

t
Ipg = fOfDIPA(T)dT 8)
Note that for small time step, equation (8) reduces to the summation of the Park and Ang
damage index at discrete time points. Similarly, an energy index representing the normalized
cumulative hysteretic energy developed by Fajfar and Cosenza is obtained as follows:

1 t
Ier = Wfof Ey(7)dr ©)

where —— = constant.
yUy
In this study, the influence of the structure's parameters such (e.g., damping ratio,
strain-hardening ratio) and the characteristics of the train-induced dynamic force (e.g., train
speed or total duration) on the cumulative damage indices are explored. The next section
demonstrates the numerical results for the formulation developed in this study.

3. Numerical Results and Discussions
3.1. Bilinear inelastic SDOF structure

A bilinear inelastic structure is considered with mass 9 x 103 kg, initial stiffness
k; = 1.49 x 10° N/m viscous damping ratio of 0.05. The initial natural frequency was
computed as 4.07 rad/s and the strain hardening ratio(k, = yk;) is taken as 0.05. These
parameters are changed later to study their influence on the train vibration loads and
corresponding inelastic response. The yield displacement is taken as 0.01 m and the
structure is taken to start from rest. This SDOF system may describe a simple model of a
train bridge or a building structure adjacent to railways. The parameters of the Newmark §3-
method are taken as 6 = 0.50; a = 0.25; and At = 0.005 s.

3.2. Input train-induced dynamic force

A passenger high speed train (120 km/h) consisting of a locomotive of a total weight w;
= 80 t and 10 passenger coaches of weight w, =20 t each is used to study the energy
absorption and damage of inelastic SDOF structures to train-induced vibration. The
locomotive consists of six axles of equal weights and the passenger coach consists of four
axles of equal weights. The weights and distance between wheel axles for locomotive and
coaches are demonstrated in figures (3) and (4), respectively.
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Fig. 4. Wheel load and axles arrangement for train passenger coach.
3.3 Results and discussions

The numerical results obtained for the SDOF structure are presented in figures 5-12 and
tables 1-4. Figure 5 shows the input train acceleration and the associated structural
response for inelastic structure with strain hardening ratio = 0.05 and damping ratio = 0.05.
Figure 5 depicts the train input force, displacement response, velocity response,
acceleration response, hysteretic loop and dissipated energy. Figure 6 explains the effect
of the damping ratio on the structural response. Specifically, the influence of & on the yield
energy, input energy and damping energy are provided. Similar results for influence of &
on Park and Ang damage index are presented in figure 7. Figure 8 presents the effect of &
on cumulative damage index and cumulative yield energy. The effect of the change in the
hardening ratio on the structural response is provided in figure 9. figures 10 and 11
provide similar results on the effect of y on damage indices. Based on extensive analyses
of the numerical results, the following observations are made:

1. The structure responds inelastically to high-speed train-induced vibration (see table
land figure 5-(b), 5-(e)). As the train passes close to the structure, the structure
oscillates and the amplitude of vibration builds up. The inelastic structure after
yielding oscillates around a new equilibrium position different from the initial
equilibrium position. Each new yielding (i.e. stress reversal) causes the structure to
drift from its initial equilibrium position and the system oscillates around a new
equilibrium position until this gets shifted by another yielding. Accordingly, after the
train passes the structure, it comes to rest at a position different from its initial
equilibrium position. In other words, the structure permanent deformation remains at
the end of the oscillation (see table 1 and Figure 5-(b)). For instant, the permanent
deformation uj, about 0.03m when y = 0.05 and & = 0.05. The maximum response is
achieved while the structure is subjected to the train load. The displacement amplitude
decays with time during the duration of the train load and decreases with permanent
deformation at the end of oscillation (at time 11s) of 0.03 m as shown in figure 5-(b).
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2. The input energy to the structure is dissipated mainly by yielding and damping (see
figure 5-(f)). The yield energy builds up faster than the damping energy. However,
both energies build up cumulatively. The elastic strain energy and kinetic energy
build up with time faster than other energies and approach zero by the end of the
total duration of vibration. The yield energy approaches its maximum value of
183.87 N.m at around 1 s. However the damping energy approaches its maximum
value of 65.12 N mat timet=28s.

3. The increase in the damping ratio is associated with a decrease in ductility ratio,
permanent and maximum deformations, maximum yield energy, maximum input
energy and the number of cyclic loops or stress reversals (sees tables 1 and figure 6).
For example, the ductility ratio decreases from 12.70 to 10.50 (17.32 %) when the
damping ratio increases from 0.01 to 0.05(see table 1). The maximum and
permanent deformations decrease from 0.043 m to 0.035 m (17.40 %), and from
0.031 m to 0.028 m (10.93 %), respectively. The maximum yield energy decreases
from about 246 N.m to about 184 N.m (25.16 %). Similarly, the number of stress
reversals decreases from 182 to 137(24.73 %). Also, the increase in damping ratio is
associated with a decrease in damage indices (see table 1, figure 7). Thus, when the
damping ratio increases from 0.01 to 0.05, Park and Ang damage index decreases
from 1.61 to 1.33 (17.39 %), Cosenza and Fajfar damage index decreases from 0.20
to 0.16 (20 %) and ductility damage indices decrease from 1.67 to 1.36 (18.56 %). It
can be observed from figure 7 that the values of Park and Ang damage index are
close to associated values of ductility damage index. The values of Cosenza and
Fajfar are relatively small. This could be attributed to contribution of yield energy to
damage indices based on Park and Ang and ductility which is absent in damage
index developed by Cosenza and Fajfar (see equations 5-7). Similarly, the
cumulative damage indices decrease with increasing damping ratio (see table 2 and
figure 8). Hence, when the damping ratio increases from 0.01 to 0.05, the two
proposed scalar indices decrease from 28.09 to 23.21 (17.37 %) and from 35.23 to
26.30 (25.35 %) , respectively (see table 2).

4. The increase in the strain-hardening ratio is associated with a decrease in ductility ratio,
permanent and maximum deformations, maximum vyield energy and number of stress
reversals (see table 3 and figures 9-11). The elastic-plastic structure (i.e.,y = 0 or k2 = Q)
has larger maximum and permanent deformations, ductility factor, higher number of
stress reversals and dissipates larger energy than the bilinear structure (y > 0) (see, table
3). On the other hand, the increase in the strain-hardening ratio is accompanied with a
decrease in all damage indices and new proposed scalar cumulative damage index (see,
figures 10 and 11). Moreover, the effect of the change of strain-hardening ratio on
Cosenza and Fajfar damage index is slight compared to Park and Ang damage index
(see tables 3 and figure 10). As can be seen from figure 11, it can be concluded that the
effect of the change in the strain hardening ratio on IPA (25.04%) is higher than that of
ICF (19.01 %). Similarly, both the input energy and the damping energy decrease as the
strain-hardening ratio increases (see figures 9-(d,e)).

5. It may be noted that for the considered SDOF structure, changes in both damping
ratio and strain-hardening ratio have no significant effect on damage status of the
structure (total collapse since DIPA > 1.00, see tables 1 and 3). To study, influence
of the initial natural frequency of the structure on the associated structural damage
status, the structure natural frequency is changed and Park and Ang damage index is
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calculated. Thus, when the natural frequency of the structure changes from 12.90
rad/s to 6.45 rad/s, Dlps decreases from 1.05 to 0.35. Accordingly, the structural
damage level gets altered from total collapse to a repairable damage.

6. To investigate influence of yield strength on the structural response of SDOF
inelastic structure, the value of f,, is changed and the structural response is estimatd
while all other parameters are kept unchanged. The decrease in the yield strength of
the bilinear structure is seen to be accompanied with an increase in the number of
hysteretic loops, yield energy and damage indices (see table 6). Thus, for f, = 10*
N the damage status of the structure is repairable damage while for f, = 5 x 103 N,
the damage status is total collapse (i.e. failure).

7. To examine influence of changing the parameter g on Park and Ang damage index,
the value of B is changed keeping all other parameters constant and Dlpa is
determined for each value of B. The increase in the parameter B is observed to be
associated with an increase in Park and Ang damage index. The variation of Dlpa
and B is seen to be linear (see table 5 and figurel2).

Table 1.
Influence of damping ratio on SDOF inelastic structure response (y = 0.05)

f L u’px WUppnx Nr:ul E}'max Efm.m_z Eﬂm.au: DIPA DICF ﬂlduc
10-3 | x1073 (N.m) (N.m) | (N.m)
fm) {m)
0 1337 | 3230 | 4490 | 187 | 26469 | 29432 0 1.70 | 0.20 1.77
001 1270 | 31.10 | 4260 | 182 | 24567 | 28292 17.76 161 | 0.20 1.67
0.02 | 11.89 | 2960 [ 3990 | 160 | 22434 | 26847 31.29 1.531 | 0.19 1.536
0.05 | 1050 | 27.70 3520 | 137 | 18387 | 23995 65.12 133 | 0.16 1.36
010 | 827 | 2240 | 2780 93 13578 | 24741 10430 | 1.05 | 0.14 1.04
Table 2.
Influence of damping ratio on cumulative damage indices for SDOF inelastic structure (y = 0.05)
E IPA ICF
0 29.55 38.08
0.01 28.09 35.23
0.02 26.30 32.08
0.05 23.21 26.30
0.10 18.33 19.57
Table 3.
Influence of hardening ratio on SDOF inelastic structure response (¢ =0.05)
¥ Koo u, X Uy N.. E}.w Ermax | Epmax | PIpa | DI | DIy,
103 % 1072 (Nam) | (Nom) | (Nm)
() ()
0 19.79 62.20 66.40 247 | 29118 | 41799 | 10187 | 2.49 0.16 2.69
0.0116.14 4950 3420 185 | 25850 | 36562 | 90.05 | 2.04 0.15 2.16
0.0213.62 40.40 4570 165 | 23345 | 32845 | 8035 | 1.72 0.14 1.80
0.03(12.04 34.10 40.40 153 20925 | 29597 | 7332 | 1.53 0.13 1.538
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Table 4.
Influence of hardening ratio on cumulative damage indices for SDOF inelastic structure (= 0.05)

Y Ipy Icr
0 43.36 41.37
0.01 35.43 37.03
0.02 29.99 33.46
0.03 26.56 29.99
Table 5.
Influence of S on damage indices for SDOF inelastic structure (§=0.05, y =0.05)
B DIp,
0.20 1.34
0.30 1.36
0.40 1.38
Table 6.
Influence of yield strength (f;,) on response of SDOF inelastic structure (¢= 0.05, y =0.05)
fy Honax Uy N’I‘:IJ E_}'mux E!m-cu: Eﬂ'mux DIPA D[CF Dfduc
N) x 1073 (N.m) (N.m) | (N.m)
(m)
2.5x10%| 37.82 64.00 | 738 | 296.22 | 44527 | 12639 | 484 | 0.82 3.26
5.0x% 103 | 10.30 3520 | 137 | 18387 | 23995 | 65.12 | 1.33 | 0.16 136
1.0x 10*| 2.70 1800 | 39 | 11433 (19379 | 7994 | 035 | 0.09 0.24
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(e) ®
Fig. 5. Input train load and associated inelastic structural response (y = 0.05, £ = 0.05) (a) Train input force
(b) Displacement response (c) Velocity response (d) Acceleration(e) Hysteretic loop (f) Dissipated energy.
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Fig. 6. Influence of damping ratio on response of inelastic SDOF structure (y =0.05): (a)
Maximum input and yield energy (b) Maximum damping energy (c) Yield energy (d) Input energy
(e) Damping energy (f) Hysteretic loop.
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Fig. 9. Influence of strain-hardening ratio on response of inelastic SDOF structure (¢ = 0.05) (a)
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4. Conclusions

The response of inelastic SDOF structures under train-induced vibration is studied in
this paper. The train load is modeled as a time-variant pulse function of unequal
amplitudes. The train consists of a locomotive of 6 equal wheel axles and 10 coaches of 4
equal wheel axles. The objective of the study is to investigate influences of the structural
properties and load characteristics on response of inelastic SDOF structures and associated
damage level. The structure force—displacement relation is modeled as elastic—plastic or
bilinear. The structural response is quantified using ductility, permanent and maximum
deformations, and damping and hysteretic energies. Measures of the structure performance
based on energy concepts and damage indices are also studied. Specifically, the structural
performance is quantified in terms of Park and Ang, and Cosenza and Fajfar damage
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indices. Damage indices imply that the structure is damaged by a combination of repeated
stress reversals and high-stress excursions. Moreover, the use of damage indices provides a
measure on the structure damage level. A computational code is developed [33]. The
formulation is demonstrated by studying the structural response of SDOF inelastic
structure to pulse train load composed of a locomotive and 10 coaches.

Several aspects which are relevant to the problem are investigated. It is shown that the
structural response (deformation, ductility, dissipated yield and damping energies and
damage indices) under train-induced vibration depends on properties of the inelastic
structure and load characteristics. Additionally, the response for the inelastic structure
differs from that for the elastic structure. Unlike the elastic structure, the inelastic system
after it has yielded does not oscillate about its initial equilibrium position. Yielding causes
the structure to drift from its initial equilibrium position and the structure oscillates around
a new equilibrium position until it gets shifted by another new yield. The study, examined
influences of the variations of the structure yield strength, damping ratio and strain-
hardening ratio on the associated structural response. The damping ratio is seen to be
directly proportion to the energy dissipated damping and inversely proportional to the yield
energy and damage indices. Conversely, the strain-hardening ratio is seen to be directly
proportional to the hysteretic energy dissipated by yielding and inversely proportional to
energy absorbed by damping. The new scalar parameters proposed in this study in terms of
cumulative hysteretic and cumulative damage index are believed to be of importance in
guantifying energy absorption and damage of inelastic structures such as industrial
installations under train-induced vibration.

The damage indices employed in the current work developed by Park and Ang and
Cosenza and Fajfar were developed to assess damage of structures under earthquake loads.
It is of interest to calibrate these damage indices and develop new damage indices for
structural damage caused by other dynamic loads such as train-induced dynamic forces and
blast forces resulting from explosions. Further research work accounting for more complex
structures such as industrial installations and critical facilities such as security buildings
and taking into account amplification of vibration waves in soil medium needs to be
investigated. This can be carried out by integrating recently developed finite element
software (OPENSEES, ANSYS, etc.). Finally, modeling of train-induced dynamic load
using the framework of random vibration employing stochastic process is of great interest.
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