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Abstract

Bridges are integral part of the traffic system of any country and the proper design and
construction of bridges are immensely important for advancement of any Nation. The
design of the bridges are done as per the guidelines laid in various codes and standards.
The guidelines are prepared based on the advancement in the technical knowhow and on
the standard practices. The behaviour of the normal structures under different natural forces
are understood well and they are well covered in codes and standards for the purpose of
design and construction. Special studies may be required which may improve the design in

terms of safety of the structure, economy and riding comfort.

North Eastern Frontier Railway (NFR) has envisaged to connect the so far unconnected
North-eastern states of India with the mainland through railway. The railway lines pass
through eastern trail of Himalaya resulting construction of large number of tunnels and
bridges. The entire area is under seismic zone V. The heights of the piers vary from 20m to
141m with maximum length of bridges up to 700m. The substructures are comprised of tall
large diameter hollow circular pier section made of RCC. The superstructures are
comprised of open web girder (OWG) of steel construction. Inspection opening in the wall
of the hollow piers are necessary both at the bottom and top of the pier. For the tallest
bridge, the trains are running through the bridge at the level of 140m above the bed level
over the rails which are laid on the multiple number of successive OWG superstructure,
which are resting on variable height of pier. The design and construction of the bridges
have been done following the available codes and standards. However, it is felt that further
understanding of the behaviour of the tall piers in seismic case leading to safe movement
of the train is necessary. For this purpose, some areas have been identified for further

studies and the same have been considered as the present research work.

As per the Indian Railway Standard (IRS), the regular bridge structures are to be designed
by response spectrum method (RSM) using code recommended spectrum. The irregular
bridges are to be designed by RSM using site specific spectrum and by Time History
Method (THM). Irregular bridges are those bridges where total height of pier including pile

from its depth of fixity is more than 30m and where the difference of stiffness between the
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successive piers are more than 30%. For RSM, response reduction factor (R) for the hollow
pier section needs to be applied in the design. The THM is necessary to understand the

track deflection in transverse direction to ensure safe movement of train.

It has been found that the codes and standards recommend unique values of R for various
components of the structures. As such, none of these standards cover the recommendation
of R value for hollow circular pier section. Literature study shows that various works have
been done on small diameter solid and hollow circular section. However, the behaviour of
large diameter hollow circular pier section is not adequately covered. Further, no study is
available on the assessment of R value for pier with hollow circular section with wall

opening.

For long bridges, consideration of asynchronous ground motion during a seismic event is
important. Continuous rail tracks run over the long bridges and the transverse deflection of
the track under seismic loading considerably vary between synchronous and asynchronous
ground movement. The study of the same is important to ensure safe movement of the train.
Literature study shows that various researchers have worked on the relative movement of
the pier top on road bridges, but very little study is available on the effect of seismic loading
on railway track mounted over a bridge deck supported on tall piers to ensure safe train

movement.

The vehicle induced superstructure response is generally taken care in the design of
superstructure by adequately strengthening it, which causes increase in superstructure
mass. The seismic responses of the substructure increases accordingly. Introduction of
TMD may reduce this vehicle induced superstructure response. As such, literature study
shows that the effect of TMD in reducing vehicle induced response of highway bridges is
covered by various researchers. The effect of TMD in controlling vehicle induced vibration
response in high speed railway bridges with short span length has also been well covered
by various researchers. However, very little information is available for long span OWG

railway bridges.

In view of the above, three different topics have been chosen for the present study : 1)

Response reduction factor of large diameter hollow circular pier section, 2) Asynchronous

Xii
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motion and its effect on response of tall pier railway bridges and 3) TMD and its effect on

vehicle induced vertical response of long span OWG railway bridges.

For the study of R, concrete stress-strain graph as per Mander et al. (1988) has been
considered for generation of M-¢ curve. Confinement effective coefficient (k) has been
proposed for hollow circular section. The proposed value of k. has been substantiated by
FEA using a general purpose finite element software, Abaqus. The effect of various
parameters like axial load (P/Af.r), main steel ratio (p.c), transverse steel ratio (o), spacing
of transverse steel (S;), grade of concrete (fcx), grade of steel (f,) and confinement width of
the section on the value of R have been studied. The study has been done for pier diameter
varying between 4m to 16m and the wall thickness varying between 0.5m to 2m. Attempt
has been made to propose the value of R with respect to various design parameters for large
diameter hollow circular pier section, for both with and without wall opening. The stress-
strain relation of concrete recommended by Mander et al. (1988) is valid up to M50 grade
of concrete. The present study is done considering M40 grade of concrete. The slenderness
effect of pier plays an important role on R. As such the recommended values are applicable
for non-slender pier with slenderness ratio lesser than 50. It has been found that compared
to the recommended R values for hollow circular pier under present study, the code
recommended single values for similar structural elements are on higher side in some cases
leading to uneconomic design and are on lower side in some other cases leading to unsafe

design.

The value of R increases with increase in transverse steel ratio (ps), with decrease in vertical
load (P/Afcx) and with decrease in main steel ratio (o). The proposed value of R varies
from maximum 5.5 to minimum 1.6 depending on the factors as mentioned. Thus, the code
recommended R value which is 3 irrespective of other depending parameters is not
compatible with the actual behaviour and detailing of the structure as observed in the
present study. The recommended R values of hollow circular section with door opening
reduces with opening size and the reduction varies from 1 to 0.7 times of the value of R

corresponding to section without door opening.
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Asynchronous motion has been generated to cater for incoherence effect by using spatial
correlation function suggested by Fenton (1991). Soil structure interaction model by using
interaction between pile and soil has been generated in SAP. Three different soil spring
curves have been used, namely, P-y curve to represent interaction between the lateral
resistance of soil and pile displacement, ¢-z curve to represent interaction between shaft
skin frictional force and relative movement of the pile with respect to the soil, Q-z curve to
represent the mobilized tip bearing capacity and settlement. Acceleration time history has
been converted to displacement time history to give the ground motion input in the pile
spring for asynchronous motion as the governing equation requires the displacement time
history. Two different seismic events, namely, El Centro earthquake and Koyna earthquake
have been considered for this study. Under the considered earthquake excitation for the
bridge under study, it is observed that while the pier top displacement reduces in the case
of asynchronous motion as compared to synchronous ground excitation as we consider
those piers along the direction of earthquake motion, the relative displacements at pier tops
are however higher than those of the synchronous case. Further, it has been found that the
effect of curvature in track due to synchronous motion and asynchronous motion is case

sensitive and depends on the characteristics of ground motion itself.

The maximum relative displacement between top of piers is occurring at one location
407mm for asynchronous motion against S0mm for synchronous motion. The same
maximum relative displacement at other location is 264mm corresponding to synchronous
motion and 384mm for asynchronous motion. This suggests that the relative displacement
is higher in case of asynchronous motion compared to synchronous motion. Similarly, the
maximum torsional rotation in one superstructure of the bridge is found 2e-3 and 2e-5 for
asynchronous motion and synchronous motion respectively which shows the value is much
higher for asynchronous motion. The track curvature is more in case of synchronous motion
for El-Centro EQ. The value is on average 0.75E-3 for synchronous motion and 0.25E-3
for asynchronous motion. The same track curvature is less in case of synchronous motion

for Koyna EQ. It is 0.25E-3 for synchronous case and 0.4E-e3 for asynchronous case.
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Vehicle Bridge Interaction (VBI) model has been generated for understanding the effect of
vehicle induced response in the OWG steel superstructure. A 27 DOF vehicle model as
proposed by Young and Wu (2001), has been adopted in the present study. Effect of track
irregularity has also been considered to get the actual dynamic augmentation during vehicle
movement. As the structure is simply supported, the vehicle induced response occurs
mainly in first mode, which leads to use of single TMD. It has been found that the effect of
TMD is significant with single bogie loading at some speed above the normal speed range.
However, it is not at all significant for multiple bogie loading for any speed as the resonance
effect does not occur. As such it has been concluded that the use of TMD is not effective

for long span OWG steel railway bridges.

Under single bogie load (SBL) condition, maximum deflection occurs at 750 kmph speed,
the speed at which the frequency of occurrence of SBL matches closely with the
fundamental frequency of the structure and causes resonance. Some local peaks are visible
at 250kmph and 400 kmph speed. Two cases of optimisation was done, one for TMD mass
ratio less than 1% and the other is for TMD mass ratio between 1% and 2%. At 250kmph
speed the reduction in midspan deflection is 16.2% against 0.6% TMD mass ratio. The
same value is 20.8% against 1.2% TMD mass ratio. At 400kmph speed the reduction in
midspan deflection is 11.5% against 0.6% TMD mass ratio. The same value is 24% against
1.76% TMD mass ratio. The maximum effect is at 750kmph speed at which the reduction
in midspan deflection is 42.5% against 0.92% TMD mass ratio and 51.9% against 1.84%
TMD mass ratio. For all the above cases the optimised damping ratio lies between 3% to
5%. In case of MBL, the speed vs deflection graph shows that a local peak occurs at 300
kmph speed. However, the deflection almost increases monotonically with higher speeds.
As such, no resonance condition occurs under multiple bogie load (MBL) condition. As a

result, the effect of TMD has been found almost Nil in case of MBL.
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Chapter 1

Introduction

1.1. General

Indian Railway intends to connect the capitals of the four North-East states of India, namely
Manipur, Mizoram, Nagaland and Arunachal Pradesh with Assam by railway link. The
alignments of the railway lines pass through steep rolling hills of Patkai region, eastern trail
of Himalaya, and as a result tall bridges need to be designed to connect the gorges. The
tallest pier of such bridges span over a gorge at about 140m above its bed level with an
overall length about 700m at rail level, refer Fig. 1.1. The piers are RCC hollow type with
the tallest piers of 140m height, while in other piers on the slope of the hills vary from 50m
to 90m height. The region is under high seismic zone and the design of these tall piers have
been done as per the provisions laid in various national and international standards like IRS
(Indian Railway Standard), IS (Indian Standard), IRC (Indian Road Congress), AREMA
(American Railway Engineering and Maintenance-of-way Association), UIC (International
Union of Railway) and Euro code. The design of the bridge components have been done
following the guidelines laid in the above mentioned standards and some of the construction
of the bridge structures have also been completed. Trains are also running at some of the

stretches in Manipur, while at other locations the construction is on full swing.

During the design of the structures it was observed that the behaviour of the large diameter
hollow circular pier under seismic excitation has not been adequately covered in different
standards/ codes. Further the effect of asynchronous motion for long span railway bridges
on continuous rail track and in turn on the movement of the train is also important to look
into for safe running of train. Thus, more studies are needed to have improved

understanding of long bridges with tall hollow piers in seismic zones.
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Fig. 1.1. Long span high level bridge (Bridge No. 164) located in Manipur

1.2. Response reduction factor (R) of large diameter hollow circular

section

1.2.1. Response reduction factor (R)

The civil engineering structures are designed elastically for permanent loads like self
weight of the structures, transient load like live load and occasional load like wind load
where frequency of occurrence of the design load is high. However, in case of seismic load
where the frequency of occurrence of the design seismic is low, the structures are designed
inelastically taking into account the available ductility of the structure in addition to the
reserve strength factor resulting from the additional reserve strength of structure over and
above the design strength. R is thus the reduction factor with which the strength of the
structure may be reduced compared to the strength, had the structure been designed
elastically for the design seismic force. The basic idea is, as the structure has a very limited
chance of experiencing the design seismic, the structure is allowed to go beyond its elastic
limit during design seismic by using the reduction factor R in such a way so that the
structure has the adequate capacity to sustain the rotation demand at its maximum moment

location where the plastic hinge is allowed to form. This phenomena of inelastic behaviour

2
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of the structure will not allow the structure to collapse during the design seismic occurrence

and will also keep the cost of the structure low.

Ductility of a structure can be evaluated from the moment vs curvature (M-¢ curve)
relation. M-¢ curve varies with respect to the following parameters: Stress-strain relation
of concrete, stress-strain relation of steel, grade of concrete (f:x) and grade of steel (f;), axial
load (P/Af:), main steel ratio (p.c), transverse steel ratio (py), spacing of transverse steel
(Sr). With the use of most widely used stress-strain relation of concrete and steel,
parametric study of R value with respect to the other depending parameters as mentioned

above can be done.

1.2.2. Concrete stress-strain relation

Various model of concrete stress-strain relation is available depending on the grade of
concrete, namely, Kent & Park (1971), Mander et al.(1988), Saatcioglu (1992), Cusson
(1995) and Hoshikuma et al. (1997). While all the above models excluding the model
proposed by Cusson (1995) is based on grade of concrete up to M50, the model of Cusson
(1995) is based on high performance concrete of grade between M60 and M120.

60 T T T T T T T T T
Hoshikuma et al

Saatcioglu et al|
Mander et aly

Kent & Park-

Stress in concrete (MPa)
S 8 = 3

-
o

Cusson et alf

0
0 0.002 0.004 0006 0.008 001 0012 0.014 0016 0.018 0.02
Strain in concrete

Fig. 1.2. Comparative Stress-strain relation of M40 grade concrete as per different models
(Transverse steel ratio 1%)
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Fig. 1.2 shows a comparative stress-strain relation of concrete proposed in the above
models. The model proposed by Mander ef al. (1988) is based on both rectangular and
circular section which is thus most appropriate for study of circular pier section. There is

no model available which has been generated with respect to hollow section.

1.2.3. Estimation of R

Moment curvature relation (M-¢ curve) based on stress strain relation of concrete as per
Mander et al. (1988) may be generated for different large cross section of hollow circular
pier. The coefficient of effective confinement coefficient (k.) prescribed in the model of
Mander et al. (1988) for solid circular and rectangular RCC section needs modification in
order to apply it in hollow circular section. Ultimate strain in concrete plays an important
role in the ultimate curvature value sustained by any structural section. This ultimate strain
may be estimated from strain energy balance principle as per Mander et al. (1988). The
deflection ductility can be estimated by directly calculating the area under M-¢ curve and
the moment of the area about the cantilever end of a cantilever bridge pier structure. The
average length of plastic hinge is an alternate approach towards estimation of ductility but
the same has some limitation of adoption due to the fact that the M- ¢ curvature relationship
is not linear due to the presence of axial force in pier. Consideration of effective moment
of inertia of a cantilever pier is important over cracked moment of inertia as over the plastic
hinge formation length, in between two successive cracked section, the un-cracked section
property gives stiffening effect which influences the M-¢ curve. Contribution of P-A effect
is important in estimation of ultimate curvature in order to avoid post yield negative
stiffness. Effect of slenderess plays an important role in the M-¢ curve and depending on
value of slenderness ratio the ultimate curvature reduces. As per the established theory,
yield reduction factor is same as deflection ductility when the structure is flexible. Thus,
for flexible structure the R value may be considered as deflection ductility multiplied by
reserve strength factor which is the factor of safety remains in the standard design of the

structure.
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1.2.4. R of large diameter hollow circular pier

It was found that the Response reduction factor (R) for large diameter hollow circular
section is not adequately covered in the different standards. There is lack of uniformity in
the recommendations of the value of R in different standards for different members of
structure. In general it has been found that the single value of R has been recommended in
all the standards rather than defining it as a function of various influencing parameters like
axial force, transverse reinforcement ratio etc. Moreover, literature study reveals that the
value of R has been studied by many researchers for solid and hollow circular RCC pier
section, and small diameter hollow circular section, but none on large diameter hollow
circular section. With these shortcomings in mind, a study has been undertaken to assess
the value of R in large diameter hollow circular section as a function of various depending
parameters. The effect of opening in the wall of the hollow circular pier has also been

studied.

1.3. Asynchronous motion and its effect on response of tall pier

railway bridge

1.3.1. Asynchronous ground motion

(a) (b) (c)
1 2 3 1 2 3 1 2 3
L J ] L 7—.—.—
f _ Heterogeneity
w Foult Epicentre o
Z Z Seismic source
A B

Fig. 1.3. . Sources of incoherence ground motion: (a) Wave passage effect causes inclined wave
front to reach locations 1, 2 & 3 at different times; (b) Extended source effect causes waves due to
rupture at A and B to reach points 1 & 2 at different times; (c) Scattering of waves by
heterogeneity causes different waves to arrive at different locations at different times [Kramer
(1996)].
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The spectral properties of ground motion get altered because of (a) wave passage effects
which is due to the time shifts in the arrival of the seismic waves at the supports, Adanur
et al. (2017); (b) the incoherence effect which is due to extended source effect in which
different frequencies in the relative geometry of the source and site produce different time
shift, Zerva and Zerva, (2002), Konakli and Kiureghian, (2012); (c) the local soil effect
which causes scattering (reflection, refraction etc.) of waves by inhomogeneity along the
travel path. Fig. 1.3 depicts the above different causes of asynchronous motion

diagrammatically.

Incoherence effect can be given by the two factors. One is spatial correlation function which
is a function of distance between the two points of measurement of ground acceleration,
shear wave velocity of the soil medium through which the wave is propagating and
frequency of vibration and coherence parameter, which also depend on the soil medium.
The other one is Power Spectral Density function (PSD). There are various spatial
correlation functions are available which have been suggested by various researchers.
Amongst them the model suggested by Fenton (1991), is the most widely used for the
purpose. The PSD is given by Kanai (1957) and Tajimi (1960) which was later modified
by Clough and Penzien (1975).

1.3.2. Effect of asynchronous motion on railway bridge structures

Indian railway code has recommended that spatially varying ground acceleration is
necessarily to be considered in analysis for long span structures of total length more than
700m. However, in case of structures with varying height of pier, which occurs for bridges
in hilly terrain, the structural behaviour is complicated and its effect on track movement
may be critical even if the overall length of bridge is less than 700m. Literature review
suggests that the considerable amount of research has been done to understand the effect of
asynchronous ground motion in long span road bridges, however very little work has been
done for the long span and high level railway bridges and the final effect on the continuous
track which is important for the safe movement of the train during seismic. For this purpose,
different time histories with proper scaling to ensure the target spectrum compatibility and

with the due variation in ground motion at different pier points against asysnchronous
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behaviour need to be considered and the track movement to be studied in view of safe

movement of the train during seismic.

In case the local soil is uniform all along the bridge length, effect of wave passage and
incoherence effect, these two parameters may be considered to generate asynchronous
motion. Local soil effect changing the frequency content does not affect the study then. In
order to undertake the analysis with asynchronous motion, soil structure interaction effect
should be considered with modelling of soil elements as nonlinear spring all along the depth

of the pile foundation.

1.4. Tuned Mass Damper (TMD) and its effect on vertical response of

long span steel through type girder during train movement

1.4.1. Coefficient of Dynamic Augmentation (CDA)

The effect of seismic load on pier from supesrtructure depends on the mass of the
superstructure. The mass of superstructure in turn depends on the LL and its dynamic effect.
Coefficient of Dynamic Augmentation (CDA) recommended in IRS Bridge Rules (2014)
is defined as the percentage of increase in LL due to its dynamic nature. The value is
inversely proportional to span length and is applicable up to velocity of train 160 kmph.
The application of 7MD may reduce the CDA which in tun may reduce the mass of

superstructure.

1.4.2. Vehicle Bridge Interaction (VBI)

VBI along with track roughness gives the actual behaviour of the structure during
movement of the train. Multiple degrees of freedom vehicle may be modeled and analysis
can be done to get the dynamic response of the structure. CDA recommended in IRS is not

based on detailed analysis of behaviour of the structure involving VB and track irregularity.

1.4.3. TMD parameters

Parameters on which the effect of TMD on the response of the structure depends are the

mass m, stiffness £ and the damping ¢ of the TMD. The mass of TMD may be considered
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as a fraction of the total mass of the superstructure. It cannot be very high as the same will
enhance static response of the structure. The value is generally considered between 0.5%
to 2%. The damping ratio of the TMD is generally considered to be varying between 2% to
10%. The frequency ratio is kept between 0.995 to 1.05 as the effect of 7MD is maximum
for this frequency ratio range. Optimisation of these parameters can be done by using any
optimisation algorithm. Further, long span superstructure predominantly vibrates in first
mode under dynamic behaviour of LL and hence only single TMD may be considered at

mid span.

1.4.4. Application of 7MD in long span superstructure

There are studies available on the effect of TMD on the dynamic bahaviour due to Live
Load for small span superstructures. However, the same effect on long span railway bridge
is not available. The Indian Railway Standard recommends the value of CDA as a function
of span length of the structure and is proportional to the speed of the train. However, CDA
is basically a function of flexibility of the structure, the proximity of the self frequency of
the structure to the frequency of occurrence of the load. The effect of 7TMD on the CDA ie
on the midspan deflection and strains at various members of the truss may cause reduction

in the response.

1.5. Objectives of research

In view of the hereinbefore discussion, following topics have been selected for further study
so that the behaviour of the long span high level railway bridge structure under seismic load
can be understood better:

A. Response reduction factor of large hollow circular section

B. Asynchronous motion and its effect on response of tall pier railway bridges

C. Tuned Mass Damper (TMD) and its effect on reduction in vertical response of long

span open web steel girder bridge during train movement.

A typical long span high level railway bridge as shown in Fig. 1.1. has been considered for
this purpose. The study of value of R for large diameter hollow pier has been done keeping
in mind the behaviour of actual hollow pier structure under construction as shown in Fig.

1.1. The asynchronous motion and its effect on the railway track and subsequently on the

8
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safe movement of train and the effect of TMD on the dynamic response of the structure has

also been done keeping in mind the superstructure under construction as shown in Fig.1.1

The present study covers the above topics in detail with the intended objectives of
enhancing the understanding of design of long tall pier railway bridges in seismically active

Zonces.

1.6. Scope of research

In view of the hereinbefore discussion, the detailed scope of work to achieve the objective

of the research is as below:

Response reduction factor of large hollow circular section

e To find out the most suitable stress-strain model of concrete applicable for hollow
circular section (Model of Mander et al. (1988) has been used as the same is based
on both rectangular and circular cross section)

e To prepare the suitable modification in the stress strain relation of concrete to
include the effect of hollow section (Modification in the value of effective
confinement coefficient which is available for solid section)

e To justify the modification by FE analysis

e To prepare the M-¢ curve of large diameter hollow circular pier with varying P/Afcx,
pec, and p for tall piers of large diameter hollow circular section varying from outer
diameter 4m to 16m with wall thickness varying from 0.5m to 2 m

e To find out ultimate concrete strain based on strain energy principle at which the
confining reinforcement fails.

e To find out the deflection ductility and reserve strength factor from the M-¢ curve.

e To do the parametric study of R value of large diameter hollow circular tall pier

e To study the effect of inspection door opening in the hollow pier on R
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Asynchronous motion and its effect on response of tall pier railway bridges

e To study the generation of asynchronous motion taking in to consideration the wave
passage effect and incoherence effect

e To select the suitable ground acceleration time history recorded in rocky strata and
medium soil strata (The soil strata in north-eastern states where the bridges are
under construction and are under the present study is of rocky strata) which are used
for generation of asynchronous motion

e To prepare the soil structure interaction model of bridge under study

e To prepare the ground displacement time history for asynchronous ground motion
input in the analysis of the structure

e To find out the transverse track deflection under different time instances to get the
most critical track curvature

e To compare the effect of critical curvature and the corresponding safe speed of train

for synchronous and asynchronous ground acceleration.

Tuned Mass Damper (TMD) and its effect on reduction in vertical response of long span

open web girder (OWG) bridge of steel construction during train movement

e To prepare the VBl model along with track irregularity of the bridge under study

e To introduce the single TMD parameters at the midspan of the VBI model of the
structure (As the predominant vibration of the structure under movement of LL is
in first fundamental mode in vertical direction, more than one TMD will not
enhance the effect and hence single TMD has been considered. In three dimensional
model of the open web through type steel girder under study, two TMD, one at the
midspan of each open web girder is considered)

e To study the effect of TMD on controlling the vehicle induced vibration response .

1.7. Organisation of thesis

The thesis mainly focusses on the estimation of R value for large diameter hollow circular
tall pier section; effect of synchronous and asynchronous seismic ground acceleration on

railway track movement and its effect on the safe movement of train; and lastly on the effect

10
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of TMD on the dynamic response of the long span open web through type steel girder during

movement of the train. The thesis has been organised in the following way:

Chapter 1 introduces the study which has been undertaken in this thesis. It speaks on the
general concept of R and what are the different influencing parameters on which R depends.
Stress-strain relations of concrete which is the basic parameter on which the R value
depends are shown. General concept of how R is estimated has been discussed and also
the specific scope of the present study on R is furnished. The general concept of
asynchronous ground motion and its possible effects in railway bridges has been discussed.
The exact scope of effect of asynchronous motion in track movement of railway bridge
undertaken in the present study has also been furnished. The general concept of VBl model
along with the TMD parameters which may affect the dynamic deflection during train
movement has been discussed. The exact scope of the present study on the effect of TMD

on long span steel through type railway bridge has also been furnished.

Chapter 2 discusses on the literature review on the specific topic under study. It shows that
how the R value suggested in different study by the different researchers concludes that
they are not in line with the recommended R value in various standards. It shows the
inadequacy in the available study of value of R in large diameter hollow pier section. The
effect of asynchronous motion in different type of bridge structure that has been studied by
various authors has been discussed. The inadequacy in the available study on the movement
of railway track of long span tall railway bridges during synchronous and asynchronous
ground moment has been shown. Available study on the effect of TMD on dynamic
response during movement of LL in various types of bridge structure has been discussed.
The inadequacy in the available study on the effect of TMD on long span open web through

type girder railway bridges has been shown.

Chapter 3 discusses on specific topic on response reduction factor I of large diameter
hollow circular section of tall pier. It describes the methodology adopted in the estimation
of R, the comparative discussion of different stress strain relation proposed by various
authors, the stress strain relation of reinforcement steel. The effective confinement

coefficient applicable for solid rectangular and circular section has been discussed. The
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effective confinement coefficient for hollow circular section that has been proposed in the
present study has been discussed along with the FE analysis done in in Abaqus which
justifies the adopted value. Ultimate concrete strain up to which the stress-strain relation
of concrete to be considered and how the value has been adopted has been discussed.
Ultimate curvature considered for the estimation of R has been discussed for which
avoiding the negative stiffness effect in post yield behaviour can be ascertained. Finally, a
parametric representation of R has been furnished recommending the value of R that should

be considered for the design of large diameter hollow circular tall pier section.

Chapter 4 discusses on the asynchronous ground motion and its response of tall railway
bridge and particularly its effect on the track displacement to ascertain the safe movement
of train. It discusses on general theory of generation of asynchronous motion, wave passage
effect, incoherence effect, reflection and refraction of wave due to local soil effect and
various parameters that has been considered under present study for generation of
asynchronous motion. The soil structure interaction model has been discussed with
different pile springs like end bearing spring, lateral passive resistance spring and vertical
friction spring. Finally, the effect of synchronous and asynchronous seismic ground
acceleration on long span railway bridge structure has been discussed with specific focus

on the effect of transverse track displacement and corresponding safe movement of train.

Chapter 5 discusses on TMD and its effect on vertical response of long span steel through
type girder during train movement. It discusses on how the VBI model along with the track
roughness has been generated for the open web through type steel long span girder. The
TMD parameters that has been used and how the parameters have been introduced in the
VBI model using the governing equations of TMD has been discussed. The critical
velocities for different number of bogie load, single and multiple has been discussed.
Finally, the effect of TMD on the dynamic response of the girder during train movement at
different speed has been discussed. The dynamic response includes the midspan deflection,

strain in central top chord, central bottom chord and in the end diagonal.

12
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Chapter 6 concludes with a summary of the results and set of conclusions addressing the
significance of the findings in the study. Finally, the scope of future work has been

identified.

13
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Chapter 2

Literature review

2.1. General

The values of response reduction factor R has been suggested in various codes for solid
RCC section to be used in different components of structure. Literature study has been done
to understand the extent of research undertaken to find out the value of R in different type
of sections and structural components. Further, for tall railway bridges having long length
of bridge, the track deflection in transverse direction is important for safe movement of
train. Literature study has been done to understand the extent of work on the behaviour of
bridge structures under synchronous and asynchronous ground motion. Vehicle induced
vibration response on the long span structure may be controlled by the use of TMD, which
may reduce the quantity of steel of superstructure leading to reduced seismic response due
to reduction in self-weight of superstructure. Literature study has been done to find out the
extent of work that has been done on the use of TMD in controlling the vehicle induced
vibration response of bridge superstructure. The present chapter discusses in detail on the
literature review in connection with the above three topics and identifies the gap in research

to arrive at the motivation in choosing the objectives of the present work.

2.2. Response reduction factor R

General approach of seismic design of structure is response spectrum method, which is a
simplified indirect method of analysis accounting for non-linear behaviour of the structure.
The response reduction factor R applied in this method for designing of various components

of the structure are available in various codes/ standards.

Effect of confinement on the stress-strain relationship of concrete has been studied by
Saatcioglu et al. (1992) and Cusson et al. (1995). In their paper Saatcioglu et al. (1992) has
shown the effect of confining reinforcement on circular, square and rectangular section of
concrete grade varying between M20 to M32. They have shown the enhancement of

ultimate strength, corresponding strain and enhancement of ductility with respect to the
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confinement steel stress. The generalized stress-strain relation proposed by them has been
shown in Fig. 3.4. Cusson et al. (1995) has shown effect of confining reinforcement on
square section of high strength concrete of grade varying between M60 to M120. The
generalized stress-strain relation proposed by them has been shown in Fig. 3.5. Kent and
Park (1971) has shown the effect of confining reinforcement up to the grade of M55 causes
enhancement in the ductility of the behaviour of concrete without increasing the strength

(Refer Fig. 3.2).

Miranda and Bertero (1994) reviewed the work done on the strength reduction factor
carried out in the period of 30 years between 1964 and 1994. The evaluation of the results
indicates that the R value primarily depends on the maximum tolerable displacement
ductility demand, the period of the system and soil condition of the site and the overstrength
factors. The response reduction factors prescribed in the codes (till 1994) primarily
accounted for damping, energy dissipation capacity of the sections and the overstrength.
However, the values are mainly based on the performance of the different structural
systems in previous strong earthqaukes. There remains thus lack of rationality in the values
suggested in the codes. The paper concluded that the use of ductility, period and site
dependent strength reduction factors like those presented in the paper together with
estimates of the overstrength of structure and ductility demand can lead to a more rational

and transparent seismic design approach than the approach used in seismic codes till 1994.

Constantinou and Quarshie (1998) studied non-linear behaviour of seismically isolated and
non-isolated bridges under seismic excitation characterised by AASHTO ground motion
spectra. The study investigated the displacement ductility demand in the substructure of
seismically isolated bridges and compares it with that of seismically non-isolated bridges.
The paper concludes that the R value of the substructure of seismically isolated bridges is
less than that of sesismically non-isolated bridges. This is mainly because of elastic or
nearly elastic behaviour of the substructure is necessary for proper behaviour of the
isolation system and the isolated bridges exhibit more sensitivity in non-elastic behaviour

of the substructure due to variability of seismic vibration of ground.
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The Indian Road Congress codes also recommend that for design of pier, the value of R of
bridges with neoprene bearing should be half of that of for bridges with fixed type of

bearing.

Kappos (1999) derived Bahaviour factor ¢ or Response reduction factor R for some
catastrophic EQ happened in Greece. The paper suggests that the ductility dependent R
characterised by features of the structure are not adequately covered in the codes
particularly in European seismic code EC8. The paper has concluded that R in rock sites is
significantly in lower side in the code whereas the same in alluvial soil or soft soil is in
higher side. The overstrength component of R as suggested in the paper is in higher side
for low rise frame compared to the high rise frame. It also concludes that the values of R
obtained are in higher side than that is given in the standards particularly for the structures

with high and intermediate frequency structure.

Yeh et al. (2002), experimentally studied the behaviour of hollow rectangular pier section

of 1.5mx1.5m size with 300mm wall thickness. Few studies were done on performance of
hollow bridge columns are by Hoshikuma and Priestley (2000), Maekawa et al. (2001),
Ranzo and Priestley (2001), and Mo et al. (2003).

Paraskeva et al. (2006) focused on application of modal pushover analysis (MPA) in long
bridge as an extension of standard pushover analysis (SPA) or non-linear static (pushover)
analysis and compared the result with non-linear time history analysis (NL-THA).
Response spectrum analysis is a very useful tool for designing structure but it cannot predict
the failure mechanism or redistribution of force after formation of plastic hinge during
strong ground motion. SPA can predict the same. However, SPA identifies the plastic hinge
and predicts the force distribution and the target displacement range under the first
fundamental mode only by means of monotonically increasing the lateral forces with an
invariant spatial distribution. Force distribution and the target displacement range may
differ for higher modes which cannot be predicted by SPA. Non-liner time history (NL-
THA) can predict the actual force distribution in structure under inelastic range. MPA is an
alternate to the NL-THA and is comparatively less involving. Separate pushover curves are

generated for each mode. Pushover analysis has been carried out separately for each mode.
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Contribution of each mode to calculate the response is carried out using appropriate
combination rule (SRSS or CQC). Although this combination is not permitted as the modes
under inelastic range is not uncoupled anymore, the result compared to NL-THA has been
found does not vary widely. In another method called incremental response spectrum
analysis (IRSA) each time a new hinge forms in the structure elastic modal spectrum
analysis is performed considering the changes in the dynamic properties of the structure. In
the study of Paraskeva et al. (2006) the method for the analysis has been suggested and the
same has been applied at some specific cases. However, the general applicability needs

more case studies.

Kim et al. (2012) tested hollow bridge columns under constant axial load and a pseudo
static, cyclically reversed horizontal load and the effect of ductility and dissipated energy
were investigated. Analysis has been done by them using nonlinear finite element
programme and the results were compared with the test results. They considered RCC
hollow square column of over all size 400mm x 400mm with wall thickness 100mm and
PSC hollow circular section of outer diameter 800mm and wall thickness 220mm. The
grade of concrete considered was between M30 and M40. In their paper Kim et al. (2012)
studied the RCC hollow square column of overall size 400mm x 400mm with wall
thickness 100mm and PSC hollow circular section of outer diameter 800mm and wall

thickness 220mm.

Kappos et al. (2013) estimated response reduction factor for bridge piers from
corresponding pushover curves of the sections by considering both overstrength factor and
ductility factor and the values obtained thus has been compared with the code specified
values (Eurocode 8 and AASHTO) which turns out to be always in safer side. The paper
dealt with two different cases of bridge, one is without bearing in superstructure where the
piers will behave inelastically at its failure mode and non-linear static pushover curve has
been used and the other is with bearing. The R factor or the ¢ factor (Behaviour factor) of
the piers in bridges thus obtained from the product of two components, the overstrength
factor (gs) defined as the ratio of yield strength to the design base shear and the ductility
factor (g.) derived from the available displacement ductility of the bridge. They observed

that many researchers worked on either on the single pier of the bridge or have considered
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only the ductility factor in their study of generation of R or ¢ factor of the bridge. They
considered in their study the direction of EQ in any arbitrary direction to the axis of the
bridge and the R factor or ¢ factor has been derived accordingly. It has been concluded that
the effect of EQ in any arbitrary direction is bounded by the effect in two main orthogonal

direction ie in longitudinal and transverse direction.

Mondal et al. (2013) developed R in RC moment resistant framed structures, designed and
detailed following Indian Standards, from different accepted performance limits. Two
different performance limits has been considered in the study, one is story drift limit and
the other is member rotation limit as per ATC 40. The study has been done on component-
wise computation of R, consideration of performance based limit both from member wise
aspect and structure as whole aspect, modelling of RC section behaviour, effects of various
analysis and design consideration on R. The paper concludes that the computed R value is
in lower side than that suggested in Indian standards which suggests that the Indian
standards are not in conservative side and may lead to potential hazardous situation in

reality. The study is based on specifically zone I'V.

Cardone (2014), investigated the displacement limits of piers, abutments, joints and bearing
devices. As response spectrum method does not provide any idea of actual collapse
mechanism, inelastic deformed shape and ductility demand of the structure, simplified non-
linear displacement-based method for the seismic assessment of existing structures are
being developed for the last two decades. All the methods combine pushover analysis
(POA) of a nonlinear MDOF model of the structure with response spectrum analysis of an
equivalent SDOF system to provide an estimation of the global displacement response of
structures for a given peak ground acceleration (PGA). Antonious ef al. (2004) proposed
displacement adaptive pushover (DAP) procedure in which loading vector of lateral
displacement is applied to the structure and continuously updated during the analysis,
according to the modal shapes and participation factors at each analysis step. The Direct
Displacement based seismic assessment (DDBA) derives the inelastic deformed shape of
the bridge through effective modal analysis (EMA). The displacement capacity of the
structure then compared with displacement demand produced by a given EQ. In his paper

Cardone (2014) proposed the procedure for DDBA for definition of the so-called
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performance displacement profile (PDP) of the bridges. The displacement limits associated
to different displacement shapes of piers, abutments, joints, bearing devices have been
defined and discussed. It also examined the different approaches for the definition of
Performance Displacement Profile including Adaptive Pushover Analysis, Effective Modal

Analysis or rational analysis of simplified bridge model.

Liang et al. (2018) studied effect of confinement in circular hollow concrete columns. They
showed that with wall thickness ratio 0.1 (wall thickness/diameter) one layer of transverse
reinforcement provides satisfactory confinement whereas for wall thickness ratio up to 0.2,
two layers of reinforcement connected with cross ties are more appropriate to get
satisfactory confinement. However in practice two layers of reinforcement is necessary as
unreinforced concrete surface is not recommendable. Kulkarni (2016) studied seismic
performance of bridge with tall piers in connection with Indian railway’s construction of
bridges in north-eastern hilly terrain and suggested the value of R recommended in Indian

codes gives satisfactory performance of tall bridges.

There are single values of R recommended in different codes and standards corresponding
to various components of structures. In IS 13920 (2016), the special confining
reinforcement or transverse reinforcement (o) has been recommended as a function of
dimension of the section of the structural element, grade of concrete (for) and grade of
reinforcement (f,). In IRC 112 (2020), the special confining reinforcement has been
recommended based on the same factors as IS code has suggested in addition to axial force

(P/Af:x) and main steel ratio (o).

2.3. Asynchronous motion and its effect on long span bridges

Asynchronous motion of ground hits different foundations of long span bridges owing to
the following effects. The spectral properties of ground motion get altered because of (a)
wave passage effects which is due to the time shifts in the arrival of the seismic waves at
the supports, Adanur et al. (2017); (b) the incoherence effect which is due to extended
source effect in which different frequencies in the relative geometry of the source and site

produce different time shift, Zerva & Zerva (2002), Konakli & Der Kiureghian (2012); (c)
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the local soil effect which causes scattering (reflection, refraction etc.) of waves by

inhomogeneity along the travel path.

The asynchronous ground motions were started being analysed after the installation of
dense instrument arrays since 1979 with El Centro differential arrays. Before this, the
spatial variation of the motions was attributed to the wave propagation effect only
[Bogdanoff JL et al. (1965)], [Nelson I et al. (1977)], [Sandi H. (1970)]. Numerous
researchers have done work on spatial variation of seismic ground motion and its
application on long span structures. In general, the spatial variations of seismic ground

motions are evaluated from data recorded at dense instrument arrays.

The behaviour of the structure during synchronous and asynchronous ground movement
depends on the modelling of the structure considering soil structure interaction. Soil
modelling was initiated by considering linear stiffness of soil for near field soil and it was
however observed to give erroneous results. Subsequently, non-linear idealisation of near
field soil was introduced by API (2008). It was observed to provide more reliable results,
where the near field soils undergo non-linear behaviour for small lateral strains. Three types
of non-linear soil springs are considered to represent different interactions as Tip bearing
using Q-z curves, shaft skin friction using #-z curves and lateral resistance of soil on pile
using P-y curves. In the case of Q-z curves concerning cohesionless soil, the tip soil
resistance continues to increase with the settlement of pile and 10% of pile diameter
settlement is required for full mobilization of tip bearing capacity of the pile as proposed
by Reese et al. (2006) and API (2008). The modelling of shaft frictional force with a pile
for cohesionless soil is carried out by computation of maximum mobilised skin friction at
various depths given by FEMA 356- (2000). Further API (2008) recommended a relation
for a #-z curve to be bilinear in cohesion less soil. In modelling of P-y curves for sand, the
ultimate resistance is calculated from the recommendations given by Matlock et al. (1980),
which is a Hyperbolic formulation and observed to be the best fit from the experimental

results. The same recommendation for P-y curves was adopted by API (2008).
The Far-field soil spring constant is linear, independent of pile diameter and varies linearly

with depth as per Martin, (1995), for both cohesive and cohesionless soil.
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When a pile-supported bridge is located in an earthquake-prone area, the seismic
performance evaluation of the bridge including the soil structure interaction (SSI) effects
should be included in the analysis. The effect of SSI has been considered as significant
particularly in the case of tall pier bridges. There are several such cases where the failure
of the structure is due to neglecting the SSI effects. Extensive numerical modelling were
carried out by researchers and observed that the non-consideration of SSI as one of the
reasons for the failure of Hanshin Expressway in 1995 under the action of Kobe earthquake.
Therefore, understanding the SSI and its numerical modelling with respect to the soil on

which structure rest is considered as highly important.

When an earthquake occurs, the soil supporting a structure vibrates and induces vibration
in the structure. The vibration of the structure further affects the vibration of the
surrounding soil and this mutual interaction of structure and soil is called Soil-Structure

Interaction (SSI). SSI is classified into two types as follows:

e The displacement caused by earthquake ground motion in the soil where no
structural components present is called free-field motion. The presence of the
foundation elements in the soil causes the foundation motion to deviate from the
free field motion called the Kinematic Interaction. Kinematic interaction has three
primary causes i.e., presence of stiff foundation elements, variation of ground
motion with depth and scattering of waves at corners and edges.

e Inertial interaction describes how the inertial response of a structure cause base
shear and moments that cause displacement of foundation relative to the free-field
motion. This causes additional rotations and displacements in the structure thereby

changing the fundamental frequency.

There are two broad approaches for the introduction of SSI in the analysis. One is the
Substructure method and the other is the Direct method. In substructure method, the piles
are modelled up to its depth of fixity depending on the stiffness of soil and pile and the
analysis is done. In Direct method both soil and structure are integrated in a single model
with the help of finite element. The modelling of SSI can be done by Beam on Winkler
foundation (BWF), where soil elements are modelled as discrete non-linear springs as per

API (2008). BWF combines the Near field and Far-field behaviour through a series of
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springs. The idealisation of soil using one dimensional uncoupled soil springs however may
not be the best possible solution for addressing SSI. A three dimensional continuum model
is certainly a better choice for dynamic analysis of SSI system. However, the introduction
of continuum soil model for large structural system is practically not feasible due to
increase in degree of freedom of the system. Hetenyi et al. (1946) demonstrated that the
error caused by using the Winkler model and elastic continuum model is very small for
realistic scenarios involving flexible beams. So, the approach of considering the soil springs

to represent the soil modelling may be considered as acceptable.

Zerva et al. (2002) studied the estimation of coherency from the recorded data and
discussed on its interpretation. Some empirical and semi-empirical coherency models based
on the recorded data, their validity and limitations and the effect of coherency on the

seismic response of extended structures has also been studied by them.

In the case of a simply supported bridges, asynchronous ground motion can excite the two
pier supports of the same span of the bridge with a difference in time of arrival, resulting
in unequal and not in phase support movement. This may in turn result in large difference
in displacements along the traffic direction of the bridge between two supporting piers
leading to unseating of girder from the bearing which was seen during the 1995 Kobe
earthquake [Burdette et al. (2008)]. In the lateral direction, this simply supported bridge
acts as a continuous one and a significant increase in the bending moments at the base of

piers were reported by Lupoi et al. (2005) for synchronous vs asynchronous motion.

Lavorato et al. (2017) studied the nonsynchronous seismic ground motion generated at
different foundation point of a long span bridge structure. The recorded seismic ground
motion was available at two different points at 422m apart. They have used two different
procedures to generate asynchronous seismic ground motions at various points using
general coherence model. In first procedure, they generated asynchronous ground motions
at the foundation points from the recorded data. In second procedure, they generated the
ground movement at the rock level by the method of deconvolution using the recorded
surface ground motion. Using first procedure they generated the rock level ground motion

at various points below the foundations which then by the method of convolution brought
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back to the surface ground motion. The method of deconvolution and convolution/
amplification needs soil parameters like damping ratio and shear wave velocity through
which wave propagates. The data generated through these two procedures were compared

and studied by them.

Basu et al. (2017) developed a framework which accounts for both phase variability and
amplitude variability of spatially varying ground motion. For the purpose of assessment, a
definition of target spectrum based on the direction of arrival was explored. The effect of
choice of coherency model on the simulated spatially varying ground motion was

investigated.

Seismic response analysis of structures subject to multi-support excitation has been carried
out by various methods like modal analysis [Berrah, (1993)], modified response spectrum
method [Kiureghian and Neuenhofer, (1992)], random vibration analysis [Zhang et al.
(2009)], Monte Carlo simulation [Mirzabozorg et al. (2013)], modal analysis using Ritz

vectors [Balamonica et al. (2015)] etc.

Balamonica et al. (2020) used deterministic approach using proper orthogonal
decomposition vector (POD) or proper orthogonal mode to analyse response of the
structure subject multi support excitation. POD is sometimes termed as principal
component analysis (PCA). The difference in vertical movement of mid span between
synchronous and asynchronous ground motion has been obtained by them. The difference
in rotational movement of mid span between synchronous and asynchronous ground
motion has also been obtained by them. Logically the mid span vertical deflection and the

flexural rotation was found higher in asynchronous motion compared to synchronous one.

2.4. Vehicle Bridge Interaction (VBI) and Tuned Mass Damper (TMD)

The design of bridges are done following the guideline of various codes and standards
which generally considers the vehicular load as equivalent static load instead of dynamic
load. This assumption simplifies the design procedure, however it does not include the
actual dynamic response of the superstructure. Studies have been done on road bridges
considering basic dynamic analysis adopting simplified models of beams and the vehicles

done by Inbanthan ef al. (1987) and Gree et al. (1997). Adopting Vehicle bridge interaction
24

TH-3259_146104019



Literature review

(VBI) for railway bridges were first started by Fryba et al. (1996), Delgado et al. (1997)
and later it was done by Zhang et al. (2003), Zambrano et al. (2008) and Salcher et al.
(2019). The actual dynamic analysis considering VBI gives the high deflection response
of the superstructure which is generally taken care in the design by enhancing the strength
of superstructure. However, it has been found from established theory that the use of energy
dissipation devices may reduce the dynamic response considerably when the structure goes
into resonance, ie when the external force frequency matches with the fundamental
frequency of the superstructure in vertical direction. The proponent of energy dissipation
device to reduce the dynamic response was Frahm (1909). Amongst the passive energy
dissipation devices, most widely used device are Tuned Mass damper (TMD). The use of
vibration absorber by means of passive energy dissipation devices like viscous fluid
dampers, viscoelastic dampers, friction damper, metallic yield dampers has been discussed

in detail in the paper of Soong et al. (1997).

The basic concept of TMD is given in Chopra (1995). The attached system in the Fig. 2.1
and the corresponding governing equations (Eq. 2.1 to Eq. 2.3) show that, if external
frequency @ matches with frequency of the main system of mass m,, which is \/m ,
then without the secondary mass m,, resonance will occur. However, with the secondary
mass and the spring, the movement of the main mass m; can be brought to near zero, as
the secondary mass is producing exactly same force to m; but in opposite direction as per
Eq. 2.4. The value of the mass will depend on how much the deflection of the secondary

mass is allowed.

w1 = Jki/my; 03 = (Jky/mg; = my/my 2.1)
b Do 1-(@/3) (22)
107 &y " [14p(ws /0))2—(w/w}) 21~ (w/w3)2]-p(wh/w})?
U = Do 1 (2.3)
207 gy [} /03)2—(0/0)2][1-(w/w3) 2] —pn(wh/w})?
p
Uzo = —k_oi k2. uz0 = —Po 24)
2
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Fig. 2.1. Vibration absorber m; attached to a SDF system m;

Kwon et al. (1998) used a 3x40m span continuous RCC box superstructure with TGV high
speed train to study the effect of TMD. They considered a moving mass model of 2 DOF
system in vertical direction consisting of wheel and body. Single TMD was applied at the
middle of the central span of the model. They found that the TMD can reduce the vehicle

induced displacement response at midspan of the structure.

Wang et al. (2003) worked on vibration suppression in high-speed railway bridges using
tuned mass dampers. A railway bridge was modelled as a Euler—Bernouli beam. To
simulate the train, series of moving forces, moving masses or moving suspension masses
were considered. The resonance occurred once the train load frequency matches with the
fundamental frequency of the bridge. A single TMD system was then designed to alter the
bridge dynamic characteristics to reduce the vehicle induced vibration. Simply supported
bridges of Taiwan High-Speed Railway (THSR) under German I.C.E., Japanese S.K.S. and
French T.G.V. trains was modelled and the results showed that the proposed TMD is a
useful vibration control device in reducing vehicle induced vibration response like

acceleration and displacement.

Li et al. (2005) worked on vibration control of railway bridges under high-speed trains
using multiple tuned mass dampers (MTMD). The bridges are of 15m and 30m concrete
box girder. Optimisation has been done to get the effectiveness of MTMDs on reducing the

vehicle induced vibration at resonance. The results showed that the use of the MTMD could
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reduce the displacement and acceleration responses of railway bridges significantly at the

resonance speed.

Jianzihong et al. (2005) worked on vibration control of railway bridge under high speed
train using MTMD. They considered two RCC box girder bridge of 15m and 30m span.
The vehicle considered by them was having minimum wheel spacing of 2.5m and
maximum wheel spacing of 15m. They got significant reduction in the vehicle induced
vibration response by using MTMD under resonance condition, ie under condition when
the frequency of occurrence of load matches with the fundamental frequency of the

structure in vertical direction.

Heydar (2015) studied vibration control of a high speed railway bridge using single TMD
and MTMD in his Master’s degree thesis work. In his study he considered one existing
railway bridge of 40m span, composite ballasted girder and performed FEA of the bridge
to understand the train induced vibration. The vertical acceleration due to train induced
vibration exceeded the permissible limit of 3.5 m/s? for a speed range of 220-240 kmph.
He studied the bridge with single TMD attached at mid span and with five parallel TMD
uniformly spreaded on the span to get the extent of reduction in vibration. He plotted the
train induced vibration response (midspan acceleration and displacment). Through the
graph he showed that over a speed range close to the specific speed where the train induced
vibration response is maximum under no TMD condition, the effect of TMD is maximum.
At the specific speed where the response is maximum under no TMD condition, the
reduction of response is maximum. At other speeds beyond the speed range referred above,

the effect of TMD is significantly low and in some cases it was negative.

Kahya et al. (2017) used series TMD in a simply supported beam to suppress high
displacement due to closeness with resonant frequency. High speed train was considered
as vehicular load. They studied the effect of series multiple tuned mass dampers (STMDs)
on the vehicle induced vibration during resonance. A STMD device consisting of two
spring-mass-damper units connected each other in series was installed on the bridge. The
bridge was modelled as a simply-supported Euler-Bernoulli beam with constant cross-

section. The vehicle was simulated as a series of moving forces with constant speed. The
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midspan deflection has been considered as the objective function for optimisation. The

results showed that STMDs are effective in bridge vibration suppression.

Miguel et al. (2021) used a 1x17m span, 10m wide, RCC road bridge for optimisation of
multiple tuned mass dampers (MTMD) taking into account VBI, random pavement
roughness and uncertainties. They use a single tuned mass damper placed at the centre spam
of the model, and 3 TMD uniformly spreaded near the midspan. They have shown that
reduction in vertical response using TMD is about 50%. The effect of sigle TMD and

MTMD are almost similar.

2.5. Concluding Remarks

From the above review in respect of Response reduction factor, following points may be
concluded:

e The three of the papers suggested two contradictory conclusion. One suggests that
the R obtained for bridge piers are in higher side than that suggested in Eurocode 8
and AASHTO. Other paper suggested that R obtained for framed structure designed
as per Indian standards are less than that of suggested values in IS codes. This needs
a wider range of study to conclude and suggest the necessary changes in the various
standards.

e Vast amount of study has been done on inelastic spectra considering various EQ
occurred in the past but in evaluation of equivalent value of R for bridge structure
is still need focus.

e The hollow RCC section so far studied have small dimensions like 400mm square
or 800mm diameter with wall thickness between 100mm to 250mm.

e Assessment of R or ¢ factor for RCC large diameter hollow circular tall piers section
and particularly the effect of special confining reinforcement in the section and how
the same improves the ductility of the bridge needs further focus.

e Effect of opening in the hollow circular section on R has not been studied by any
researcher. As inspection opening is essential in the tall piers, this study is extremely

important.
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e Stress strain curve for concrete is available of solid circular or rectangular section.

Application of the same on hollow circular section needs special focus.

In line with the above findings, it is apparent that more study is needed to understand the
value of response reduction factor R for large diameter hollow circular pier. The stress
strain relation of concrete for solid rectangular and circular section is available. However,
the use of this relation in hollow circular section needs some special study so that the same
can be used for generation of R for large diameter hollow circular section. The value of R
recommended in various codes and standards are single valued which does not show the
relation of R with respect to various depending parameters. This unique value of R may
cause over safe design in some cases or inadequate design in some other cases. The
inspection opening is essential in tall piers and thus the study of effect of the opening on
the value of R is extremely important. With this focus in mind the present study on R of

large hollow circular section has been done.

In reference to the literature review in connection with Asynchronous motion, it was found
that there are adequate studies available on relative effect of synchronous and asynchronous
ground motion on bridge structures using soil structure interaction and adopting
asynchronous motion from various coherence model. However little study is available on
relative effect of synchronous and asynchronous ground motion on tall railway bridge
movement at the superstructure level. The deflection of track during transverse seismic is
important in view of the safe train movement and as such no study is available so far on
this. With this focus in mind, the present study on asynchronous motion and its effect on

response of tall railway bridges has been undertaken.

In reference to the literature review in connection with VBI and TMD, it is found that the
dynamic analysis of railway bridges and the effect of TMD in reducing the vehicle induced
vibration of superstructure has been done by many researchers but most of them are related
to small span ballasted superstructure of RCC construction where the mass of the structure
is high. However, the similar analysis of vibration control using TMD considering VBI

model for long span OWG of steel construction having light mass has not been done yet.
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With this focus in mind the present study has been undertaken to understand the effect of

TMD in train induced vibration control for long span steel OWG bridges.
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Chapter 3

Response reduction factor of large hollow circular

section

3.1. Introduction

The seismic behaviour of hollow circular section has been studied by various authors.
However, the effect of various parameters on large diameter hollow circular section with
or without opening has not been studied yet. Thus, the aim of this work is to do the
estimation of response reduction factor R of tall pier having large hollow circular section.
Parametric study has been done and has been shown how the value of R varies with axial
load (P/Af:), main steel ratio (o), transverse steel ratio (ps), spacing of transverse steel
(Sr), grade of concrete (f.+) and grade of steel (f;). Study has been done for varying outer
diameter of hollow pier between 4m and 16m and varying wall thickness between 0.5m
and 2m. In practice, door opening is needed for inspection purpose of the piers. Effect of
such opening in the section varying between 0 and 16 degree (opening size subtending
angle at the centre of the pier) has also been considered. Recommended value of R for
hollow circular section of diameter 4m to 16m, grade of concrete M40 and reinforcement

steel with grade Fe 500 has been presented for various values of o, P/Afe and pee.

3.2. Methodology adopted

Moment-curvature relationship (M-¢ curve) for hollow circular section with prescribed
stress-strain relationship of concrete and reinforcement steel has been generated for
different size of the section. Concrete stress-strain relation has been adopted from the model
given in Mander ef al. (1988) as this model is based on experimental results of both circular
and rectangular section behaviour. It also considers both enhancement of strength and
ductility due to confinement of concrete. Caltrans (2013) uses this model of stress strain of

concrete to obtain available ductility in confined concrete under seismic load.
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Expression for Confinement effective coefficient (k) is given in Mander et al. (1988) for
both circular and rectangular solid section. Based on this model, value of the k. for hollow

circular section has been proposed and adopted in the present study.

Ultimate strain in concrete has been estimated from strain energy balance approach of the
concrete section at which first fracture occurs at confining steels as suggested in Mander et
al. (1988). This is also compared with other established simplified formulae of ultimate
concrete longitudinal strain given by Priestly et al. (1996) and Wei and Wu (2014). The
basic concept of the approach of Mander et al. (1988) is that the additional ductility in
concrete section under confinement is due to the energy stored in the transverse
reinforcement. Thus, the value primarily depends on the transverse reinforcement ratio.
The other factors on which this value depends are percentage of main steel, grade of

concrete and grade of steel.

From the M-¢ curve, yield curvature and ultimate curvature have been obtained, from
which curvature ductility and deflection ductility values have been calculated by directly
calculating the area under the curve and the moment of the area about the cantilever end of
a cantilever pier. This has been done instead of calculating ductility of the section from
average length of plastic hinge as because under axial load, the M-¢ relation is not linear
even up to the yielding of tension steel unlike section with no axial load. Initially when
moment is less, effect of axial load is predominant and the non-linearity prevails. With
higher value of moment, the graph becomes linear. The effect has been discussed in detail

in section 3.4.6.

The deflection calculation at the cantilever tip of the pier under consideration has been done
with respect to the cracked moment of inertia of section. However, the section in between
two cracked section will have un-cracked moment of inertia and concrete will impart some
stiffening effect. The effect of the same has been studied by using effective moment of
inertia. Established formula of effective moment of inertia which is a function of cracked

and gross moment of inertia and actual moment on the section has been considered for this

purpose.
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Reserve strength factor has been introduced which is estimated from the ratio of yield
moment, i.e. where the extreme main bar yields, to the working moment, i.e. where the
extreme main bar is having 0.55 times yield stress (Refer Note 1 of Table 22, IS 456, 2000).
The value of reserve strength factor has been found ranging between 1.16 to 1.54 depending

on the main steel ratio and axial load on the section.

While estimating ultimate curvature and corresponding ultimate moment, contribution of
moment due to P-4 effect has been considered. For this purpose, appropriate C/G of load
is used. Superstructure C/G is considered at top of pier and substructure C/G is considered
at mid height of the pier. Deflection at mid height is considered half of the top deflection.
The period of vibration of the structure and effect of post yield stiffness is estimated
considering this P-A effect. The structure under consideration for the present study has
slenderness ratio less than 50, and it is found that corresponding to the ultimate curvature
of the section capacity, this post yield stiffness is non-negative. In case the slenderness ratio
is more than 50, the ultimate curvature capacity of the section may lead to negative post
yield stiffness and thus R value shall be less as the same is to be obtained from less ultimate
curvature value in order to avoid negative stiffness effect.
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Fig. 3.1. Configuration of the hollow circular section used for analysis showing outer and
inner row of main steel, outer and inner circular transverse steel and transverse tics

connecting the main bars.

34

TH-3259_146104019



Response reduction factor of large hollow circular section

As per established theory, yield reduction factor value is same as deflection ductility when
the natural period of the structure is high. Thus, response reduction factor has been

calculated by multiplying deflection ductility with reserve strength factor.

3.3. Example problems considered

A 141m tall pier with outer diameter (D,) 16m, inner diameter (D;) 14m, i.e. wall thickness
of 1m and confining width of 0.85m, grade of concrete M40 and grade of steel f, = 5S00MPa
with fi, = 700MPa has been studied for various transverse steel ratio (o), main steel ratio
(pec) and axial load (P/Afck). Standard value of stirrup spacing of 100mm has been

considered as recommended for special confining zone in different codes/ guidelines.

Three different P/4 fervalues (0.1, 0.2 & 0.3), four different p.. values (1%, 2%, 3% & 4%)
and five different ps values (0.2%, 0.4%, 0.6%, 0.8% & 1%) have been considered. Thus,
total 3x4x5 = 60 analyses have been done to get value of R for different parameters. Fig.

3.1 shows the actual configuration of hollow circular section that has been used for analysis.

In addition to outer diameter of section 16m and wall thickness 1m, three more wall
thicknesses of 0.5m, 1.5m and 2.0m have been considered to understand the effect of
confining effective width on R. In practice, generally hollow pier starts with 4m diameter
with 500mm wall thickness. Pier diameter less than 4m is preferably made solid to avoid
maintenance of inner surface of the pier, but with diameter 4m or above hollow section is
preferable to reduce mass of the structure. Study has also been done to understand the value
of R for pier diameter 4m. Further a section size of outer diameter 10m has also been
considered, where wall thicknesses are 0.5m, 1.0m and 1.5m and ps= 0.6%, p.c = 1%, P/Afc«
= 0.1 to understand the effect of effective confining coefficient. Thus, the value of R
recommended in this study is valid for section diameter varying between 4m and 16m with

wall thickness varying between 0.5m and 2.0m.

Door opening is needed for inspection purpose of the hollow piers. Generally, the size of
door opening varies between 1m to 2m depending on the diameter of the pier. The angular
dimension of opening may vary from 8 degree in large diameter pier to 16 degree in small
diameter pier, where the angle is measured by the size of opening subtending to the centre
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of the circle. The value of R has been studied for this angular dimension of opening in the

section sizes described earlier.

Effect of grade of steel on R has been studied with Fe 500 and tensile strength (7) or
ultimate strength as 700MPa. Effect of grade of concrete has been studied considering M40
grade.

3.4. Considerations for evaluation of R

3.4.1. Concrete stress-strain characteristic

Various models of stress-strain relation of concrete are available. Some of the popular
models that has been discussed here are by Kent and Park (1971), Mander et al. (1988),
Saatcioglu et al. (1992), Cusson et al. (1995) and Hoshikuma et al. (1997).

The stress-strain relation of concrete proposed by Kent & Park (1971) was developed for
maximum grade of concrete up to M55. This curve proposes no enhancement of strength
with the confinement of concrete but enhancement in strain capacity which depends on
transverse steel ratio (py), confinement width measured to outside of hoops (b ”) and spacing
of stirrup (sx). This enhancement is estimated from the shift of strain capacity at 50% of
yield strength after yield (E5¢p), which is a function of transverse confining reinforcement

ratio, width of confinement and spacing of reinforcement.

The model considers that the maximum strain at which the strength of concrete is achieved
(&) 1s at 0.002. Fig. 3.2 shows the stress-strain graph based on this model corresponding

to the parameters b "=0.85m, s, =0.1m and different values of p.

Rising branch AB:
o 28 (€ )2 (3.1
fe=1 C[.ooz B (E) ]
Falling branch BC:
fe=1f'c[1-Z(E —.002)] (3.2)
Region CD: f, = 0.2, (3.3)
Where,
36

TH-3259_146104019



Response reduction factor of large hollow circular section
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Fig. 3.2. Stress-strain curve of concrete for different ps as per Kent & Park (1971)

Stress-strain relation by Mander et al. (1988) is based on both circular and rectangular
section. Both enhancement of strength and ductility is proposed in the model. Stress-strain
relation depends on o, Sk, ds, fy, Pec, Ec OF for. Fig. 3.3 shows the stress-strain graph based
on this model corresponding to the parameters py= 1%, S, = 0.1m, ds = 0.85m, fy = 500MPa,

Pec = 1%, for = 40MPa and the same graph for unconfined concrete.
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Fig. 3.3. Stress-strain relation of concrete as per Mander et al. (1988)
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Stress-strain relation by Saatcioglu et al. (1992) is based on the effect of confining

reinforcement on circular, square and rectangular section of concrete grade varying

between M20 to M32. This curve proposes enhancement of strength up to 65% in addition

to the enhancement in strain capacity. Both the enhancement of strength (f’.c) and

corresponding strain capacity (gcc) is given in terms of volumetric ratio of transverse
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reinforcement (o), strength (f°.) and corresponding strain capacity (&) of the unconfined
concrete. The strength capacity after yield is given by the strain against 85% of the yield
strength (&s5) which is a function of ps, & and strain corresponding to 85% strength after
yield of unconfined concrete (&nss) which is considered as 0.0038 in absence of any other
experimental result. The falling branch of the graph is a straight line. Fig. 3.4 shows the
stress-strain graph based on this model corresponding to the parameters py=1%, S, =0.1m,
dy = 0.85m, fy = 500MPa, p.. = 1%, fox = 40MPa and the corresponding graph for

unconfined concrete.

60 —¢ T T T T T T T T

Stress in concrete (MPa)

0 | L |1 1 I 1 1 I |
0 0.002 0.004 0.006 0008 001 0012 0014 0016 0018 0.02

Strain in concrete

Fig. 3.4. Stress-strain relation of concrete as per Saatcioglu et al. (1992)

f’cc = f’c + kifi (3.14)
ky = 67,7017 (3.15)
1

fi = E-psfyh (3.16)
€ee = Eoo[1 + 5K] (3.17)
K = kify (3.18)

kefic
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Ascending curve:

TR PR (3.19)
fc _fcc[g_co_(s_co) ]
1
- (3.20)
1+ 2K
€gs = 260psEc + Epgs (3.21)
€oss = 0.0038 (3.22)

Falling branch is a straight line passes through the point (&s0c, 0.5 fcc).

Stress-strain relation by Cusson et al. (1995) is based on the effect of confining
reinforcement on square section of high-grade concrete varying between M60 to M120.
The descending curve follows an exponential pattern. This descending curve is obtained
from the strain against 50% of the yield strength (&csoc) which is a function of py, strength
of unconfined concrete and €csou which is considered as 0.004 in absence of any other
experimental data. Fig. 3.5 shows the stress-strain graph based on this model corresponding
to the parameters p;=1%, Sy =0.1m, ds = 0.85m, fy = S00MPa, p.c = 1%, for = 40MPa and

the corresponding graph for unconfined concrete.
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Fig. 3.5. Stress-strain relation of concrete as per Cusson et al. (1995)
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Stress-strain relation by Hoshikuma et al. (1997) is different for circular and rectangular

section.

For circular section:

, , 3.83psfyn (3.35)
f cc = f Cc (1 + fCI
0.0332 3.36
€. = 0.00218 + —,pSfy“ (3.36)
fe
For rectangular section:
' _ ' O.73p5f h 337
f o= i . (1 + f—c'y) ( )
0.0122 3.38
€.. = 0.00245 + Tpsm (338)
(o4

All the above stress-strain relations are based on few common features. The concrete stress-
strain relation shows the strength of unconfined concrete (f°.) reaches at a strain (&) value
and the stress falls beyond this strain. The enhanced strength of confined concrete (f"cc)
depends on the transverse steel ratio (os) and the effective confinement coefficient (k)
which in turn depends on size of the section (b’’) and the spacing of transverse steel (Sz).
This enhanced strength corresponds to an enhanced strain value (&) which is more than

Eco-

In the model of Kent and Park (1971) this enhancement of strength has not been considered.
The ascending graph is curvilinear and its equation is same for both Kent & Park (1971)
and Saatcioglu (1992) and is as originally proposed by Popovics (1973). The falling branch
is straight line for both the models. For Mander et al. (1988) and Cusson et al. (1995), the
ascending branch is curvilinear and their equation is also same. For Mander et al. (1988)
one single equation is valid for the falling branch also whereas for Cusson (1995) different
curve has been proposed for falling branch. Effect of spacing of transverse steel (S) in the
form of effective confinement coefficient (k.) has been considered in both Mander et al.
(1988) and Cusson et al. (1995). The effect of transverse steel (S») has direct effect in the
model of Kent & Park (1991). In the model of Hoshikuma et al. (1997) the effect of spacing
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of transverse steel has been considered by providing separate parameters for circular and

rectangular section.
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Fig. 3.6. Comparative Stress-strain relation of concrete as per different models
(Transverse steel ratio 0% - unconfined)
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Fig. 3.6 and Fig. 3.7 show the comparative stress strain relation of concrete as per all the
above models discussed. Fig. 3.6 corresponds to the unconfined concrete and Fig. 3.7
corresponds to transverse steel ratio 1%. From these comparative graphs it is found that the
relation given by Mander et al. (1988), Saatciouglu et al. (1992) and Hoshikuma et al.
(1997) show results very close to each other. The strength enhancement and corresponding

strain in Mander and Saatcioglu are very close whereas that of in Hoshikuma is little higher.

All these three models are based on low grade of concrete and may be considered as
applicable for standard concrete grade which means grade of concrete up to M50. In case
of high-performance concrete of grade beyond M50 these relations will not be applicable
as the ductility of the high-performance concrete is less. As the model given by Cusson et
al. (1995) is based on high performance concrete of grade between M60 and M120, this
curve will be applicable for these higher grades of concrete. In the present study model
proposed by Mander et al. (1988) has been used as the same is based on both solid

rectangular and solid circular concrete section.

Model of Mander et al. (1988) is based on circular and rectangular section. While adopting
the same model in the hollow circular section the basic assumption is that any small slice
of the hollow circular section (Fig. 3.11) is similar in shape of a rectangular section (Fig.
3.10) and thus the applicability of the stress-strain curve in hollow circular section is
acceptable. The calculation of transverse steel ratio of rectangular section and hollow
circular section also are similar in nature and as the transverse steel is uniformly distributed
in the hollow circular section, the overall ratio is representative of any small equivalent
rectangular section. Thus, the model of Mander er al. (1988) has been assumed to be

applicable in hollow circular section similar to its applicability in rectangular section.

In addition to the previous discussion in favour of selecting the model of Mander et. al.
(1988), the expression of lateral hoop stress (f';) for hollow circular section is needed to
be established similar to the expression for solid circular section. Eq. 3.8 shows the relation
between lateral hoop stress (f';) on the confining reinforcements/ transverse steel and ratio

of transverse steel (p;), yield stress of transverse steel () for solid circular section.
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A comparative force equilibrium for solid circular section and hollow circular section is

shown below:

The relation of lateral confining pressure in concrete (f;) with the yield stress of transverse
steel (f,n) and ratio of transverse steel (ps) in hollow circular section can be established as

follows.
I Fon

— ——>

—

From the Fig. 3.7A, the force equilibrium equation can be

AAAA

written as

fidss = 246y fyn -.(@)

As the ratio of hoop transverse reinforcement,
_ 2Agp
Ps = ..... (b)

From Eq. (a) and (b) it can be said that

fi= psfyh; ....(c)

Including the term k. finally it can be written
that Fig. 3.7A. Force equilibrium diagram for

hollow circular pier - relation of f; with £
f’l = kepsfyh; ....(d)

and ps
Comparing Eq. (3.8) and (d), it can be said
that the value of /7 for solid circular section is 'z of that in hollow circular section for the
same circumferential hoop transverse steel ratio ps. However, in hollow circular section in
addition to the circumferential hoop reinforcement, cross ties connecting the outer layer of
main reinforcement with the inner layer of main reinforcement is necessary in order to get
effective confinement of concrete. This reinforcement contributes almost same volume of
the hoop transverse reinforcement and thus actual transverse steel ratio in hollow circular
section is double of the value being used in Eq. (d). Thus, if including the volume of cross
ties, the total transverse steel ratio is calculated then, the same Eq. (3.8) which is applicable

for solid circular section can be used for hollow circular section also and the same has been

considered in the present study.
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3.4.2. Stress-strain relation of reinforcement steel

The standard stress-strain graph of steel reinforcement has been obtained as shown in the
Fig. 3.8. The strain hardening part CD of the curve is similar to that used by Burns and
Siess (1962).

Region AB: &; < E,,

f. = & (3.39)

Region BC: Ey <& < &gy,
= (3.40)

Region CD: €, < € < €y,
o rm(Es—Egp)+2 | (Es—Egp)(60—m) 341
=5 [60(Es_gsh)+2 2(307+1)2 ] ( :

fs_u - _ (3.42)
(fy)(30r+1)2 60r — 1
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Fig. 3.8. Stress-strain curve of reinforcement steel as per Burns and Siess (1962)
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3.4.3. Confinement effective coefficient (k.)

3.4.3.1.  Circular and rectangular section

It is a parameter that is used to find the effective confinement stress on concrete due to
confinement steel and is a function of area of core concrete that is effectively confined

within the confining steel.

For circular section due to the effect of hoop tension in the transverse steel surrounding the
concrete, the entire area within the transverse steel is considered as confined. However, in
between two parallel transverse steel, the part of concrete near cover is unconfined as
shown in Fig. 3.9. For rectangular section, part of area between two successive main bars
are not confined as the straight transverse steel will bend due to lateral pressure. In addition,
in between two parallel transverse steel, the part of concrete near cover is unconfined like

circular section. The effect is shown in Fig. 3.10.

‘)

A

]
\\*',
w2
<
N
P XN
B

\ _'

-
b)

Fig. 3.9. Effect of confinement in circular section: a) Cross section, b) Elevation. Shaded
area shows the unconfined zones.
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Fig. 3.10. Effect of confinement in rectangular section: a) Cross section, b) Elevation.
Shaded area shows the unconfined zones.

Thus, for circular section the effective area of confined concrete is calculated by deducting

the unconfined area shown in of Fig. 3.9, b). i.e.
=" (4 s"\? _ T, s"\° (3.43)
e 4\ 2) 4% 2d,

Acc = %dsz 1-pc) (3.44)

Core concrete area:

Hence the confinement effective coefficient for circular section

Y (3.45)
o a (o)
¢ Acc 1 — Pc

For rectangular section the effective area of confined concrete is calculated by deducting

the unconfined area shown in of Fig. 3.10, a) & b). i.e.

S J y (3.46)
A, =(bcdc—z %)(1—27)(1‘@
i=1

Core concrete area: A.. = b.d.. (1 — p.) (3.47)

Hence the confinement effective coefficient for rectangular section
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(D s -

1-pc

k., =

where n is number of unconfined zones as in Fig. 3.10.

3.4.3.2.  Hollow circular section

In case of hollow circular section, the behaviour of the transverse steel in confining the
concrete is not similar to that of solid circular or rectangular section. Hollow circular
sections, as shown in Fig. 3.11 are provided with two layers of transverse steel, one at the
outer periphery of the section wall and the other at the inner periphery of the section wall.
In addition, cross tie transverse steels are provided to radially tie the outer and inner
periphery longitudinal steel. The outer periphery transverse steel is in hoop tension and
confines the concrete fully like solid circular section. Inner periphery transverse steel is not
necessarily in hoop tension and ignoring the arch action of the bar while under lateral
pressure from concrete, the unconfined effect will be similar to rectangular section as

shown in Fig. 3.11. Thus, the confinement effective coefficient for hollow circular section

i 12 3.49
(Z (;::;;1)@—%) o

1-pc

may be given as

k. =

where 7 is number of unconfined zones within b, as in Fig. 3.11.

Outer periphery transverse steel

Cross tie Inner perlphery transverse steel

Fig. 3.11. Effect of confinement in hollow circular section
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A hollow circular section has been analysed in Abaqus using CDP model of concrete and
compared the stress-strain relation generated by the model with the theoretical curve
proposed by Mander et al. (1988) using the value of k. as obtained from the formula adopted
for hollow circular section and it has been found that there is good closeness of the two.
The results obtained in the model studied in Abaqus has been shown in Section 3.4.4. This

suggests that the formula adopted is acceptable.

With the above consideration if the value of k. is calculated for both solid circular section
and hollow circular section, it has been found that if main steel percentage, spacing of
transverse steel are same for both the sections, and the spacing of main steel for the hollow
circular section is in the range of 150mm, with the core width of the wall of the hollow
circular section same as the core width of the solid circular section, the values of k. are
close to each other with the value being little higher for hollow circular one. For example,
with 1m thick wall of hollow circular section and 1m diameter solid circular section, with
100mm spacing and 16mm diameter of transverse steel, 1% main steel, 75Smm clear cover,
the value of k. for solid circular section is 0.91 and that of for hollow circular section is to
the tune of 0.93. This closeness reduces as the width of the wall and the diameter of the
circular section reduces. With 500mm thick wall for hollow section and 500mm diameter
solid section, the value is 0.77 for solid circular section and 0.84 for hollow circular section.
Hence although the value of k. can be calculated for hollow circular section applying the
Eq. 3.49, the value is calculated from solid circular section as it gives similar result and

remains in safer side.

3.4.4. Authentication of proposed k. of circular hollow section through FEA

Three-Dimensional Non-Linear Finite Element Analysis of concrete columns confined
with transverse and longitudinal reinforcement under concentric axial compressive loading
have been carried out utilizing the general-purpose finite element software Abaqus/CAE

2021.

A set of concrete columns having different cross-section were analysed for evaluation of
column behaviours under uniform compression. The effects of confining pressure from

varying transverse reinforcement ratios have been studied in details on stress-strain
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behaviours of unconfined and confined concrete along with radial stress variations in

columns with different cross-sections.

3.4.4.1 Material Models in Abaqus

Reinforced concrete is a complicated material to be modelled within finite element
framework. A proper material model is required in order to be capable of representing both
elastic and plastic behavior of concrete in both compression and tension. The complete
compressive behavior should include both elastic and inelastic behavior of concrete
including the strain softening regimes. Simulation of entire behavior under tension should

include tension softening, tension stiffening and local bond effects in concrete elements.

Concrete Damaged Plasticity model [Abaqus, 2018] provides a general capability for
modelling concrete in all types of RC structures. It uses the concepts of isotropic damaged
elasticity in combination with isotropic tensile and compression plasticity to represent the
inelastic behavior of concrete. It is intended primarily for the analysis of reinforced

concrete structures, but can also be used for plain concrete.

Application extends to monotonic, cyclic, and dynamic loading under low confining
pressures. It consists of the combination of non-associated multi-hardening plasticity and
scalar (isotropic) damaged elasticity to describe the irreversible damage that occurs during
fracture under compressive loading. It is susceptible to application of strain rate, and
precautions must be measured and evaluated before evaluating a comparative study. This
model is a continuum, plasticity-based, damage model for concrete. It assumes two main
failure mechanisms, cracking under tension loading while crushing of concrete under
compression loading. The evolution of yield surface which in terms is the failure surface is
controlled with two hardening variables [Abaqus, 2018], &,~P'under tension and &, ~P! under
compression. The advantage of CDP model is based on its parameters, which have an
explicit physical interpretation. The following table contains the default values provided by

Abaqus in the material definition.
Concrete strength under uniaxial compression or tension, differs radically from the one

determined with complex states of stress, as concrete under biaxial compression reaches
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higher strength between ten to twenty percent higher than its uniaxial state while in the

hydro-static state (uniform triaxial compression) its strength is theoretically undefined.

Table 3.1. Concrete Damage Plasticity Parameters for FE Analysis

Parameters Dilation angle Eccentricity ];b—o K. Viscosity
co
Values 32 0.1 1.16 0.66 0.0001

e Dilation angle: Inclination angle of the failure surface towards the hydrostatic axis,
measured in the meridional plane, physically interpreted as concrete’s internal angle
of friction

e FEccentricity: Ratio of tensile strength of concrete to that of its compressive strength

e Kc: Ratio of the distances between the hydrostatic axis to the compression and

tension meridian in the deviatoric cross section respectively.

Stress-strain behaviour under Uniaxial Compression:

The stress-strain relation for a given concrete can most accurately be described on the basis
of its uniaxial compression tests. The theoretical stress-strain curve for a given grade of
concrete is defined as the sum of elastic and inelastic segments for material definition in
CDP model. Elastic region is defined with Young’s Modules of unconfined concrete(Eo)
and poison’s ratio (u). Although such non-linear behavior occurs from the beginning of
stress-strain curves in experimental results. While transforming total strain into elastic and
inelastic strains, one must consider an initial elastic segment as isotropic and the inelastic
segment where the nonlinear behaviour of concrete initiates. Fig. 3.12 represents the CDP

model under uniaxial compression in Abaqus.

~el

= &~ foc (3.50)

~in
&

g ™" = (g_i)) (3.51)
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Oc

Eqy

|
~pl
&c

Fig. 3.12. Stress-strain Model for Uniaxial Compression

d. )crc

1- d.JE,

~pl — o ~in
& & - (
Eo

o= (1— dC)EO(SC — 805~pl)

- o
o, =
¢ (1— dc)

(3.52)

(3.53)

(3.54)

After defining the yield stress and corresponding inelastic strain, damage parameter d. and

d; are defined, where its values range from 0 for an undamaged material to 1 for the total

loss of load-bearing capacity. Using the Eq. 3.55 to 3.57, CDP model allowed us to

determine the plastic strain £.~Plin the analysis, although the plastic strain is calculated by

Abaqus.

In the above equations, E,, o, and o, represents initial modulus of elasticity for undamaged

material in compression, uniaxial compression, and effective uniaxial compression. If a

user fails to define damage parameters, then Abaqus will consider the defined concrete

continuum as plastic and generating higher stress results compared to models with damage

parameter.

Stress-strain behaviour under Uniaxial Tension:

TH-3259_146104019
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Cracking strain ;¢ is used in CDP model for definition of concrete behavior in tension.

The main objective is to account the phenomenon of tension stiffening. Concrete under
tension not regarded as a brittle elastic body and phenomena such as aggregate interlocking
in a crack and concrete to steel adhesion between cracks are to consider. This assumption
is valid when crack patterns are fuzzy. Cracking strain is defined as the difference between
total strain and elastic strain for the undamaged material as mentioned. Fig. 3.13 represents

the CDP model under uniaxial tension in Abaqus.

Fig. 3.13. Stress-strain Model for Uniaxial Tension

~ck _ _ ~el
&t = & ot (355)
30t~el — (ﬁ)
E, (3.56)
d o
~pl — o ~ck _ t )_t
& & (1 )5 (3.57)

In the above equations, &~*, d; and E, represents concrete cracking strain, damage

parameter in tension and initial modulus of elasticity for undamaged material in tension.
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Reinforcement Definition:

Rebar in Abaqus is used to define layers of uniaxial reinforcement in membrane, shell, and
surface elements in FE Models [Abaqus, 2018], It can also be used to add discrete axial
reinforcement in beam elements or coupled with temperature or in displacement control

analysis, which do not contribute to the thermal conductivity and specific heat.

Longitudinal and transverse reinforcement in FE Models were defined as elastic perfectly
plastic stress strain behavior. Plastic segment is defined with yield stress versus plastic
strain values as represented in Table 3.2 and the elastic segment with Young’s Modulus of

200 GPa and Poison’s ratio (u) as 0.3.

Table 3.2. Reinforcement Definitions for FE Analysis

Plastic Region

Material Elastic Regi
AL astic e Compressive behaviour Tensile behaviour
Young’s Modulus (Es) Yield Stress: f; Yield Stress: f;
Steel ., . . . 7 . - fs
Poison’s Ratio (p) Plastic Strain: & (Es) Plastic Strain: & (Es)

3.4.4.2 Unconfined Concrete model by Mander et al. (1988)

Damage behaviour for confined and unconfined concrete is different [Liang et al. (2018)].
However, confinement effect of transverse reinforcements is automatically implemented

and considered in the algorithm as concrete columns experiencing dilation in failure zone

Theoretical Stress Strain Curve Proposed by J. B. Mander
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induces the lateral confining pressure from transverse steel within the FE Model [Aboulai
et al. (2019)]. Keeping in view of the above conditions, concrete elements have been
defined as unconfined concrete. The model of Mander et al. (1988) (Eq. 3.7 to 3.13) for
unconfined concrete becomes the input. As a single equation defines both the ascending
and descending branch of concrete behaviour, any abrupt and discontinuous change in

stress values after peak strength leads to convergence warnings in FE Analysis.

Fig. 3.14. Stress-strain Model for Unconfined Concrete (Mander et a/. (1988))

Concrete Damage Plasticity Model

w
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Compressive Strain

Fig. 3.15. Conversion of Mander’s Stress-strain Model to CDP Model for
Unconfined Concrete

To define the stress-strain behaviour of unconfined concrete, total strain €, is considered
in the range varying from 0 to 0.01, where €., in 0.002. Fig. 3.14 represents unconfined
stress strain model for M30 grade of concrete, which has been provided as input in the

analysis.

Elastic region in the CDP model is defined with Elastic Modulus for unconfined concrete
(E,) and poison’s ratio (@) as 0.2. In CDP model, concrete stress-strain model will continue
up to a stress value as mentioned in Eq. 3.58 for defining the elastic region and the rest of
curve was obtained by removing elastic strains ¢ from total strain &, while keeping

compressive stress values undisturbed.
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f = E.z, | £ < 04f, (3.58)
£ = (%) , 8 <e, <001 (3.59)
d, = (1 - ]{:—“o) , d, = (1 - ]{:—Z) (3.60)

Compression damage (d,) and tension damage (d;) [Cao ef al. 2013] are defined with Eq.
3.60. Damage parameter d; and d,. introduce damage in the CDP model after peak stress is
achieved. Abaqus/CAE [Abaqus, 2018] recommends to defined these parameters in
concrete model without which concrete exhibit a plastic behaviour which will inflate the
resultant stress strain curve. Fig. 3.15 represents the converted stress-strain model input in
Abaqus/CAE 2019. Table 3.3 represents the concrete behaviour in tension. Tensile strength
[Rashid et al. 2002] of unconfined concrete is defined with Eq. 3.61.

fro = 0.47(f25)°56 (3.61)
Table 3.3. Tensile behaviour of Unconfined Concrete for CDP Model

Tensile Stress Damage Variable (dt) Cracking Strain
fto 0 0
0.8f;, 0.2 0.008

3.4.4.3 Model Formulation

Concrete in Finite Element Models has been modelled with C3D8R solid (continuum)
element (Fig. 3.16) and rebars, which included both longitudinal and transverse
reinforcement were modelled with T3D2 (Fig. 3.17) elements. C3D8R element is a
continuum three-dimensional (3D) eight-noded solid element with three translational
degrees of freedom at every node with reduced integration including hourglass effect,

whereas T3D2 elements are three-dimensional two noded linear displacement element.

Three-Dimensional Solid Continuum Element:

Solid (continuum) elements are standard volume elements in Abaqus. It doesn’t include

structural elements such as beams, shells, membranes, or trusses and it can be composed of

57

TH-3259_146104019



Response reduction factor of large hollow circular section

a single homogeneous material or several layers of different materials for analysis of
composite solids. In this study a single homogeneous material for the concrete section was

assigned with C3D8R (Fig. 3.16).

Abaqus solid element library includes first order (linear) interpolation elements and second-
order (quadratic) interpolation elements for three dimensional elements. Triangles and
quadrilaterals are available for two dimensions whereas tetrahedral, triangular prisms, and
hexahedra (bricks) are provided in three dimensions. Abaqus recommends avoiding first
order triangular and tetrahedral elements in stress analysis problems as it may overlay a

stiff behaviour and exhibit slow convergence with mesh refinement.

8 i
14
- 3
/
4 ? 4 4 face 6 g face 4
’ 6
5 f—
rs
P
/]
1 2 1 2 1 2
8 - node element 8 - node reduced /
integration element face 1 FaiEs
(a) Reduced Integration Points (b) 8 Noded 3D Element

Fig. 3.16. Solid Continuum Discretization with C3D8R

Three-Dimensional Truss Element:

Truss elements are long, slender structural members that are capable of transmitting axial
force only. Two noded three-dimensional truss element is used for modelling reinforcing
rebar in reinforced concrete structures. Fig. 3.17 represents the Truss element used in the

FE Analysis.

Embedded Constraint:

Embedded constraint definition is used to specify a set of elements that are physically
embedded inside host elements. Embedded constraint is defined for both longitudinal and
transverse reinforcements while making solid concrete continuum as host. The mechanism

involves the nodes of an embedded element lying within a host element, there translational
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degrees of freedom are constrained to the interpolated values that correspond to degrees of

freedom of host element. Fig. 3.18 represents the constraint definition in FE Models.

2
3
end 2
1

end 1

end 2

L end 1

2 - node element 3 - node element

(a) T3D2 and T3D3

2
end 2 2
3
end 2
1
1

end 1

end 1

2 - node element 3 - node element

Fig. 3.17. Three Dimensional Truss Elements

@ Nodes on the embedded elements
@ Nodes on the host elements
w— w= == Edges of the embedded elements

== == == Edpes of the host elements

Fig. 3.18. Embedded Elements in Host Elements
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Boundary and Loading Conditions:

The uniaxial concrete compression was achieved by imposing the boundary conditions as
described by Liang et al. (2018), where one end of the columns was restricted in all the
degrees of freedom while a uniform compression in Z direction was applied keeping the
translational degrees of freedom X and Y direction restricted on the applied surface. The
above boundary conditions resulted in a uniaxial confined compressive failure in the FE

model along the column height away from the boundary surfaces.

Convergence Criteria:

Finite Element Analyses were carried out on the FE model of RC columns with solid and
hollow Section. The specimen experienced large deformation, which will invoke the non-
linear behaviour embedded with the CDP Model which represents the unconfined concrete.
The objective of this study is to analyse the comparative effects of the confinement for
different sections with varying reinforcement ratios. Table 3.4 represents the Converging
parameters that were used for obtaining converging results in the analysis. These
parameters play a key role during analysis as Abaqus default converging parameters are
too strict. As a result, unanticipated warnings might generate. Caution should be taken as
most of the analysis will be analysed without any warnings with these parametric values,
but a warning free analysis is finalized after checking the warning messages in the log file
as Abaqus doesn’t report the warning messages if it predicts a converging solution on
approaching steps. I, represents the number of consecutive equilibrium iterations, after
which check is made whether residuals are increasing in two consecutive iterations while
I represents the number of consecutive equilibrium iterations at which logarithmic rate of
convergence begins. Abaqus/CAE [Abaqus, 2018] recommends parametric values to be
used to avoid any premature cutback in the analysis time. R and Cj represents
convergence criterion for a ratio of largest residual to corresponding average flux norm for
convergence and convergence criterion for a ratio of largest solution correction to the

largest corresponding incremental solution value respectively.
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Table 3.4. Solution Control Parameters for Converging Results

Parameters RY CY e I, Ip
Values 0.02 2 0.0001 8 10

3.4.4.4 Validation Using Solid Circular Section

Validation of the computational approach was first done with experimental test results
obtained from Mander ef al. (1988). The original dimension of columns used by Mander et
al. (1988b) for experimental investigation has been used for analysis of present study.
Table 3.5 presents the detailed dimension with material definitions used for the FE Model
for simulation in Abaqus/CAE 2021. In Table 3.5, N represents the number of longitudinal
reinforcement bars, f,, fin and f., represent yield stress of longitudinal and transverse
reinforcement, unconfined concrete strength respectively. In FE Analysis circular hoop
reinforcement were used in place of the spiral reinforcement for convenience as the model

proposed by Mander et al. (1988b) holds good for both spiral and circular reinforcements.

Table 3.5. Detailing of Circular Columns

Column Lc?ngltudlnal Transverse Material Strength
Reinforcement Reinforcement
70 N Diameter Diameter  Spacing feo i fyn
C1 12 16 12 41 29 295 340
Cc2 12 16 12 69 29 295 340
Cc3 12 16 12 103 29 295 340

Boundary conditions mentioned earlier along with the uniaxial compression loading in Z
direction, while restricting X and Y degrees of freedom on the loading face was applied in
the FE Models for every reinforced concrete column mentioned in the Table 3.5. As FE
Analysis are sensitive to domain discretization and the application of strain rate, analysis
was carried out on all the columns keeping identical mesh sizes and strain rate for
comparison of results. While the computation of analysis warnings which included
excessive distortion and creep convergence algorithm failures were encountered, but these

warnings were eliminated with convergence criteria mentioned before. A sensitivity
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analysis was carried on column C1 and based on the result a uniform mesh size was selected

for FE model of solid sections.

Fig. 3.19. Finite Element Modelling of Circular Column in Abaqus

Dilation of concrete occurred at the central region in the column, as shown in Fig. 3.20 and
referred as the failure zone in this study. A similar approach was followed by Mander ef al.
(1988) in their experiment on a short column with a higher confinement ratio at the top and
bottom of the columns resulted in a compressive failure at mid height. Experimental
columns were tested with a DARTEC machine [Mander et al. (1988)], where monotonic
compressive loading was applied. Keeping in view of the results mentioned above, similar

trend was observed in FE Analysis.

s, 533

(Avg: 100%)
-3.322e-01
-3.729e+00
-7.126e+00
-1.052e+01
-1.392e+01
-1.732e+01
-2.071e+01
-2.411e4+01
-2.751e+01
-3.090e+01
-3.430e+01
-3.770e+01
-4.109e+01

Axial Stress variation of Column C1
Fig. 3.20. Failure zone of Circular Section

Table 3.6 summarizes the parameters, which were used to determine the peak stress and

peak strain for the columns based on theoretical model by Mander et al. (1988). Table 3.7
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presents the effect of mesh refinement in the analysis of model shown in Fig. 3.20. With
increase in mesh refinement, FE response for column C1 were matching with the theoretical
result as predicted. However, mesh refinement increased the analysis time and hence for
all the subsequent analyses, 40mm mesh size was adopted for somewhat reduced

computational time requirement.

Table 3.6. Reinforcement Detailing of solid Circular Columns

AN Confinement Max. Unconfined
Longitudinal Transverse Steel . .
Column Steel Ratio (p,,) Ratio (ps) Effectiveness Strain
o ] (ke) (£co)
Cc1 0.016 0.025 0.9501 0.0015
Cc2 0.016 0.015 0.8883 0.0015
c3 0.016 0.010 0.8161 0.0015

Table 3.7. Sensitivity Analysis for Column C1
Unconfined Strength (in Confined Strength (in Mpa)

Sl. No. Mesh Size (mm)

Mpa) Theoretical FEA
1 45 30 50.5364 48.7476
2 40 30 50.5364 49.1165
3 35 30 50.5364 49.3285
4 30 30 50.5364 50.0686
5 25 30 50.5364 50.3430

Fig. 3.21 represents the FE Responses for cylindrical columns C1, C2 and C3 obtained at
the central Node 1 in between two consecutive transverse reinforcements in the failure zone
as shown in Fig. 3.20 and the same results were compared with corresponding proposed
theoretical stress-strain model by Mander et al. (1988). Stress-strain Curves observed from
the FEA matched with the theoretical model. This observation confirmed that the
modelling approach and the material model satisfactorily characterized the confinement
effect in terms of enhanced strength and ductility characteristics of confined concrete

section.

All FE responses were recorded in between the transverse stirrup level for every analysed

column. This approach was adopted as the concrete dilation was maximum between the
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transverse stirrup level at mid-height in the columns. Uniform axial compression resulted

in the concrete elements to dilate radially.

85 Column C1 Column C2
- = = = FEA Response — 80 = = = 'FEA Response
& 60 As per Mander | | & As per Mander
= =
T - i i - = B 40 CE—
© 40 o S
0 &
g 20 _E 20
< <
0 : 0 '
0 0.005 0.M 0.015 0.02 0 0.005 0.01 0.015 0.02
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60
o = = = :FEA Response
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&
»
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>
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Axial Strain (mm/mm)

Fig. 3.21. Comparisons of computational axial stress-strain responses of confined
solid concrete columns with those obtained from Mander et al. (1988).

3.4.4.5 Circular Hollow Section

Finite element formulation for Circular Hollow Section as shown in Fig. 3.1 was carried
out. Due to the symmetry of column sections about X and Y direction, 1/4™ section of the
column was analysed in the FE Model. Lower end of the hollow section was restrained in
all degrees of freedom, while X and Y symmetric constraint were applied on surfaces
perpendicular to X and Y axis, respectively. Aspect ratio (Height of column/ diameter) ratio
of 3 was maintained for all the models considered. Fig. 3.22 shows the details of models

with 1/4™ section as well as full section.
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Fig. 3.22. Part and Whole Model of Circular Hollow Section

To check the confinement effect in hollow circular piers, 4 columns were analysed using
FE method in Abaqus. These sections were taken from the existing bridge between
Khongsang and Noney under new BG rail line construction between Jiribam and Tupul

(Imphal), India. Table 3.8 shows the detail of the columns considered for the present study.

Table 3.8. Detailing of Circular Hollow Column Section

Longitudinal Transverse
Outer Inner Reinforcement Reinforcement
Column Diameter Diameter No. of Diameter Diameter .
(mm) (mm) bar on of bar of bar Spacing
(mm)
one face (mm) (mm)
P1 7500 6500 188 32 16 150
P2 9000 8000 235 25 16 150
P3 12000 10500 215 32 16 150
P4 16000 14000 340 32 16 150

The inner and outer hoops are connected using cross ties. These cross ties are provided on

alternate longitudinal bars.

A door is provided at the bottom in a hollow pier. It serves as an access point to the interior
of the pier. This is for the purpose of inspection, maintenance, or other activities that
require entry into the hollow pier. The effect of such openings on the confining effect has
been studied. It should be ensured that due to this opening the load carrying capacity and
the confined strength of the pier should not get significantly affected.
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Fig. 3.23. Model of Circular Hollow Section with opening at bottom

Analysis of a long hollow circular column with an opening at bottom is done and it is
compared with the performance of the same column without an opening. Finite element
model of circular hollow section with opening is shown in Fig. 3.23. The column with
opening is symmetric about one axis and hence one-half section of the column was

modelled and analysed using FE method. The door opening dimension is 1000 x 2100.

Generally, hollow column is preferred over a solid column when the outer diameter of a
column section exceeds 4.0m. Hollow section becomes more economical than solid section
in such cases. Keeping this point in mind, a hollow section with outer diameter of 4m was

considered for the parametric study.

To check the validity of using FE model with1/4% section for analysis, the part and whole
model for hollow circular section were analysed (Table 3.9). Fig. 3.24 confirms that the
results obtained from part model matches well with that of whole model. In addition to
this, confined concrete stress-strain curve as obtained from Mander et el. (1998) by
calculating the confinement effectiveness coefficient using a modified formula given in
section 3.4.3. This observation confirmed that the modelling approach gives satisfactorily

results for confinement effect in terms of enhanced strength.
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Fig. 3.24. Comparisons of computational axial stress-strain responses of confined hollow

concrete columns with those obtained from Mander ez al. (1988) model
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Fig. 3.25. Radial Stress Variation along thickness for Hollow Column HC
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Table 3.9. Detailing of Circular Hollow Column Section

Longitudinal Transverse
Outer Inner Reinforcement Reinforcement
Column Diameter Diameter No. of Area of bar Area of Spacing
(mm) (mm) bar (mm?) bar (mm)
(mm?)
HC 304.8 203.2 16 31.669 14.862 25.4

Under the application of uniform axial compression, concrete crushing was observed on
the inner face. Compressive demand generated on the inner face was transferred radially
outward under the influence of crossties which underwent tension due to concrete dilating
outwards. Fig. 3.25 shows the variation in radial stress throughout the load application,
where outer concrete elements have more radial stress compared to inner face. This result
corroborates the consideration of lesser confinement effect at inner face of concrete
compared to outer face based on which the expression of k. for hollow circular pier section
has been proposed as given in Eq. 3.49.
Table 3.10. The reinforcement detailing of hollow circular sections, their confinement

effectiveness coefficient using the proposed formula (Eq. 3.49) and comparison between
the confined compressive strength as obtained from theoretical and the FE model

Confined compressive strength

Confinement Unconfined (f'ce)
Longitudinal  Transverse

Effectiveness ~ compressive — o per above Numerical/
Column steel ratio steel ratio ol From FEA .
o) 00 Coefficient strength proposed Theoretical
= ° (ke) (f co) formula >
(MPa)
(MPa)
P1 0.04117  0.0080 0.5704 40 47.43 45.81 0.966
P2 0.0260 0.0080 0.5497 40 47.17 46.64 0.989
P3 0.0165 0.0046 0.6489 40 44.94 44.31 0.986
P4 0.0139 0.0032 0.7895 40 44.24 41.85 0.946
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Fig. 3.26. Comparisons of computational axial stress-strain responses of confined hollow

concrete columns with those obtained from the proposed formula.

The hollow circular columns as detailed in Table 3.8 has been analysed using FE method

in Abaqus. Load applied to the model was displacement controlled. The rate of application

of displacement was 10mm/sec to make sure that the loading is gradual and not sudden.

The time increment step was restricted to 0.01 to avoid strain increment warning in FEA.

Table 3.10 and Fig. 3.26 show that the confined compressive strength and the stress-strain

graphs obtained from FEA and that is obtained from the proposed formula as shown in Eq.

3.49 are very close to each other.
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Circular hollow section with opening in the wall corresponding to the Column P4 (Refer
Table 3.8) has been analysed. The FE model is shown in Fig. 3.23. The stress-strain plot of
concrete near the opening zone as obtained from the finite element analysis and the same
as per Mander et al. (1988) using the proposed k. have been plotted along with the same
without any opening in the wall of the hollow circular column and are shown in Fig. 3.27.
From Fig. 3.27, it is found that there is some reduction in the maximum strength of the
section, which is logical. Further, the section with opening could sustain strain up to 0.01
in comparison to 0.02 for section with no opening as may be observed from Fig. 3.26 and
3.27. The proposed response reduction factor for hollow circular section with wall opening
has thus been estimated in such a way that strain capacity remains within 0.01 in the stress-

strain relation of concrete.
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Fig. 3.27. Comparison of computational axial stress-strain responses of confined concrete
columns with and without opening with those obtained from the model of Mander et al.
(1988) with proposed k.

3.4.5. Ultimate strain in concrete

Ultimate strain in concrete has been estimated from strain energy of the concrete section of
confined concrete, confining steel and the main steel at which first fracture occurs at
confining steels as suggested by Mander ef al. (1988). The value depends on the various

parameters namely confining steel ratio (ps), main steel ratio (occ), grade of concrete (fcx),
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grade of steel (f;), spacing of confining steel (s”) and dimension of the confined section
(5.

The basic principle is that the difference in strain energy between confined and unconfined
concrete is considered to be imparted by the strain energy of the confining steel.
Longitudinal steel also undergo strain and thus this is also considered in the energy
equation. The energy stored in unconfined and confined concrete is basically the area under
corresponding stress-strain curve as shown in the Fig. 3.6 and Fig. 3.7 respectively.
Confined curve shall be considered up to the ultimate strain &, in concrete where the first
fracture occurs in confining/ transverse steel. Thus, the difference in energy stored in
confined and unconfined concrete plus the energy stored in the longitudinal steel can be
equated to the strain energy stored in transverse steel. As energy stored in confined concrete
and in longitudinal steel is a function of &., the value of & is calculated numerically by
means of iteration. The above strain energy principle expressed in the Eq. 3.62 is as per
Mander ef al. (1988). The left term of the equation is the strain energy of transverse steel,
the first right term is the strain energy of the confined concrete, second right term is the
strain energy in longitudinal steel and third right term is the strain energy in the unconfined

concrete.

€s Ecu Ecu Es
PsAcc fo d fsd€s = Agc fo fed€c + pecAce fo fad€c — Acc fo F fed€. (362)

Table 3.11 shows the ultimate concrete strain calculated numerically by iteration as per
Mander et al. (1988) for section with Grade of concrete M40, Grade of steel Fe500,
Confining steel spacing 100mm, width of confinement 850mm, i.e. the section being used
in the present study. From Table 3.11 it is found that the maximum concrete strain may go
beyond 0.02 depending on the transverse steel ratio. However, in the moment vs curvature

graph, the maximum concrete strain has been restricted to 0.02.

The ultimate strain in concrete as per Mander et al. (1988) depends on various factors. If
the spacing of stirrup is increased, the ultimate strain reduces because the transverse steel

ratio reduces and thus the energy stored in the transverse steel also reduces.
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With increase in grade of concrete the ultimate strain reduces. This happens because with
increase in grade of concrete the area under stress-strain curve increases at same strain
level. As the transverse reinforcement ratio remains same, the total strain energy of the
transverse reinforcement at failure is also same. To equate this unchanged strain energy of
transverse reinforcement with the strain energy of concrete and main reinforcement, the

ultimate strain in concrete reduces.

With increase in grade of steel, ultimate strain in concrete reduces. This is because
increased grade of steel contributes higher strain energy in main steel and to equate with
the strain energy in transverse steel, strain energy in concrete need to be reduced which

causes reduction in ultimate strain in concrete.

A simplified relationship between ultimate concrete strain and confining steel, ultimate
strain in transverse steel and grade of concrete has been given by Priestly ef al. (1996) and
subsequently modified by Wei and Wu (2014). The relation is given as below:
€cu _ f! 3.63
= 175 + 900€ (f—l) (3.63)

Table 3.11. Ultimate strain in concrete estimated from strain energy of the concrete section
at which first fracture occurs at confining steels as per Mander et al. (1988) for different oy

and pee
Ratio of transverse Ratio of main steel (o)
steel (,0s) 1% 2% 3% 4%
0.2% 0.0090 0.0079 0.0071 0.0065
0.4% 0.0137 0.0121 0.0109 0.0100
0.6% 0.0178 0.0158 0.0143 0.0131
0.8% 0.0214 0.0191 0.0174 0.0160
1.0% 0.0247 0.0222 0.0202 0.0186
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Table 3.12. Ultimate strain in concrete estimated as per Wei and Wu (2014) for different

ps and pec
Ratio of transverse Ratio of main steel (o)
steel (o) 1% 2% 3% 1%
0.2% 0.0075 0.0076 0.0076 0.0077
0.4% 0.0116 0.0116 0.0117 0.0118
0.6% 0.0156 0.0157 0.0158 0.0160
0.8% 0.0196 0.0198 0.0199 0.0201
1.0% 0.0236 0.0238 0.0240 0.0243

Table 3.12 shows the ultimate concrete strain calculated as per Wei and Wu (2014). The
comparison between the values shown in Table 3.11 and Table 3.12 as per the two methods
shows that the value of the & is 5% to 17% less as per the method of Wei and Wu (2014)
for main steel ratio 1%. However, the basic difference between the two methods lies in the
impact on the main steel ratio. In the method of Mander et al. (1988), the &, largely depends
on main steel ratio and with higher percentage of main steel, & reduces as because amount
of strain energy stored in the main steel reduces the strain energy stored in the concrete to
balance the total energy, which is equal to the strain energy in the transverse steel at first
fracture failure. In the method of Wei and Wu (2014) the main steel ratio nominally
influences the /" value on which & linearly depends and in contrary to the method of
Mander et al. (1988), the value of & increases with main steel ratio but the increase is
negligible. As a result, for higher ratio of main steel (p. equals to 2% with p; more than
0.6% and p.. equals to 3% & 4%), the value of & is higher in case of Wei and Wu (2014)
method. As such it appears that method given by Mander et al. (1988) is more realistic.
The same is apparent from the findings by Munir et al. (2019) through their experimental
result. As per Munir et al. (2019), the maximum difference of value of & is about 31% and
the value is higher compared to the experimental result. As per Table 3.11 and Table 3.12,
similar maximum difference is observed between the value as per Mander et al. (1988) and

as per Wei and Wu (2014).
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3.4.6. Yield deflection

During the calculation of deflection ductility, yield deflection and ultimate deflection are
calculated first. Yield deflection is generally calculated from the height vs curvature plot
(curvature along the height of the cantilever pier) with curvature corresponding to yield
moment at base of cantilever and with the consideration that curvature linearly varying
along the height of pier. This linear relation is applicable for beam member where axial
load is zero. However, the relation is not linear for pier due to the influence of axial load
even up to the yield moment. Un-cracked section shows kink at the moment vs curvature
graph when the first crack occurs, but in the present case this effect has been ignored as

cracked section property has been considered all through.
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Fig. 3.28. Curvature vs height diagram up to yield moment at base of a pier (actual
curve will be a smooth curve, in absence of multiple point this curve is piece wise
straight line)

In order to understand the effect, the same 141m tall pier has been considered. Fig. 3.28
shows the height vs curvature graph of a section with main steel = 1%, P/Afck = 0.1,
transverse steel = 0.2% and yield moment occurring at the base of pier. From the figure it
is found that the area under the curve is 33% lesser than the same area considering linear

relation between height and curvature i.e. the yield deflection is 33% less. In the present
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study, both yield deflection and ultimate deflection have been calculated from the height vs

curvature curve directly which gives more accurate results of deflection ductility.

3.4.7. Gross and cracked moment of inertia of section

Deflection of structure depends on the effective moment of inertia of section. In the present
case, cracked moment of inertia has been used to get the deflection of the cantilever tip of
pier i.e. from the moment vs curvature relation of cracked section at the base of the pier.
The effective moment of inertia is function of cracked as well as gross moment of inertia
and actual moment on the section. Standard formula has been used to evaluate the effective
moment of inertia of the section. In this section, the effect on deflection ductility for the

use of cracked section instead of effective section property is shown.

The standard relation between effective section property vs gross section property and
cracked section property can be given as below:

o= (%) gy + 11 - (42) e (64
where, I, = Effective section moment of inertia; /.- = Cracked section moment of inertia;
Iz = Gross section moment of inertia; M. = Moment at which first cracking in concrete
occurs and M, = Moment at base of cantilever pier for which effective section property is

being calculated.

If maximum moment considerably exceeds the cracking moment, the stiffening effect of
concrete tension capacity in between the cracks has much less significance and thus cracked
section value /. can be used for calculation with little error. The formula of effective
moment of inertia also suggests the same i.e. if M, is much higher than M., then /. will be
close to /.. An analysis has been done to understand this effect from the problem dealt in
the present case. With 16m outer diameter and 14m inner diameter of hollow pier, M40
grade of concrete, modulous of rupture 0.7(fck)™0.5, i.e. 4.427 MPa, the cracking moment

n 16*—14*

comes about 74,000 tm (M, = Z0¢r = ;—15 — 4427 = 73,668 tm ).
z
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Fig. 3.29. Moment vs curvature curve for section property Do, = 16m, D; = 14m, fox
= 40Mpa, f, = 500Mpa, pec = 1.0035%, ps=0.2% b” = 0.85m, S; = 0.1m, P =0.1
JekAA
From the Moment-curvature analysis of section with p.c = 1%, P/A fer = 0.1 and py= 0.2%,

yield moment capacity M, of the section is 2,28,000 tm and ultimate moment capacity M,

is 3,06,000 tm (Refer Fig. 3.29). I../I,- for the same section is 0.32.
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98" b) With M, at the base
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Effective/ Cracked moment of inerta

Fig. 3.30. Effective moment of inertia distribution of pier section along height of
pier for two cases, a) With M, at the base & b) With M, at the base of pier
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Table 3.13. Effective moment of inertia distribution along height of pier for yield moment
at base and for ultimate moment at base (M. = 74,000 tm, M, = 2,28,000 tm, M, =

3,06,000 tm)

L Mi(Myat /M3 M3 lerr Ma(Muat M\3 M3 lesr
base) (M—l) 1= (M1 ) Ier base) (M—Z) 1= (MZ ) Ier

1.0 3.13 3.13
0.9 22,800 1.000 0.000 3.13 30,600 1.000 0.000 3.13
0.8 45,600 1.000 0.000 3.13 61,200 1.000 0.000 3.13
0.7 68,400 1.000 0.000 3.13 91,800 0.524 0.476 2.11
0.6 91,200 0.534 0.466 2.14 1,22,400 0.221 0.779 1.47
0.5 1,14,000 0.274 0.726 1.58 1,53,000 0.113 0.887 1.24
0.4 1,36,800 0.158 0.842 1.34 1,83,600 0.065 0.935 1.14
0.3 1,59,600 0.100 0.900 1.21 2,14,200 0.041 0.959 1.09
0.2 1,82,400 0.067 0.933 1.14 2,44,800 0.028 0.972 1.06
0.1 2,05,200 0.047 0.953 1.10 2,75,400 0.019 0.981 1.04
0.0 2,28,000 0.034 0.966 1.07 3.06,000 0.014 0.986 1.03

With the yield moment at the base of the pier, the effective moment of inertia distribution
can be worked out and the same is shown in the tabular form Table 3.13 and graphically
in Fig. 3.30. The calculated yield deflection is 1.052m from the height vs curvature curve
based on moment vs curvature curve as shown in Fig. 3.29, which corresponds to cracked
section property. If effective section property distribution along height of the pier is
considered, as per stiffness approach, the deflection is found to be 16% less. In plastic zone
effective section property is same as cracked section property and hence the plastic
deflection calculated from the height-curvature curve will remain unchanged. Thus, the
corrected yield deflection shall be 1.052m/1.16 = 0.9m. The ultimate deflection calculated
from the height vs curvature is 3.586m, thus plastic deflection shall be 3.586-1.052 =
2.534m. Corrected ultimate deflection shall be 2.534m+0.9m = 3.434m. Deflection
ductility without effective moment of inertia consideration is 3.586m/1.052m = 3.4.
Corrected deflection ductility considering effective moment of inertia shall be
3.434m/0.9m = 3.815. Thus, the deflection ductility shall be 12% more if varying effective
section property is used along the height of the pier. The percentage will be slightly more

with higher transverse steel ratio.
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3.4.8. Ultimate curvature — negative stiffness effect

For the sections where its property allows the ultimate strain to go to a high value like close
to 0.02 or above, the large deflection at the top of cantilever may cause large additional
moment due to P-A effect, which may lead to failure of the section causing post yield
negative stiffness. In such cases, the ultimate strain shall be governed from this aspect and
the value shall be restricted in such way that beyond that value only negative stiffness
phenomena may occur. It has been found in general that if maximum ultimate strain is

restricted to 0.02 then this phenomenon can be avoided.

3.4.9. Pounding due to deflection

In case of tall pier, large deflection may occur, which may cause pounding between the
successive structures. After use of appropriate R value for designing the section, deflection
need to be checked and adequate gap needs to be provided between successive structures
to avoid pounding. In case the deflection is large enough to accommodate, pier section
needs to be redesigned for higher stiffness so that deflection can be reduced within the

maximum practical gap that may be provided between the successive structures.

3.4.10. Opening in the wall of hollow circular pier

Openings are generally provided at the bottom of the large diameter hollow pier for man
entry purpose to enable inspection activity inside the pier. Due to the presence of the
opening and depending on the size, the behaviour of the section changes. Moment-
curvature curve changes depending on the size of the opening and as a result the deflection
ductility also differs from that of the section having no opening. The effect of opening on

R is discussed in more detail in next section.
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3.5. Results obtained & discussion

In the following sections, effect of various parameters on R for large diameter hollow

circular section with and without opening has been discussed as has been obtained from the

analysis.
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Fig. 3.31. Ultimate concrete strain vs transverse steel ratio

Ultimate concrete strain obtained from the energy principle as per Mander et al. (1988) has
been found in general higher than the concrete strain corresponding to the ultimate moment
capacity of the section. In general, it is found that the maximum deflection ductility of the
section corresponds to the curvature at ultimate moment capacity. Fig. 3.31 shows
graphically the gap between Ultimate longitudinal concrete strain at which transverse steel
snaps (As shown in Section 3.4.5) as per Mander et al. (1988) and actual strain where

section reaches ultimate moment.
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3.5.1. Effect of spacing of stirrup on R

Effect of stirrup spacing on R has been studied. For two different stirrup spacings, 100mm
and 150mm, keeping stirrup ratio i.e. percentage of transverse reinforcement same, the
effect on R has been checked for the pier sections considered earlier. Fig. 3.32 shows the
effect on stress-strain relation and Fig. 3.33 shows the effect on Moment-curvature curve

for the hollow circular section with P/Afy= 0.1, ps= 0.6%, pocc = 1%, for = 40MPa, fy =

500MPa .

(MPa)

N
(&3]
T

20

Stress in concrete

15

10 [

—— Stirrup spacing 100mm
— Stirrup spacing 150mm

0
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

Fig. 3.32. Stress-strain curve for concrete as per Mander et al. (1988) for different stirrup

Strain in concrete

0.02

spacing — ps = 0.6%, ds = 0.85m, pcc = 1%, for = 40MPa, fy = S00MPa
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Fig. 3.33. Moment-curvature curve for circular hollow section for different stirrup
spacing — D, = 16m, D; = 14m, P/Afex= 0.1, ps= 0.6%, pec = 1%, fox = 40MPa, fy =

500MPa
50
45
©4or
o
= 35r
V]
o 301
S
c 25
[}
o -
£ 28 | —— stirmup spacing 100mm, stirrup ratio 0.6%
g 151~ Stirrup spacing 150mm, stirrup ratio 0.4%
CT) 10 b
5 i

o

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Strain in concrete

Fig. 3.34. Stress-strain curve for concrete as per Mander et al. (1988) for different stirrup
spacing and stirrup ratio — D, = 16m, D; = 14m, pec = 1%, fox = 40MPa, fy = S00MPa
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Fig. 3.35. Moment-curvature curve for circular hollow section for different stirrup
spacing and stirrup ratio — D, = 16m, D; = 14m, P/Afex= 0.1, pec = 1%, for =40MPa, fy =
500MPa

In both the curves the difference is minor. The stress-strain curve shows that with higher
stirrup spacing the area under the curve reduces and the ratio of the area is 0.975. From the
Moment-curvature curve if deflection ductility is calculated, the value is lesser for the
higher stirrup spacing and the ratio of the values is 0.95 (10.404/10.94). Thus, it can be
concluded that effect of stirrup spacing, assuming the spacing will vary between 100mm to
150mm, keeping the percentage of stirrup unchanged, is to the tune of 5% and hence this

parameter has been ignored for estimating the value of R.

The Stirrup spacing has been changed without changing the diameter of stirrup, i.e. the
percentage of transverse reinforcement is also changed and accordingly the effect on R has
been studied. The stirrup spacing has been considered 100mm and corresponding stirrup
ratio 0.6%, changed stirrup spacing is 150mm and corresponding stirrup ratio reduces to
0.4%. Fig. 3.34 shows the effect on stress-strain relation and Fig. 3.35 shows the effect on
Moment-curvature curve of the hollow circular section. In both the curves, the difference
is considerably larger than the case where stirrup ratio has been kept unchanged. The stress-

strain curve shows that with higher stirrup spacing and lower ratio, the area under the curve

82

TH-3259_146104019



Response reduction factor of large hollow circular section

reduces and the ratio of the area is 0.827. From the Moment-curvature curve, if deflection
ductility is calculated, the value is lesser for the higher stirrup spacing and the ratio of the
values is 0.65 (7.194/10.94). Thus, although the stirrup spacing has less effect on the value
of R if percentage of transverse reinforcement is kept unchanged. But if the diameter of the
stirrup is not changed while changing the stirrup spacing, it will have considerable impact
on the value of R. It can be concluded that while changing the stirrup spacing, the stirrup

ratio needs to be kept unchanged in order to get least impact on the R value.

3.5.2. Effect of confining effective width and diameter of stirrup on R

Effect of confining width on R has been studied. Section properties that has been considered
for the present study has been discussed earlier. In addition to outer diameter of section
16m and wall thickness 1m, three more wall thickness of 0.5m, 1.5m and 2.0m have been
considered to understand the effect of confining effective width on R. Table 3.14 shows
the results of the analysis considering ps= 0.6%, p.c = 1%, P/Afa= 0.1, S; = 100mm, for =
40MPa, fy = 500MPa, f;, = 700MPa. It has been found from the results that although
effective confining coefficient (k.) increases with wall thickness, the value of R not
necessarily enhances accordingly. The results are fluctuating but it remains within 87% of

the value of R with wall thickness 1m.

In order to understand this effect for other general values of p; and o, analysis has been
done for same section sizes with ps= 0.8%, pcc = 3%, results of which are shown in Table
3.15. Similar results have also been found and the variation is about 81% of the value of R

with wall thickness 1m.

A section size of outer diameter 10m has been considered where wall thicknesses are 0.5m,
1.0m and 1.5m. With oy = 0.6%, p.c = 1%, P/Afa= 0.1 and other parameters unchanged,
analyses have been done. The results are shown in Table 3.16. From this table also, it can
be found that the value of R does not increase with increase in k. value. The results are

fluctuating but it remains within 84% of the value of R for wall thickness 1m.
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Fig. 3.36. Stress-strain curve for concrete as per Mander ef al. (1988) for different
confining width — py=0.6%, Sy = 150mm, o = 1%, foxr = 40MPa, fy = 500 MPa

x10%

2 Confinement width 1850mm

—— Confinement width 1350mm
! ——— Confinement width 850mm

Confinement width 350mm

0 I 1 I 1 1 I 1 I
0 1 2 3 4 5 6 7 8 9

Curvature %1072

Fig. 3.37. Moment-curvature curve for circular hollow section for different confining
width - D, = 16m, P/Afa= 0.1, ps= 0.6%, Sp=100mm, p.c = 1%, fox = 40 MPa, fy =

500 MPa
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Fig. 3.38. Moment-curvature curve for circular hollow section for different confining
width — D, = 16m, P/Afa= 0.1, ps= 0.8%, Sp= 100mm, p.c = 3%, fox = 40Mpa, fy =
500MPa

% 10°
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Fig. 3.39. Moment-curvature curve for circular hollow section for different confining
width — D, = 10m, P/Afex= 0.1, ps= 0.6%, S;= 100mm, p.. = 1%, for = 40Mpa, fy =
500MPa

85

TH-3259_146104019



Response reduction factor of large hollow circular section

Fig. 3.36 shows the effect on stress-strain relation and Fig. 3.37 to 3.39 show the Moment-
curvature curves for the chosen parameters as presented in Table 3.14 to 3.16 respectively.
From the curves also, it is clear that with increase in width of the wall of the hollow circular
section with identical outer diameter, the moment capacity of the section increases but the
curvature corresponding to the maximum moment of the section is highest for the section
with wall thickness of 1m. As a result, the R value of the section with other wall thicknesses

are less compared to that of for section with 1m wall thickness.

It has been found from the above results that the confining width value changes the R value
of the section but there is no specific trend that can be found about its effect. In general, it
is found that the values are varying between 80% and 100% for a wall thickness variation

between 0.5m to 2.0m.

Table 3.14. Effect of confining width on value of deflection ductility with D, = 16m, o,=
0.6%, pcc = 1%, P/Afu=0.1, Sp = 100mm, for = 40MPa, fy = SOOMPa, f;, = 700 MPa (Ratio
values calculated with respect to 1.0m wall thickness)

Wall Thickness  Confined ke Deflection Confined ke ratio Deflection
(m) width (m) ductility width ratio ductility ratio
0.5 0.338 0.764 9.783 0.4 0.84 0.89
1.0 0.834 0.911 10.935 1 1 1
1.5 1.330 0.950 10.539 1.59 1.04 0.96
2.0 1.828 0.967 9.500 2.19 1.06 0.87

Table 3.15. Effect of confining width on value of deflection ductility with D, = 16m, o,=
0.8%, pcc = 3%, P/Afac=0.1, Si = 100mm, for = 40MPa, fy = SO0MPa, f;, = 700 MPa (Ratio
values calculated with respect to 1.0m wall thickness)

Wall Thickness  Confined ke Deflection Confined ke ratio Deflection
(m) width (m) ductility width ratio ductility ratio
0.5 0.338 0.764 2.252 0.4 0.84 0.81
1.0 0.834 0.911 2.778 1 1 1
1.5 1.330 0.950 2.382 1.59 1.04 0.86
2.0 1.828 0.967 2.781 2.19 1.06 1.0
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Table 3.16. Effect of confining width on value of deflection ductility with D, = 10m, p,=
0.6%, pec = 1%, P/Afa=0.1, Sp = 100mm, fx = 40MPa, fy = SO0MPa, f;, = 700 MPa (Ratio
values calculated with respect to 1.0m wall thickness)

Wall Thickness  Confined ke Deflection Confined ke ratio Deflection
(m) width (m) ductility width ratio ductility ratio
0.5 0.338 0.764 9.604 0.4 0.84 0.93
1.0 0.834 0.911 10.316 1 1 1
1.5 1.330 0.950 8.68 1.59 1.04 0.84

In the two different sections analysed as mentioned hereinbefore, in order to keep o5 and Sy,
unchanged, diameter of the stirrup need to be reduced. The required reduction in diameter
is about 50%. It has been studied that the difference in the k. value for the change in
diameter gives a ratio 0.98 (0.634/0.645) and difference in deflection ductility gives a ratio
0.999 (8.043/8.044). Thus, the effect of diameter of stirrup is almost nil.

3.5.3. Effect of grade of steel on R

Analysis has been done to find the effect of different grade of steel on R. Keeping yield
strength (YS) as S00MPa, three different tensile strength (71S) or ultimate strength of value
565MPa. 625MPa and 700MPa have been considered for the analysis. The section property
has been considered as defined earlier. Two different section conditions have been
considered for this analysis. Both the sections are of D, = 16m D; = 14m, P/Af«= 0.1, S; =
100mm, fox = 40MPa, fy = S00MPa. The variable parameters of the sections are ps= 0.6%,
pec = 1% for first section and ps = 0.8%, p.c = 3% for the second section. As per the
calculation the R value with fsu = 700MPa for the first section is 10.935 and that of for the
second section is 2.777, which suggests that first section has large ductility value.
Comparative analysis has been done on these two sections for different 7S value of steel.
Fig. 3.40 and Fig. 3.41 show the moment-curvature curves for the two different sections
under three different 7S values. From Fig. 3.40 it can be seen that maximum moment for
all the three TS values occurs corresponding to almost same curvature, however, due to
higher moment capacity ductility value may differ widely. Whereas in Fig. 3.41 the curves
differ very little which suggests that the ductility values for three different TS should not

vary widely.
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Fig. 3.40. Moment-curvature curve for circular hollow section for different grade of
reinforcement steel — D, = 16m_D; = 14m, P/Afix= 0.1, p;= 0.6%, S;= 100mm, p.. = 1%,
fex = 40MPa, fy = 500MPa
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Fig. 3.41. Moment-curvature curve for circular hollow section for different grade of
reinforcement steel — D, = 16m_D; = 14m, P/Afex= 0.1, p;= 0.8%, S;= 100mm, p.. = 3%,
fek =40MPa, fy = 500MPa

From the analysis results, it is found that the three deflection ductility values for the first
case is 10.935, 8.083 and 5.46 and for the second case itis 2.777,2.364 & 2.363. The values

vary widely in case of first section whereas it varies less in the second case. The ratio is
88
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0.50 (5.46/10.935) for the first case and 0.85 (2.363/2.777) for the second case. Thus, it can
be said that the effect of variable 7S for grade fy500 steel may go as high as 50%.

3.5.4. Effect of grade of concrete on R

Analysis has been done with different grade of concrete to find the effect on R. In addition
to M40 grade, M60 grade of concrete has been studied. Fig. 3.42 shows the stress-strain
curve for concrete for two different grades and for two different p; values, 0.2% and 1.0%.
The ordinate shows the stress/strength ratio so that the curves can be compared. From the
curves it is understood that for the falling branch, strain capacity of lower grade of concrete
is higher. Fig. 3.43 shows the moment-curvature curves for five different p; values, 0.2%,
0.4%, 0.6%, 0.8% and 1% and all for two different grades of concrete, M40 and M60. Table
3.17 shows the deflection ductility and R for different cases.

Stress to strength ratio-strain curve for concrete

T \1\\\\| T T T T

09 r

~ = -

M40, Tra\n\qurse steel ratio 1.0% ~
60, Transverge\ste\el ratio 1.0% |
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Strain in concrete

Fig. 3.42. Stress-strain curve for concrete as per Mander ef al. (1988) for different grade
of concrete and different p; - Sy=100mm, p.c = 1%, fy =500MPa
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Fig. 3.43. Moment-curvature curve for circular hollow section for different grade of
concrete and different ps (0.2, 0.4, 0.6, 0.8, 1.0%, values correspond to increasing
curvature) — D, = 16m, D; = 14m, P/Afex= 0.2, Sy = 100mm, pec = 1%, fy = 500MPa.

Table 3.17. Deflection ductility and R for different ps values and different grade of
concrete for section with D, = 16m, D; = 14m, pcc = 1%, Sy = 100mm, P/Afer = 0.2, fy =
500MPa, f;, = 700 MPa

s M40 M60
Deflection Reserve R Deflection Reserve R
ductility strength factor ductility strength factor
0.2% 1.97 1.2 2.37 1.90 1.16 2.20
0.4% 2.21 1.2 2.64 2.09 1.16 241
0.6% 2.41 1.2 2.88 2.26 1.16 2.63
0.8% 4.24 1.2 5.08 2.42 1.16 2.87
1.0% 5.92 1.2 7.09 3.03 1.16 3.52

From Table 3.17, it is found that the ratio of the R values for two different grades of concrete
for lower p; is about 0.9 whereas for higher pj it is about 0.5. From the Moment-curvature
curves in Fig. 3.43, it can be seen that moment capacity of the section with higher grade of
concrete is naturally higher. The maximum moment capacity occurring at almost same
curvature for both the grade of concrete against ps value up to 0.6%, while for ps value

higher than 0.6%, maximum moment capacity occurring for M40 grade are at relatively
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higher curvature. As a result, the deflection ductility values are much higher for M40 grade

for these higher py value.

3.5.5. Effect of slenderness of structure on R

It has been found that the slenderness of structure affects the deflection ductility as due to
the P-A effect, additional moments in the section gets induced thus corresponding to the
ultimate curvature which provides the deflection ductility, a negative stiffness effect is
induced which causes failure. In order to avoid this situation, ultimate curvature should be
considered lesser than the capacity of the section which will reduce the value of deflection
ductility. In the present case the structure which has been studied corresponds to slender
ness ratio (Ley/r), i.e. effective length/ radius of gyration of the section) just less than 50
and it is found that negative stiffness effect has not occurred. The structures having
slenderness value more than 50 will have less deflection ductility than the structures with

slenderness value less than 50.

3.5.6. Effect of transverse steel ratio(ps), main steel ratio (pcc) and vertical load

(P/Afck) on R

Analysis has been done for section parameters as defined earlier. Fig. 3.44 to 3.46 show
the M-¢ curves for different sections of various parameters. From the curves it is clear that
with higher ps value the section can take more curvature. With higher values of axial load
(P/Af<) the moment capacity of the section increases but the capacity of taking curvature
reduces. Similarly, with higher values of p.. the moment capacity of the section increases
but the capacity of taking curvature reduces. Interesting point can be noted that with
increase in p. the curve patterns remain same. The curves for p.. = 4% have not been

shown for the same reason.
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Fig. 3.44. (a), (b), (c) Moment-curvature curve for circular hollow section for different oy
(0.2, 0.4, 0.6, 0.8, 1.0 %,) and different P/Afcx (0.1, 0.2, 0.3), - Do= 16m, D; = 14m, Sp=
100mm, pec = 1%, f, = 500MPa, for = 40 MPa
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Fig. 3.45. (a), (b), (c) Moment-curvature curve for circular hollow section for different oy
(0.2, 0.4, 0.6, 0.8, 1.0 %,) and different P/Af.+ (0.1, 0.2, 0.3), - D,=16m, D;= 14m, S;,=
100mm, p.. = 2%, f, =500MPa, f;r =40 MPa
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Fig. 3.46. (a), (b), (c) Moment-curvature curve for circular hollow section for different py
(0.2,0.4, 0.6, 0.8, 1.0 %,) and different P/Afx (0.1, 0.2, 0.3), - D,=16m, D;=14m, Si=
100mm, pec = 3%, f, = S00MPa, for =40 MPa

Summary of the results of deflection ductility and response reduction factors are shown in

Table 3.18 to 3.20. The values of R shown in the table has been represented graphically in

Fig. 3.47.

Table 3.18. Deflection ductility and R for different p, and p.. values for P/Af.x = 0.1 for
section with D, = 16m, D; = 14m, S, = 100mm, fy = 500MPa, f;, = 700 MPa, f.x = 40 MPa

o Do = 1% Dec = 2% Dec = 3% Dec = 4%
D 0 R D 0 R D 0O R D o R

02% 3.4 128 44 215 142 31 196 149 29 185 153 28

04% 7.66 128 9.8 233 142 33 212 149 32 198 154 3.0
0.6% 1094 128 140 457 142 65 225 149 34 208 154 3.2
0.8% 13.41 128 171 6.69 143 95 278 149 41 217 154 33

1.0% 1527 1.28 195 846 143 121 413 149 62 225 154 35

Note: D = Deflection Ductility, O = Reserve strength factor
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Table 3.19. Deflection ductility and R for different g, and p.. values for P/4Afcx = 0.2 for
section with D, = 16m, D; = 14m, S, = 100mm, fy = S00MPa, f;, = 700 MPa, for = 40 MPa

Ps Pec = 1% Pcc = 2% Poc = 3% Pec = 4%

D (0] R D (0] R D (@) R D (0] R

0.2% 197 1.20 24 180 130 23 167 138 23 161 142 2.3
04% 221 1.20 2.6 197 130 26 181 138 25 173 142 2.5
0.6% 241 1.20 2.9 211 130 27 192 138 2.7 183 142 2.6
0.8% 4.24 1.20 5.1 224 130 29 203 138 28 192 142 2.7
1.0% 5.92 1.20 7.1 269 131 35 212 138 29 199 142 2.8

Note: D = Deflection Ductility, O = Reserve strength factor

Table 3.20. Deflection ductility and R for different pyand p.. values for P/Af.x = 0.3 for
section with D, = 16m, D; = 14m, S, = 100mm, fy = 500MPa, f;, = 700 MPa, fox = 40 MPa

Ps Pec = 1% Pec = 2% Pecc = 3% Pec = 4%

D (0] R D (0] R D (0] R D (0] R

0.2% 155 1.16 1.8 149 124 18 144 130 19 140 1.35 1.9
04% 1.74 1.16 2.0 164 124 20 156 131 20 152 135 2.1
0.6% 192 1.16 2.2 177 124 22 167 131 22 161 1.35 2.2
0.8% 2.07 1.16 24 189 125 24 176 131 23 169 135 23
1.0% 222 1.16 2.6 200 125 25 185 131 24 176 1.36 2.4

Note: D = Deflection Ductility, O = Reserve strength factor

A summary of R value is shown in Table 3.21 for the case under consideration. Minimum
and maximum py value and corresponding R values are tabulated. From the graphs shown
in Fig. 3.47 it can be said that the variation of R with respect to ps is generally linear except
for few cases like the curve for P/Afer = 0.1 & pec = 2%; P/Afa = 0.2 & pec =1%. For these
cases a modification has been suggested in the Table 3.21 so that linear interpolation can

be done for any intermediate value of p; maintaining a safe R value.
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Fig. 3.47. (a), (b), (c) Transverse steel ratio (os) vs Response reduction factor I for circular
hollow section for different main steel ratio (p.) and Vertical load (P/Afck) - Do= 16m,
D;= 14m, Sy= 100mm, f;x = 40MPa, f, = 500MPa, , fs, = 700Mpa, fox = 40 MPa
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Table 3.21. Summary of R value for section with D, = 16m, D; = 14m, Sy = 100mm, fy =
500Mpa, fsu = 700 MPa

Poc = 1% Poc = 2% Pec = 3% Pec = 4%

P/Afa = 0.1
0£s=0.2% 4.4 3.1 2.9 2.8
ps=1.0% 19.5 6.2 6.2 3.5
P/Af«= 0.2
ps=0.2% 2.4 2.3 2.3 2.3
0s=1.0% 3.5 3.5 2.9 2.8
P/Afa = 0.3
ps=0.2% 1.8 1.8 1.9 1.9
ps=1.0% 2.6 2.5 2.4 2.4

Considering the effect of varying effective section property for which R values can be
enhanced by 12% as discussed in Section 3.4.7, a generalised R value can be considered by
multiplying the values in Table 3.21 by 0.8 (for confining width effect, refer Section 3.5.2)
x 1.12 (for varying effective section property) = 0.9. The values are shown in Table 3.22.
For ps between 0.2 & 1% and P/Af« between 0.1 & 0.2, 0.2 & 0.3, the values can be
interpolated.

Table 3.22. Recommended value of R for large diameter hollow circular section with wall
thickness varying between 500mm and 2000mm, Grade of steel fy500, f,, = 700MPa,
maximum grade of concrete M40

Pec = 1% Pec = 2% Pec = 3% Pec = 4%

P/Afa= 0.1
0s=0.2% 4.0 2.8 2.6 2.5
0:=1.0% 5.5 5.5 5.5 3.0
P/Afa = 0.2
ps=0.2% 2.2 2.0 2.0 2.0
0os=1.0% 3.0 3.0 2.6 2.5
P/Afa= 0.3
0£s=0.2% 1.6 1.6 1.7 1.7
ps=1.0% 2.3 2.2 2.2 2.2

The calculated value of R corresponding to P/Afer = 0.1, pec = 1% and ps = 1.0% in Table
3.22 comes to 17.1. However, for all practical purposes, such high value of R gives rise to

deflection of the cantilever pier top beyond functional requirement like avoidance of
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pounding etc and thus a practicable value keeping in parity with the other values of R
obtained has been suggested. Thus, the recommended value of R for large diameter hollow
circular section for grade of concrete up to M40 and grade of steel Fe500 with UT 700 MPa
can be obtained from Table 3.22. The actual theoretical value of R as per the theory
described in this chapter can be obtained from the graphs in Fig. 3.47 multiplied by the
factor 0.9.

3.6. Effect of opening in the wall of hollow circular section on R

Wall openings in hollow circular pier section is necessary for inspection purpose.
Corresponding response reduction factor is likely to be lesser compared to the section with
no wall opening and the same has been discussed in the present section. M-¢ curve has
been generated considering the effect of opening in the section. It has been found that the
stress-strain relation of Mander et al. (1988) with the proposed k. value as per Eq. 3.49 can
be used for hollow circular section with wall opening with reduced strain capacity (up to
0.01) as shown in Fig. 3.27. Thus, the M-¢ curve has been generated using the stress-strain
relation of concrete as per Mander et al. (1988). The R value of the section has been

proposed in such a way that the maximum strain in concrete remains within 0.01.

Following cases have been studied:

Case 1: P/Afex = 0.1, pec = 1%, ps = 0.2%
Case 2: P/Afa= 0.1, pec = 1%, ps = 1.0%
Case 3: P/Afexc= 0.2, pec = 2%, ps = 0.2%
Case 4: P/Afexc = 0.2, pec = 2%, ps = 1.0%
Case 5: P/Afek = 0.3, pec = 1%, ps = 0.2%
Case 6: P/Afex = 0.3, pec = 4%, ps = 1.0%

The Deflection ductility values of the section for the cases as mentioned above have been
shown in Table 3.23. The ratio of deflection ductility with respect to the values

corresponding to no wall opening case has been shown in Table 3.24.
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Table 3.23. Deflection ductility corresponding to different opening size in hollow circular
section with D, = 16m, D; = 14m, S = 100mm, fy = 500MPa, f;, = 700 MPa, f.rx = 40 MPa

Opening size Case 1l Case 2 Case 3 Case 4 Case 5 Case 6
(In degree)
0 3.40 15.27 1.80 2.69 1.55 1.76
8 2.43 13.57 1.53 2.47 1.47 1.70
16 2.30 11.89 1.45 2.31 1.41 1.65

Table 3.24. Ratio of Deflection ductility corresponding to different opening size in hollow
circular section with D, = 16m, D; = 14m, S = 100mm, fy = S00MPa, f;, = 700 MPa, for =

40 MPa
Opening size Casel Case 2 Case 3 Case 4 Case 5 Case 6
(In degree)
0 1.00 1.00 1.00 1.00 1.00 1.00
8 071 0.89 0.85 0.92 0.95 0.97
16 0.68 0.78 0.81 0.86 0.91 0.94

From the Table 3.24, it can be found that for Case 1, the ratio of deflection ductility varies
from 1 to 0.68 and for Case 2, the ratio varies from 1.0 to 0.78 for ps value between 0.2%
and 1%. A general variation value from 1.0 to 0.7 for the case P/Afex = 0.1 may be

considered for simplification.

Similarly, for Case 3 and Case 4, the ratio varies from 1 to 0.81 and from 1 to 0.86
respectively for ps value between 0.2% and 1%. A general variation value from 1.0 to 0.8

may be considered for the case P/Afc = 0.2 for simplification

Similarly, for Case 5 and Case 6, the ratio varies from 1 to 0.91 and from 1 to 0.94
respectively for ps value between 0.2% and 1%. A general variation value from 1.0 to 0.9

may be considered for the case P/Afx = 0.3 for simplification.

Table 3.25 proposes the multiplication factors which are to be applied on the values shown
in Table 3.22 to get the value of R for section with wall opening. Opening size 0 degree
corresponds to the section with no wall opening and corresponding to this the multiplication

factor is 1. The values of multiplication factor shown in Table 3.25 may be interpolated for
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any opening size between 0 and 16 degree. The degree of opening is the angle subtended

by opening size with respect to the radius of the circular section.

Table 3.25. Multiplication factor for R for pier with hollow section with opening

P/Af Opening size 0 degree  Opening size 16 degree
0.1 1 0.7
0.2 1 0.8
0.3 1 0.9

3.7. Concluding remarks

In this chapter, a detailed discussion has been presented on the assessment of response
reduction factor R for large diameter hollow circular section. These types of sections are
generally used for bridges with tall pier in high seismic zone. The values of R have been
found to be dependent on different parameters namely, axial load (P/Af:x), main steel ratio
(pec) and transverse steel ratio (ps) and the values are accordingly proposed. Opening in
wall in hollow circular pier section is essential for inspection purpose. The present study
proposes the values of R for both the cases, i.e. section without wall opening and section
with wall opening. The proposed values are applicable for non-slender pier (slenderness

ratio within 50) and grade of concrete up to M40.

The stress-strain curve has been used following Mander et al. (1988). The confinement
effective coefficient (k) for hollow circular section has been proposed, which has been
substantiated by detailed FEA. No such recommendation is found for confinement effective

coefficient (k.) for hollow circular section in the literature.

Ultimate strain in concrete has been estimated from strain energy balance approach of the
concrete section at which first fracture occurs at confining steels as suggested by Mander
et al. (1988). It has been found that the concrete strain corresponding to the ultimate
moment capacity of the sections under study lies within this ultimate concrete strain. In
case of hollow circular section with wall opening, ultimate concrete strain is less than that
of section without opening. Thus, the R value of section with opening has been proposed
in such a way that the concrete strain remains with in this reduced ultimate concrete strain

capacity.
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It has been found that confining width on displacement ductility has significant effect. The
effect of change in confining width on the value of R, however, cannot be established. R
values are observed to vary from 80% to 100% for wall thickness varying between 0.5m
and 2.0m, when compared with the value for 1m wall thickness. Suitable reduction factor
has been recommended in the proposed R so that the same can be used in general for all

wall thicknesses.

The spacing of stirrup has significant effect on the value of R. It has been found that stirrup
spacing above 150 mm causes drastic reduction in ductility of any section. In general, 100
mm spacing of stirrup in special confining zone, where plastic hinge may be formed has
been recommended in all the standards/codes and the same has been used in the present
study. It has been found that the diameter of stirrup with identical transverse steel ratio (o)

has insignificant effect on R so long the stirrup spacing is below 150mm.

For section where slenderness ratio of pier is more than 50, ductility reduces drastically due
to P-A effect. Grade of concrete has significant effect on the ductility of any section if
transverse steel ratio (py) is high. The strain carrying capacity of high strength concrete is
much lesser compared to that of M40 grade and results in reduction in ductility of the

section.

In general, in different codes/ standards, unique value of R for different components of
structure are recommended. As such the codes/ standards do not recommend the R value of
hollow circular section and for design of bridges the values recommended for solid sections
are used for hollow circular pier section. If the values obtained in the present study is
compared with the code/ standards recommended values, then it can be found that for some
cases, the code recommended values are either over safe whereas in some other cases the
values are inadequate. As such, the unique recommended value in the code does not cover
all the cases under which a structure may undergo. Thus, an attempt has been made to
propose R value for piers with hollow circular section, with or without wall opening,

covering some of the possible variations in design parameters.

The value of R increases with increase in transverse steel ratio (o), with decrease in vertical
load (P/Afcx) and with decrease in main steel ratio (pc). The proposed value of R varies
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from maximum 5.5 to minimum 1.6 depending on the factors as mentioned. Thus, the code
recommended R value which is 3 (As per IRS, BIS and IRC) irrespective of other
depending parameters is not compatible with the actual behaviour and detailing of the
structure as observed in the present study. The recommended R values of hollow circular
section with door opening reduces with opening size and the reduction varies from 1 to 0.7

times of the value of R corresponding to section without door opening.
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Chapter 4

Asynchronous motion and its effect on response of tall

railway bridges

4.1. Introduction

This study is related to the assessment of seismic performance of a long multi-span railway
bridge with OWG superstructure, located in the highest seismic zone of India. Piers are
very tall with heights varying from 60 to 140 m. In a long bridge, spatial variation in the
input seismic excitation should be considered and the effect of such varied excitation at
different pier foundation level on the seismic performance of the overall bridge should be
assessed. A detailed finite element model with soil-structure interaction is considered.
Asynchronous ground motions are modelled using conditional simulation by considering
the coherency losses and a time delay of arrival with change in phase as well as amplitude
of the earthquake signals from origin to the spatial points of interest along the bridge. Multi-
support excitation of the bridge is performed by converting the acceleration time history to
displacement time history with reduced time step. The responses at different pier locations
for the synchronous and asynchronous motion are evaluated and the requirement of
asynchronous input in multi-support excitation for long bridge with tall piers are observed

to be significant for assessment of safety of running train through the bridge.

4.2. Analysis of long bridge under asynchronous motion

It is understood from the literature survey and from logical inference that the asynchronous
motion may cause enhanced relative motion in pier top in multi support long bridge as
compared to synchronous motion. In railway bridge, this effect may lead to serious
disturbance to the running train due to relative displacement of the continuous rail over
piers. Thus, a detailed study is presented to appreciate the influence of synchronous and
asynchronous seismic ground motion on any possibilities of change in track alignment

during seismic event.
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4.2.1 Modelling of the bridge under consideration

The bridge under consideration is a railway bridge with open web girder superstructure.
The bridge is located in Manipur, India, which has the highest seismicity in the country.
The total length of the bridge is 703 m, which comprises of eight simply supported spans.
It has two 69 m span with through type OWG girder, five numbers of 103.5 m span with
through type OWG girder and a plate girder span of 28.5 m. The bridge consists of seven
intermediate annular piers of height ranging from 60 m to 141 m. The tall Piers resting on
pile foundations are flexible and are to be modelled appropriately to represent their actual
behaviour. The piles are of 1.5m diameter and their length varies between 22m to 30m
depending on the location of pier on hill slope or on river bed. Fig. 4.1 shows the overall
configuration of the bridge. The OWG superstructure members are modelled with beam
element as per their actual cross section wherein appropriate releases are made to ensure
only axial degrees of freedom to the chord members. Rotational degrees of freedom are
released for stringers and cross girders to ensure shear transfer only without transferring
moment. Hollow piers are modelled with beam elements, while plate elements are used to
model the pile caps. All the superstructure spans are simply supported and boundary
conditions are imposed with help of body constraints in SAP 2000 Nonlinear. The near-
field soil is modelled using Beam on Winkler Foundation, where soil elements are modelled
as discrete non-linear springs as specified in API (2008). The soil resistance in the lateral
and axial direction of the pile are summarized as P-y curve to represent the relationship
between the lateral resistance of soil and pile displacement, #-z curve to represent the
relationship between shaft skin frictional force and relative movement of the pile with
respect to the soil, O-z curve to represent the mobilized tip bearing capacity and settlement.
The detailed finite element model of the considered bridge along with soil-pile system is

shown in Fig. 4.2.
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Fig. 4.1. Tall long railway bridge in Manipur

Fig. 4.2. Finite Element model of the bridge with Near-field soil springs

4.2.2 Generation of Asynchronous motion

According to the spectral representation theorem, if the ground motion at a point x; is a
homogeneous mean-square continuous real-time process z;(t), then it can be expressed as

a sum of the independent sinusoidal process as
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z(t) = Zlk(;ll [Aix cos wi (t) + By sin wy ()] 4.1)
At K discrete frequencies, each separated by Aw. The random coefficients A;;, and By, are
mean zero, implying that the resultant process z;(t) is also mean zero. From the point of
view of simulation, it is convenient to discretize time and generate z;(t;) at the time t;=
jat,j=0,1,2............ , K — 1. In this case, the coefficients A; and By are related to z;(t))

through discrete Fourier transform (DFT),
1\ (Kt 21k 4.2)
Aik = Ezj=0 Z; (tj)COS (T)

v ab . (2mkj 4.3)
By = ;Zj=0 zi(tj)sin (%)
Where At=t¢/(K — 1), wy = kdw, Aw = 2n/(KAt), k = 0,1,..... K-1. And t; is the time

duration of the process z;(t). The following symmetry conditions about the Nyquist

frequency, wk = T[/ At apply to the Fourier coefficients Ay and By, when the process z;(t;)
2
is real,

Ajp = Ajg—rand By = By fork=12,...K/2 4.4)
It can be shown that by making use of the Eq, 4.2 & Eq. 4.3 and the symmetry conditions
from Eq. 4.4 the covariance ¢;j(wy) = E[AxAjk] = E[ByBjx] where A & B are mutually
independent between coefficients at two spatial points x; and x; can be written as in Eq.

4.5 by Fenton et al. (1991).

Cij =
%Pwk(%‘j)G(wka, fork=0
Howi(r) 6 (@) + pu ik (vy) 6 (wg_)w,  fork=12,...5-1.  (45)
Pwk(Vij)G(wk)Aw. fork=K/2

Where Yiy=XiX; is the relative position vector, G(wy) is the one-sided “point” spectral
density function, and p Vi) is the frequency-dependent spatial correlation function. The
above relationships implicitly assume that the ground motion is statistically homogenous

both in space and time.

Consider now the simulation of earthquake ground motion at a set of ‘m’ target unknown

points xg given that some motions have been recorded at a set of n = N — m recording
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known points x,, where N is the total number of spatial locations under consideration.
Using Eq. 4.5, the NxN covariance matrix Cj = [Cyj(wi)], i,j=1,2,............ Myeernnnn n+
m, for each Fourier frequency,w;, k =0,1,. K /2. can be assembled and expressed as the
symmetric matrix.

_ [Caa Cap (46)
Xz "[Caﬁ Cﬁﬁ]

Where ¢, is the covariance matrix between known points, cgp is the covariance matrix
between unknown target points and c,p is the covariance matrix between known and

unknown points, all at the frequency wy,.

Let A; = {Asq, Asp}, denote the set of simulated Fourier coefficients at the frequency wy,
where  the subsets Ay, = { Ao Azg e Ay and Agp =
{ Ant1jr oo ve oo o Apm i corresponds to coefficients at known and unknown target points,
respectively. The set of coefficients B; can be defined similarly. Now, for admissible spatial
correlation and spectral density functions, p,x (¥ij) and G(wy), the matrix Cj is positive
and can be expressed as the product of a lower triangular matrix L, and its transpose

employing a Cholesky decomposition.

Cr = L L}, 4.7)
Assuming that z;(t) is normally distributed (Gaussian), then Ag and B, can be generated
from
AS = LkUk & BS = Lka (48)
Where each element of U = {U1i, Uiy v vevven . Uy} and V= Vi Voks cenoen e e Vivied

are independent standard normal random variables. Under these definitions, A;and B have
the correct distributions like E[Ag]= 0, cov[4;] = Li{cov[u]} Lk = Cy, since E[U,] = 0

and cov|uy] = I, the identity matrix.

Thus, the generation of the correlated set of Fourier coefficients can proceed using K sets
of independent random numbers and the Cholesky decomposition of C}, at each frequency
w,k=0,12......K—1, to yield the correlated set of ground motions. To produce

motions that are conditioned on the recordings at points x,, a set of Best Linear Unbiased
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Estimators (BLUE) must be employed for each of the unknown points xg by Heredia-
Zavoni, 1993;

Asp = CopCaaAsa Bip = CapCiaBsa (4.9)
So that Azﬁ and B:ﬁ are the best linear unbiased estimates of the simulated Fourier
coefficients at the unknown target points. Similarly, given the actual Fourier coefficients at
the known points that are obtained by Fourier decomposition of the recordings, 4, and B,

the BLUE coefficients at the unknown points are given by

Ap = CapCarAa Bp = CapCaaBa (4.10)

Finally, the conditioned Fourier coefficients may be obtained by combining all three forms

The conditioned Fourier coefficients A and B have the proper covariance structure, thus
the conditioned random field exactly matches the known motions at the known points and

becomes increasingly ‘random’ with distance from the known points.

Z;(t) = XK= Ac coswi(t — 1) + B¢ sinwg(t — 1) (4.12)

Where ‘I"’ is the time lag between the two generation points such that

[ = fracos® (4.13)

Vapp
‘¢’is the angle between the vector of surface wave propagation and the vector that goes

from P to Q and 'vg,," is the surface wave velocity.

In order to quantify the acceleration time histories in different points in space, all that is
needed is a definition of the correlation between amplitudes and of their dispersion, as

measured by the covariance matrix of their amplitudes.

The diagonal terms of the covariance matrix are expressed by the Power Spectral Density
(PSD) function at each generation point and the off-diagonal terms of the covariance matrix
are defined by the correlation coefficient ‘p" which defines the similitude in terms of
amplitudes for each frequency between two signals generated at two different points and

by the Power spectral density assumed at these points.
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In the case of propagation between two points P and Q, the diagonal terms of the covariance
matrix are quantified via Power spectral density functions PSDpp and PSDqq at P and Q
only. The off-diagonal terms PSDpq and PSDqp are obtained by a coherence coefficient ‘p’
and PSD functions at the two points P and Q, crossed by the signal during the propagation.

The correlation coefficient 'p’ can be expressed via coherency functions. There are different
coherency functions in literature able to describe the coherence variation from point to point
for each signal frequency. The isotropic frequency-dependent spatial correlation function

given by Fenton (1991) is given in Eq. 4.14.
— ,—Wi|X|/(2TTVgS 4.14
p(x)_ e klX1/( sS) ( )

Coherency coefficient with increase in distance
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Fig. 4.3. Coherence co-efficient with increase in distance

The coherence model for each circular frequency is a function of the distance X between
the two points where the signals are generated and 'v,’ is the shear wave velocity and s’
is the coherence parameter. The generation of asynchronous signal on a complex site
composed of different soil units, the effect of soil wave interaction can be different for each

soil unit and so it is important to consider the proper input PSD function for each soil unit.
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The Auto-power spectral density function of the ground acceleration characterizing the
earthquake process is assumed to be of the following form modified by Clough and Penzien

(1975).

G(wy) =so|Hg(w)|2|Hf(w)|2 (4.15)

w5+2ifgwgw (4.16)
w5—w?+2i¢gwyw

Hy(w) =

w? 4.17
Hyw) = @
wf — w* + 2ifwrw
Where Sy is the amplitude of the white-noise bedrock acceleration; w, and § g are the filter

parameters of the well-known Kanai-Tajimi model representing the natural frequency and

damping of the soil layer and w; and ¢ £ are parameters of a second filter which is

introduced to assure finite power for the ground motion.

The parameters of the auto-power spectral density function corresponding to different soil
types proposed by Dumanogluid et al. (2003) are listed in Table 4.1.

Table 4.1. Parameters of Auto-Power spectral density function corresponding to different

soil
Soil type g (rad/sec) G, s (rad/sec) & So (m?/sec?)
Firm 15.0 0.6 15 0.6 0.00177
Medium 10.0 0.4 1.0 0.6 0.00263
Soft 5.0 0.2 0.5 0.6 0.00369

A set of nine correlated ground motions are generated at a distance of different spans of the
bridge at the respective foundations. The ground motions that are considered are made to
spectrum compatible for Design based Earthquake (DBE) using SeismoMatch software and
also using self-generated code in MATLAB and are conditioned to generate correlated

earthquake motion at different support positions of the bridge.
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Fig. 4.4. Spectrum proposed by Clough and Penzien spectrum (1975)

4.2.3 Input ground acceleration time history

Time history analyses have been performed by selecting two earthquake signals such as El
Centro 1940 and Koyna 1967. These time histories are made spectrum compatible for
Design Basis Earthquake (DBE) as per [S:1893-2016 with respect to site-specific hazard
level using SeismoMatch. Fig. 4.5 to Fig. 4.8 show different considered input ground
motions and their Fourier Amplitudes. Table 4.2 summarizes the predominant frequency

range and Peak Ground Acceleration of the considered ground motions.

Table 4.2. Characteristics of Input ground motions

Ground motion El Centro Koyna

PGA (in ‘g’) 0.304 0.473

Frequency range (Hz) 0.1-10 1-10
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Fig. 4.7. Koyna ground motion
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Fig. 4.8. Fourier transform of Koyna ground motion
4.2.4 Analysis method of multi support excitation

Multi-support excitation in SAP 2000 Nonlinear is performed by converting acceleration

time history to displacement time history, while the time step is reduced to 1—10 th of
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acceleration time history. The P-y spring is positioned along with two orthogonal directions
on the horizontal plane and is connected to the pile at discrete points over its length. The
converted displacement time history and applied as joint/ground displacement at each fixed
end of the two-jointed P-y spring (Fig. 4.9). The structural response that is obtained from
displacement-based input is the total displacement response, whereas for acceleration-
based input, the response that is obtained is the relative displacement response. The
equations of motions that are solved by SAP 2000 for performing multi-support excitation

are

Mss Msb] <us) 4 [Css Csb] (us) + [kss ksb] (us) — { 0 } (418)
Mgy Mpp 1 \Uip Cso Copl\up ksp  kppl \Up Rp

where iig, g, U are the vectors representing the motion of the superstructure in the absolute
coordinate system; il;, i, U, are the vectors representing ground motion in the absolute
coordinates; M;;, C;;, k;; are the mass, damping and stiffness matrices. The subscripts like
ss, bb and sb are the degrees of freedom of superstructure, base and their coupled term. R,
is the lateral reaction at the nodes of the foundation. Considering the expanded form of

first row of Eq. 4.18, we get

Mggiig + Costts + kggus = —(Mgpiiy + Coptty + kspup) (419)

In case of the lumped mass model, all non-diagonal terms are zero, thus Mg, is equal to
zero. The damping term —Cp 11y, is usually small relative to the inertia term and thus can

be neglected. So, Eq. 4.19 can be written as

Mgt + Costig + kgsug = —kgpuy (4.20)
where uy, is the vector of ground motion in terms of displacements; —kg,u;, is the force
experienced by the superstructure for the ground motion in the absolute coordinates. Eq.
4.20 is the displacement-based input model for the analysis of structure under ground

motion.
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P-y spring with applied
ground displacement at
node j
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Fig. 4.9. Schematic diagram of Pile with input ground displacement at ‘i" * node

4.2.4.1. Procedure for solution of multi support excitation problem in SAP 2000

It is necessary to first convert the acceleration time history record to its corresponding
displacement time history. The output accuracy will depend upon the input time step for

displacement time history response. SAP 2000 manual suggest using a smaller time step

. 1 .
Le, 35 that of acceleration record.

The integration process performed to produce displacement time history records from the
acceleration time history records should produce zero displacements at either end of the
displacement record, if non-zero displacement exists a baseline correction must be applied

and the same has been done as per the general procedure using code in MATLAB.

Once the displacement time history is obtained from the acceleration record, a ground
motion may be applied to specific support restraints through manual multi-support

excitation, described as follows

e At joints of interest i.e., at the fixed end of the soil-spring element attached to the
pile, define a load pattern. This loading pattern should apply unit values of joint

displacement in the direction of applied acceleration.
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e Assign the displacement time-history to the above-created load pattern in order to
apply the excitation in the desired direction and mention the arrival time of this time

history in the advanced load parameter options in SAP 2000 Nonlinear.

4.3. Seismic analysis of the long span bridge for synchronous and

asynchronous input motion

Considering the fault plane along the longitudinal direction and the direction of propagation
of waves is also along the longitudinal direction exciting the structure in the transverse
direction, the transverse displacements response of the pier and abutment tops and its effect

on track alignment has been compared.

In the present study, two earthquake records with different peak accelerations, frequency
contents and durations have been selected as input motion for the time-history analysis of the
considered bridge. These recorded earthquakes are Koyna (1967): Comp — Longitudinal and
El Centro (1940): Comp — 180. These input earthquake motions have been converted to
spectrum compatible with respect to design spectrum for DBE (5% damped) as presented
in IS: 1893, 2016. These spectrum compatible time histories are used as synchronous input
motion. The conditional simulation of earthquakes that vary spatially using the procedure
that has been developed by Fenton et al. (1991) is adopted in this study and is used as

asynchronous input motion.

4.3.1 Comparison of responses at Pier top

As the earthquake wave reaches Pier-P1, there is a reduction in the amplitude of the
absolute displacement as compared to Al. This is expected since there is a reduction in the
amplitude and shift in phase as the wave travels from one pier to another. However, due
to the continuity of the bridge, the relative displacement is higher in case of asynchronous
and wave passage effect due to the delay in arrival time at different piers as shown in Fig.
4.10 (a) and (b). This trend of decrease in the total displacement response and increase in
relative displacement are also observed in the subsequent piers as may be seen in Figs. 4.10.

(c-d). The displacement time histories at the pier and abutment top are further used to
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specifically show the peak values of displacement for both the cases of Koyna and El

Centro ground motion (Fig. 4.11).
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Fig. 4.10. Displacement response of different piers under Koyna input
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Fig. 4.11. Maximum absolute displacement values for two different input motion

4.3.2 The relative displacement of adjacent piers

The bridge under consideration have different height of piers and thus introduces geometric
irregularity. The piers which are adjacent to each other and have the same natural frequency
may vibrate in phase without introducing any relative displacement between them. In the
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present case, both Pier-3 and Pier-4 are of 141m height with 103.5m span between them
and are observed to move in the same phase for synchronous input case. Considering the
wave passage effect or asynchronous motion, the wave hit these piers at different arrival
times and there is a significant relative displacement between those two piers which cannot
be observed in the synchronous motion-based analysis. This larger relative displacement
may result in unseating of girders from supporting bearings. The relative displacement
responses of the adjacent piers with different geometric configurations are shown in Fig.
4.12 (a) & (b). The peak values of the relative displacements of different girders are
specifically shown in Fig. 4.13. It is seen that girders supported on the identical piers show

larger relative displacement in the asynchronous and wave passage compared to

synchronous case.
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Fig. 4.13. Relative displacements of different spans of the bridge
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4.3.3 Other significant observations

The input motion with wave passage effect and coherency losses can introduce significant
variation in responses of some degree of freedom, which are otherwise observed to have
negligible values under synchronous motion as input. A few superstructure nodes such as
node number 387 on span P3-P4 and node number 588 on span P1-P2 are considered for
the study, which are rotational degree of freedom i.e., torsion for the considered span. Fig.
4.14. (a) & (b) clearly indicate that the torsion at those nodes are significantly higher for
asynchronous case and motion with wave passage effect than the similar values
corresponding to synchronous motion case. Similar observations were also made by
Balamonica et al. (2015) that the torsional degree of freedom is underestimated in analysis

with synchronous input and may cause significant torsional stresses in the superstructure.

Rotation of node no:387 on span P3-P4 for Sync,Async & wave
, 10

AAAAA

Radians

(a) Atnode 387 on span P3-P4 (b) At node 588 on span P1-P2
Fig. 4.14. Torsional rotation under El-Centro ground motion

4.3.4 Effect on track curvature

The curvature of the deflected track has been studied for El-Centro EQ and Koyna EQ. Fig.
4.15 to Fig. 4.28 show the track alignment corresponding to maximum absolute
displacement of the top of the individual substructure and corresponding effect of curvature
in the track along the length of the bridge for El Centro EQ ground motion. In Fig. 4.29 and
Fig. 4.30, the curvature of the deflected track has been plotted along the length of the bridge
at different time instances when the individual pier top deflections are maximum

corresponding to El Centro and Koyna EQ.

The actual absolute deflection of the pier tops and the mid span absolute deflection of the

superstructures at the desired time instances have been taken from the analysis results of
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SAP 2000. These points have been joined by spline using codes in MATLAB to get the
deflected shape of the track. The boundary condition to form the spline is, angle of rotation
of the track at the two abutment ends are zero as the track beyond the abutments may be
considered as aligned along the bridge axis. Curvature of the deflected shape of the track

has been calculated along the length of the bridge from the spline coordinates.

Deflected shape of track - P1 maximum deflection case - El Centro EQ
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Fig. 4.15. Track alignment when P1 absolute displacement is maximum — El Centro
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Fig. 4.16. Track curvature when P1 absolute displacement is maximum — El Centro
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Deflected shape of track - P2 maximum deflection case - El Centro EQ

y(m) : Transverse deflection of track
o

@'w. S
= Synchronous p6 @ By
L P7
A Asynchronous
-0.5 b
aF 1
0 100 200 300 400 500 600 700

x(m) : Bridge alignment

Fig. 4.17. Track alignment when P2 absolute displacement is maximum — El Centro
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Fig. 4.18. Track curvature when P2 absolute displacement is maximum — EI Centro
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Deflected shape of track - P3 maximum deflection case - El Centro EQ

P3

y(m) : Transverse deflection of track

L o Synchronous
0 = V! A2]
Serl 0 e Asynchronous
9---‘5
0.5 A B
qF .
1 I I I 1 1
0 100 200 300 400 500 600 700

x(m) : Bridge alignment

Fig. 4.19. Track alignment when P3 absolute displacement is maximum — El Centro
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Fig. 4.20. Track curvature when P3 absolute displacement is maximum — El Centro
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Deflected shape of track - P4 maximum deflection case - El Centro EQ
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Fig. 4.21. Track alignment when P4 absolute displacement is maximum — El Centro
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Fig. 4.22. Track curvature when P4 absolute displacement is maximum — EI Centro
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Deflected shape of track - P5 maximum deflection case - El Centro EQ
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Fig. 4.23. Track alignment when PS5 absolute displacement is maximum — El Centro
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Fig. 4.24. Track curvature when P5 absolute displacement is maximum — El Centro
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Deflected shape of track - P6 maximum deflection case - El Centro EQ
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Fig. 4.25. Track alignment when P6 absolute displacement is maximum — El Centro
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Fig. 4.26. Track curvature when P6 absolute displacement is maximum — EI Centro
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Deflected shape of track - P7 maximum deflection case - El Centro EQ
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Fig. 4.27. Track alignment when P7 absolute displacement is maximum — EI Centro
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Fig. 4.28. Track curvature when P7 absolute displacement is maximum — El Centro
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Fig. 4.29. Track curvature for synchronous and asynchronous ground motion considering
El-Centro EQ at various time instances when individual pier deflections are maximum
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Fig. 4.30. Track curvature for synchronous and asynchronous ground motion considering
Koyna EQ at various time instances when individual pier deflections are maximum

From Fig. 4.15 to 4.28, from the deflected shape of the track it can be found that overall
absolute displacement of the pier tops are more in synchronous motion compared to the

asynchronous one. However, the relative movement of one pier top compared to the

129
TH-3259_146104019



Asynchronous motion and its effect on response of tall railway bridges

consecutive pier top does not show any specific trend of one is higher compared to the
other. The same is also apparent from the curvature diagrams amongst the Fig. 4.15 to 4.28.
In Fig. 4.16, curvatures at the edge and at the centre of the bridge alignment is much higher
in synchronous motion compared to asynchronous one. In Fig. 4.18, in general all along
the length of the bridge, curvature is higher in case of synchronous motion. In Fig. 4.20,
Fig. 4.22 and Fig. 4.24, curvature at the edge of the bridge is much higher for synchronous
motion. In Fig. 4.26 and Fig. 4.28, curvature at the centre of the bridge is higher for
asynchronous motion. In Fig. 4.29, all the track curvature graphs for El Cento EQ have
been superimposed and it is generally seen that the curvature of track under synchronous
motion is higher. Similar plots for Koyna EQ has been prepared and superimposed as is
shown in Fig. 4.30 where the trend is found to be opposite to the previous case shown in

Fig. 4.29, i.e. the track curvature is in general more in case of asynchronous motion.

The safe velocity of the train during EQ varies with the curvature of the track. More is the
curvature less will be the safe velocity. From the above discussion, it may be inferred that
track curvature for asynchronous ground motion may be higher or lower compared to the
synchronous ground motion for different EQ time history. Hence, analyses should be
carried out considering both synchronous and asynchronous ground motion for long

bridges for assessment of safety of running train during earthquake.

4.4. Concluding remarks

A long-span bridge with through type OWG is considered for the detailed seismic analysis.
Finite element model of the bridge is made along with SSI using 1D nonlinear uncoupled
springs. The bridge model is analysed using synchronous and asynchronous ground
motions and the responses of the bridge are studied. The displacement responses of the Pier

and abutments are observed along with the relative displacement of adjacent piers.
The important conclusions are as follows:

e Increase in the displacement demand in piers and abutments are observed for the
analysis with asynchronous input as compared to synchronous input based analysis.
The maximum relative displacement between top of piers is occurring in between

the two tallest piers P3 and P4 (141m tall) and value is 407mm for asynchronous
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motion against 50mm for synchronous motion. The maximum relative displacement
is 264mm corresponding to synchronous motion and is occurring between piers P2
and P3 where the pier height is less. The same value for asynchronous motion is
384mm.

Coherency losses in input motion may result in unseating of the superstructure due
to larger relative displacement of adjacent piers.

Active rotational degree of freedom that may lead to higher torsion in the
superstructure, which is significant in asynchronous motion compared to
synchronous motion. The maximum torsional rotation in the superstructure at P3-
P4 for asynchronous motion is 2e-3 against synchronous motion which is 2e-5. The
same torsional rotation in the superstructure at P1-P2 for asynchronous motion is
2.8e-3 against synchronous motion which is 2.5e-5.

Effect of curvature in track due to synchronous motion and asynchronous motion is
case sensitive and depends on the characteristics of ground motion itself. For El-
Centro EQ the curvature of the track is on average 0.75E-3 against synchronous
motion and 0.25E-3 for asynchronous motion. At two edges of the bridge ie at span
A1-P1 and P6-P7, P7-A2, the values are relatively high. The same figures for Koyna
EQ are 0.25E-3 and 0.4E-e3. At the two edges of the bridge, the figures are
relatively high like El-Centro EQ case. This shows that the track curvature is more
for synchronous motion in case of El-Centro EQ where as it is more for

asynchronous EQ in case of Koyna EQ.
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Chapter 5

Tuned Mass Damper and its effect on vertical response

of OWG rail bridge

5.1. Introduction

During movement of train, the effect of vertical flexibility of superstructure, flexibility of
suspension system of the train and track surface roughness amplifies the deflection of
bridge deck. Tuned mass damper (TMD) may reduce this vertical dynamic deflection of
the super-structure. This may cause reduction in the coefficient of dynamic augmentation
(CDA) value leading to lesser steel consumption in the design of superstructure and hence
may reduce mass of the superstructure, which in turn will reduce the design focres of
substructure. The study of TMD for 103.5m open web girder (OWG) superstructure has
been done in detail to understand the effect of TMD on reduction of CDA of flexible light

superstructure bridge.

5.2. Methodology adopted

A typical span of 103.5 m with OWG configuration has been considered for study which
are being constructed by North Eastern Frontier Railway in their present projects of

connecting North eastern states of India with railway line.

A Vehicle Bridge Interaction (VBI) model has been introduced to simulate the train load.
The vehicle model considered is having 27 DOF as shown in Fig. 5.1. Effect of track
irregularity has been included in the analysis. Single bogie loading (SBL) is considered in
the analysis having four axles with total load of 100T as shown in Fig. 5.2 (a). Similarly,
Multiple bogie loadings (MBL) have also been considered in the analysis which is
equivalent to 9.33 t/m loading as per the 25T-2008 loading standard of Indian railway as
presented in Fig. 5.2 (b). From the VBI model, the responses like midspan deflection,
strains at central top chord and central bottom chord have been plotted as a function of

speed of the vehicle. From these plots, Coefficient of Dynamic Augmentation (CDA) can
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be estimated as a function of speed for chord members of the OWG. TMD has been added
at the mid span of the superstructure and its effect is studied. The study has been done for

both SBL and MBL condition for OWG model.

The speed vs deflection graphs has been plotted up to 1000 kmph speed. The high speed
has been considered to understand the speeds at which the maximum deflections are likely
to occur. Principally, the focus has been kept to explore the effect of TMD up to the

standard speed in Indian Railway scenario, which is considered as 180 kmph.

5.2.1. Formulation of VBI model

The VBI system models consist of the vehicle model, bridge model and their interaction
model. For the vehicle model, the car body, bogies and wheel-sets of each vehicle are
considered as rigid components with 27 DOFs i.e., the elastic deformations of these
components are not taken into consideration (Yang and Wu (2001). The suspension systems
that link the car body and the bogies (secondary suspension system) and also the bogies
and the wheel sets (primary suspension system) are represented by springs with linear
property and dampers with viscous property as shown in Fig. 5.1. In modelling of car-body
and each of the bogies in a vehicle, 5 DOFs are considered as lateral (y©?), vertical (z6?),
roll (65), yaw (85"), and pitch (95") displacement. On the other hand, for each of the
wheel-set, 3 DOFs are considered, which are lateral (y"), vertical (z), roll (6y’). Here,
superscripts “c”, “b” and “w” stand for car-body, bogie and wheel-set. Further, it is also
assumed that the wheels of the vehicle axles always remain in contact with the rails i.e., the
axles are constrained by the rail and thus there is no relative displacement, velocity or
acceleration between the wheel-sets and the rail-track. Therefore, 12 DOFs which are
associated with the four axles, become dependent on rail and as a result independent DOFs
of a vehicle body become 15, out of total 27 DOFs. The formulation procedure presented

below is adopted from Yang and Wu (2001).
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Fig. 5.1. Three-dimensional vehicle model: (a) rear view, (b) side view, (¢) top view, (d)

sign convention [Antolin et al. (2013)]

The bridge can be modelled by either Euler- Bernoulli or other type of beam elements with
nodal DOF’s at both ends. At a particular time, some of these elements will experience the
vehicle wheels. The vehicle is decomposed into two parts: the upper or non-contact part
(e.g. car body, bogie, and suspension system as in case of moving system model) and the
contact part (i.e. wheels). Consider n wheelsets, which is represented by one vertical DOF
and let the corresponding displacement vector as {d,, }.Similarly, the displacement vector
for the upper part can be denoted as {d, }.Correspondingly, there are »n contact points on

the bridge, displacement at those points are denoted by{d,}.

Let[m,], [cy], and [k, ]respectively denote the mass, damping, and stiffness matrix of the
whole vehicle, and also {d,, }the displacement vector of the vehicle. The equation of motion

for the vehicle can be written as:

[mv]{dv} + [Cv]{dv} + [kv]{dv} = {fv} (51)

where{f, }is the force vector, and {d,}is the displacement vector for whole vehicle
composed of {d,,} and {d,} i.e. {d,} = ({(d }{dy))". The vector {f, }can be decomposed

into two parts:
o} = U3 + [} (5.2)
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where {f, }denotes the external forces excluding the contact forces, {f,.} denotes the contact
forces acting on the bridge, and [] is the transformation matrix. The wheel displacement
vector {d,, }can be related to the contact displacement {d_}of the bridge by the constraint

equation:

{dw} = [[l{d} (5.3)

where[T']is the transformation matrix; for no jump condition, [I']is a unit matrix.

Assuming that all kinematic information about the system is known at time ¢, and is
required to determine the behaviour of the system for time #+A¢, while At is a small-time
increment. The equation of motion for the system in time z+A¢ can be written in terms of

upper part and wheel part as following:

[[muu] [muw]]{{du}} +[[Cuu] [Cuw]]{{du}}
] mwwll {dw}), e Howal  [ewwll ({dy3),

oty R (]| AT

(5.4)

1 o B e |

Here, subscripts ‘uu’, ‘ww’ refer to upper and lower part of vehicle, while ‘uw’ and ‘wu’
imply the coupling between them, {f,,.} and {f,,.} denote the external forces acting on the
upper and wheel parts of the vehicle. The first row in Eq. 5.4 is regarding the equation of
motion of the upper part and the second row is for the wheel part. Since the contact forces

only act on the wheels, the sub matrix {[,,} has to be a zero matrix.

Expanding the first-row part of the Eq. 5.4 and using Newmark scheme of time integration,
the responses related to upper part of vehicle can be obtained in terms of unknown response
quantities of lower part of vehicles. Further, if the displacement {d, };,;and its derivatives
are substituted in the second row of Eq. 5.4, the contact force is then{f.};,a;0btained as

(detailed procedure can be found in Yang and Wu, 2001).

{feerar = [mC]{dW}t+At + [CC]{dW}t+At + [k {dwltsne + (Pclerae + {acke  (5.5)
Expressions of all the quantities in Eq. 5.5 can be found in Yang and Wu (2001). Now,

using the constraint equation presented in Eq. 5.3, the contact forces {f,};,acan be

135

TH-3259_146104019



Tuned Mass Damper and its effect on vertical response of OWG rail bridge

reformulated in terms of contact displacement {d . }considering [['] a unit matrix. Therefore,
the i entry of the {f, };, a; as the contact forces between i wheel and the bridge {Vi_H At}can

be calculated as:

{Vi,t+At} = Peit+at T Geie T E?ﬂ(mcijdcj,nm + Ccijdcj,t+At + kcijdcj,t+At) (5.6)
where meij, ceij, and ke are respectively the entry in the i row and j” column of the contact
matrices [m.], [c.], and [k.]. Similarly, the {p.}¢+a: and {q.};, are the entry located in the

h

i row of the corresponding vectors, i.e. {p.}r4+a: and {q.}¢.

Let us assume that n wheels of the moving vehicle are acting on the n element &y, k2, ...,k
of the bridge elements. These elements are considered as VBI element since they are
directly loaded with the vehicle. The rest of the bridge elements will be treated as the

regular beam elements. For the kith beam element of the bridge, which is loaded by the

contact forceV; ;4a¢, the equation of motion at time t + At is:

[myil{dbi}, , o, + esdldni),, 5, + Roil{dbidesae = Uoiderar — Ubeidesae (5.7)
where[my;], [cp;], and [ky,;]are the mass, damping and stiffness matrices of the kith beam
element. {d;;} is the nodal displacement vector of this element and {f},;} is the vector of
the nodal external forces. {f,ci}r+ac is the vector of the equivalent nodal forces resulted
from V; 14 a¢ (contact) force. So, these equivalent nodal forces using interpolation functions,

as applied in finite element analysis, can be expressed as

beiderar = (NGMHirsae + (INEIVirsac (5.8)
where {Ng} and {N};} are the interpolations functions related to horizontal and vertical

DOFs. H; t ¢, the horizontal contact force can be found out from the following formula

Hitine = HiViesar (5.9
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Here, p; is the friction coefficient between wheel and rail. Now using Eq. 5.6 and Eq. 5.8,

Eq. 5.7 can be arranged as follows,

[mbi]{dbi}HM + [Cm’]{dm'}HA,t + [kpil{dpi}erac (5.10)
= aidewse = ) ([migl{dos} + [eiul{dos} + [k )
— {peiderar —{acide

where the matrices with an asterisk are calculated using contact matrices and interpolation

vectors [Yang et al. (2004)], where the only unknowns are related to bridge.

In the preceding sections, VBI elements were introduced and the effect of vehicle load was
incorporated in the asterisks matrices. The rest of bridge elements that are free of vehicle
loads are treated as original beam elements. Versatility of the VBI element is such that it
can be easily assembled into the whole bridge structural matrices, i.e. stiffness, damping

and mass matrices. Consider the equation of motion for the entire bridge as follows:

[MI{D},, ,, + [CHD},, ,, + [KID}erae = (Folesar — (P }esnc — Q3 (5.11)
where {D} represents the displacement matrix, [M], [C], [K] are the assembled structural
matrices. {F/ is the vector of external forces, and {P} and {Q_} are the equivalent contact
forces in global coordinates, which can be solved for the bridge responses as well as for
vehicle responses through the use of Eq. 5.3 to Eq. 5.5. The assembled matrices can be

obtained from

[M] = [Mp] + [Mc] = Xmyp] + X X[meij]
[€] = 1G] + [€2] = Slepd] + T EeSy] (5-12)
[K] = [Kp] + [Kc] = Xlkpi] + X Xlkei;]
where [M, ], [C,], [K} ]are the structural matrices of the bridge which is free of any vehicle
loads. Similarly,[M;], [C:], [KZ]are the contact matrices which includes the effect of the

VBI elements in the global coordinate. In addition, vectors for global contact forces can be

assembled as

(P Yevar = 203 eene s {Q2} = X{ai}e (5.13)

5.2.2. Train load, OWG and Equivalent beam model
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The train loads have been considered as SBL. and MBL. SBL is comprised of 4 axles, load
on each axle is 25T, with total load of each bogie 100T. The MBL is series of SBL and are
placed such a distance apart that the equivalent UDL on the OWG becomes 9.33 T/m, the
standard equivalent UDL corresponding to 25T axle of 2008, as per IRS. The SBL is shown
in Fig. 5.2 (a) and MBL in Fig. 5.2 (b),

o H

4.525m
ﬂ 9.634m |

—4k

Single bogie train load ‘

(a)

Multlple bogle train load
(b)
Fig. 5.2. (a) Single bogie load (SBL)and (b) Multiple bogie load (MBL) configuration

| 18 & 5750 = 103500 !

IK_DF FREE EEARING

KEY ELEVATION

Fig. 5.3. OWG of 103.5m span showing MBL position

The MBL on OWG of 103.5m span is shown in Fig. 5.3. The TMD applied on OWG is
placed at the mid-span of each of the two parallel trusses, 8.5m apart.
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5.2.3. Application of TMD and Optimization of parameters

Three parameters of TMD, which influence the response of the structure are the mass m,

stiffness £ and the damping ¢ of the TMD.

The mass of TMD is considered as a fraction of the total mass of the system. It cannot be
very high as the same will lead to increase in static response of the structure. The value is

generally considered between 0.5% - 2%.

The frequency of vibration of the TMD for attaining most effective reduction of dynamic
response should remain very close to the first fundamental frequency of the structure in
the corresponding direction, which in the present case is vertical direction. Thus, the

frequency ratio has been considered varying between 0.995 to 1.05.
The damping ratio of the TMD has been considered to be varying between 2% to 10%.

The response of the structure has been studied for optimised TMD parameters. The results
have been compared with those with no TMD condition. Optimisation of the parameters
have been done by using finincon in MATLAB. While doing optimisation, the track
irregularities parameters have been considered as fixed, instead of random, in order to get

the convergence in the optimisation results.

The parameters which are optimised are as follows:

q=[¢ 1 ul; where,

¢ =c/2max, m is mass of TMD and a is the frequency of TMD

f= o/, o is the frequency of TMD and @, is the first fundamental frequency of the

structure in vertical direction
1 =m/M, m is mass of TMD and M is total mass of the structure
The lower bound values are taken as /, = [0.02, 0.995, 0.005]

Two upper bound limit has been cosidered to check the different TMD parameters and

corresponding reductions in deflection:
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up; =[0.1, 1.05, 0.02]
up2 =10.1, 1.05, 0.01]
The TMD parameters are optimised within the lower and upper bound as per the following

expression: [y < g <up

The two optimisations corresponding to two upper limits have been presented as Optimised

TMD (1) and Optimised TMD (2) in the subsequent Tables and Figures.

M12 M4 wis wig MiB

Fig. 5.4. TMD configuration in OWG

Fig. 5.4 shows the OWG along with the TMD at the midspan. Eq. 5.14 and 5.15 are the
governing equations of single TMD applied at the i DOF of the structure.

myy,+ (¢ + )y — 1y + (ki + k)y; —kays = F (5.14)
myy; —Gy +ciyi —kiyitkiyi = fi (5.15)

5.3. Results and Discussion

5.3.1. Effect of TMD on 103.5m span OWG model with SBL

The speed vs mid-span deflection has been plotted in Fig. 5.5 for OWG model with SBL to
understand the speeds at which the deflection is maximum compared to the other speeds. It
has been found that there are two local maximum deflection corresponding to speed 250
kmph and 400 kmph. The global maximum deflection occurs at speed 750 kmph. Thus, the
effect of TMD has been performed for four different speeds of SBL, namely, 180 kmph
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which is the normal maximum speed of train, 250 kmph, 400 kmph and 750kmph. The
higher velocities are considered to understand the effect of TMD against the speed at which

maximum deflection occurs compared to the other speeds.

0.01 Speed vs Deflection graph - 103.5m OWG - SBL

-0.02 -
-0.03 -
-0.04 -

-0.05 -

Midspan vertical deflection (m)

-0.06

0.07 | | . . | | . .
100 200 300 400 500 600 700 800 900 1000

Speed (kmph)

Fig. 5.5. Midspan vertical deflection at different speed for 103.5 m span OWG with SBL
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%107 103.5m OWG - 180 kmph speed - SBL

) No TMD
r Optimised TMD (1) | 7
EEEEN

Midspan Vertical Deflection (m)

Non-dimensional time

Fig. 5.6. Midspan deflection graphs of 103.5 m span OWG with SBL at 180 kmph

Table 5.1. Midspan deflection values of 103.5 m span OWG with SBL at 180 kmph

SI. Mass  Frequency Damping Midspan Reduction Criteria
No. ratio ratio ratio deflection in
(mm) deflection
1 - - - 13.4 - No TMD
2 1.98% 1.011 4.5% 15.0 -12% Optimised TMD (1)

From Fig. 5.6 and Table 5.1, it can be seen that for 180 kmph speed, the effect of TMD is

negative. For 1.98% mass, the reduction is -12%.
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0.01 103.5m OWG - 250 kmph speed - SBL

No TMD
Optimised TMD (1)

0.005 -

-0.005 [

Midspan Vertical Deflection (m)

-0.015 |

-0.02 I L L I I I
0 2 4 6 8 10 12 14

Non-dimensional time

Fig. 5.7. Midspan deflection graphs of 103.5 m span OWG with SBL at 250 kmph

Table 5.2. Midspan deflection values of 103.5 m span OWG with SBL at 250 kmph

SI. Mass Frequency = Damping Midspan Reduction Criteria
No. ratio ratio ratio deflection in
(mm) deflection
1 - - = 19.70 = No TMD
2 1.2% 1.0198 5% 15.6 20.8% Optimised TMD (1)
3 0.6% 1.0197 4.99% 16.5 16.2% Optimised TMD (2)

From Fig. 5.7 and Table 5.2, it can be seen that for 250 km speed, which is a speed
corresponding to a local peak in deflection (Refer Fig. 5.5) with SBL, the effect in reduction
in deflection has significantly improved. It can be seen that with 1.2% mass, reduction is
20.8% and for 0.6% mass, reduction is 16.2%. The graph has been shown for Optimised

TMD (1) only for clarity and the same has been maintained in all subsequent graphs.
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0.01 103.5m OWG - 400 kmph speed - SBL

No TMD
Optimised TMD (1)

0.005 -

Midspan Vertical Deflection (m)

.0.025 I | L I | I
2 4 6 8 10 12 14

Non-dimensional time

Fig. 5.8. Midspan deflection graphs of 103.5 m span OWG with SBL at 400 kmph

Table 5.3. Midspan deflection values of 103.5 m span OWG with SBL at 400 kmph

SI. Mass Frequency Damping  Midspan Reduction Criteria
No. ratio ratio ratio deflection in
(mm) deflection
1 - - - 22.27 - No TMD
2 1.76% 1.0216 4.02% 16.9 24% Optimised TMD (1)
3 0.6% 1.0198 5% 19.7 11.5% Optimised TMD (2)

From Fig. 5.8 and Table 5.3, it can be seen that for 400 km speed, which is also a local
peak of deflection as per Fig. 5.6 with SBL, the effect in reduction in deflection is also
substantial. It can be seen that for 1.76% mass, the reduction in deflection is 24% and for

0.6% mass, the reduction is 11.5%.
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0.06 103. 5m OWG - 750 kmph speed - SBL

1 A
SRS

-0.06

No TMD
Optimised TMD (1)

o

Midspan Vertical Deflection (m)

-0.08

0 2 4 6 8 10 12 14
Non-dimensional time

Fig. 5.9. Midspan deflection graphs of 103.5 m span OWG with SBL at 750 kmph

Table 5.4. Midspan deflection values of 103.5 m span OWG with SBL at 750 kmph

Sl Mass  Frequency  Damping Midspan Reduction Criteria
No. ratio ratio ratio deflection in
(mm) deflection
1 = - = 62.76 = No TMD
2 1.84% 1.011 3.27% 30.2 51.9% Optimised TMD (1)
3 0.92% 1.0108 3.14 36.1 42.5% Optimised TMD (2)

From Fig. 5.9 and Table 5.4, it can be seen that the effect of TMD is best at 750 kmph.
which is the resonance condition, i.e. the frequency of occurrence of the bogie load is same
as the fundamental frequency of the structure in vertical direction. It can be seen that with
1.84% TMD mass, the reduction in deflection is about 51.9% and for 0.92% mass, the

reduction is 42.5%.
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Strain in Central Top chord - 250 kmph speed - SBL

100

Strain (Micro strain)

No TMD

Optimised TMD (1)

40 1 1 I T T 1 1 | |
0 2 4 6 8 10 12 14 16 18 20

Non-dimensional time

Fig. 5.10. Strain graphs for central top chord of 103.5 m span OWG with SBL at
250 kmph

Table 5.5. Strain values for central top chord of 103.5 m span OWG with SBL at

250 kmph
SI. Mass Frequency = Damping Strain Reduction Criteria
No. ratio ratio ratio (Micro in
strain) deflection
1 - - - 89.95 - No TMD
1.2% 1.0198 5% 69.40 22.8% Optimised TMD (1)

Strains in top chord and bottom chord members have been plotted for the same optimised
parameters (Optimised TMD 1), which have been obtained in case of deflection. From Fig.
5.10 and Table 5.5, it can be seen that for 250 kmph speed, the reduction in strain in central
top chord is similar to that obtained in deflection. The reduction in strain is 22.8% as against
reduction in midspan deflection is 20.8 % (Table 5.2). In all the strain calculation, only
Optimisation (1) results have been shown as results are almost similar to that is obtained

for deflection.
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Strain in Central Top chord - 400 kmph speed - SBL

120

Strain (Micro strain)

No TMD
Optimised TMD (1)
-40 L 1 1 1 1
0 2 4 6 8 10 12

Non-dimensional time

Fig. 5.11. Strain graphs for central top chord of 103.5 m span OWG with SBL at
400 kmph

Table 5.6. Strain values for central top chord of 103.5 m span OWG with SBL at

400 kmph
SI. Mass Frequency Damping Strain Reduction Criteria
No. ratio ratio ratio (Micro in
strain) deflection
1 - - - 113.83 - No TMD
2 1.76% 1.0216 4.02% 97.32 14.7% Optimised TMD (1)

From Fig. 5.11 and Table 5.6, it can be seen that for 400 kmph speed, the reduction in strain
in central top chord is less compared to that of deflection. The reduction in strain is 14.7%

as against reduction in deflection which is 24% (Table 5.3).
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400 Strain in Central Top chord - 750 kmph speed - SBL

No TMD

Optimsed TMD (1)
300 b

N Vi “‘“
41 ""

-300 : :
0 1 2 3 6

Non-dimensional t|me

Fig. 5.12. Strain graphs for central top chord of 103.5 m span OWG with SBL at
750 kmph

o

Strain (Micro strain)

o

Table 5.7. Strain values for central top chord of 103.5 m span OWG with SBL at

750 kmph
SI. Mass  Frequency  Damping Strain Reduction Criteria
No. ratio ratio ratio (Micro in
strain) deflection
1 - - - 298.7 - No TMD
2 1.84% 1.011 3.27% 130.5 56.3% Optimised TMD (1)

From Fig. 5.12 and Table 5.7, it can be seen that the effect of TMD is best at 750 kmph and
the reduction in strain in central top chord is almost same of that for deflection. It can be
found that with 1.84% TMD mass, the reduction in strain is 56.3% as against reduction in

deflection 51.9% (Table 5.4).
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Strain in Central Bottom chord - 250 kmph speed - SBL

No TMD
Optimised TMD (1)

230 F ]

Strain (Micro strain)
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Fig. 5.13. Strain graphs for central bottom chord of 103.5 m span OWG with SBL at
250 kmph

Table 5.8. Strain values for central bottom chord of 103.5 m span OWG with SBL at

250 kmph
Sl Mass Frequency = Damping Strain Reduction Criteria
No. ratio ratio ratio (Micro in
strain) deflection
1 - - - 47.70 - No TMD
2 1.2% 1.0198 5% 38.24 19.8% Optimised TMD (1)

From Fig. 5.13 and Table 5.8, it can be seen that for 250 km speed, the reduction in strain
in central bottom chord is similar to that obtained in deflection. It can be seen that with
1.2% mass, the reduction in strain is 19.8% as against reduction in deflection 20.8% (Table

5.2)
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Strain in Central Bottom chord - 400 kmph speed - SBL

No TMD
Optimised TMD (1)

Strain (Micro strain)

60 I I I I I
0 2 4 6 8 10 12

Non-dimensional time

Fig. 5.14. Strain graphs for central bottom chord of 103.5 m span OWG with SBL at
400 kmph

Table 5.9. Strain values for central bottom chord of 103.5 m span OWG with SBL at

400 kmph
SI. Mass Frequency Damping Strain Reduction Criteria
No. ratio ratio ratio (Micro in
strain) deflection
1 - - - 56.66 - No TMD
2 1.76% 1.0216 4.02% 45.43 19.8% Optimised TMD (1)

From Fig. 5.14 and Table 5.9, it can be seen that for 400 km speed, the reduction in strain
in central bottom chord is almost similar to that obtained in deflection. It can be seen that
with 1.76% mass, the reduction in strain is 19.8% as against reduction in midspan deflection

24% (Table 5.3).

150

TH-3259_146104019



Tuned Mass Damper and its effect on vertical response of OWG rail bridge

150 Strain in Central Bottom chord - 750 kmph speed - SBL
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Fig. 5.15. Strain graphs for central bottom chord of 103.5 m span OWG with SBL at
750 kmph

Table 5.10. Strain values for central bottom chord of 103.5 m span OWG with SBL at

750 kmph
SI. Mass Frequency = Damping Strain Reduction Criteria
No. ratio ratio ratio (Micro in
strain) deflection
1 - 3 . 153.9 - No TMD
2 1.84% 1.011 3.27% 67.1 56.4% Optimised TMD (1)

From Fig. 5.15 and Table 5.10, it can be seen that the effect of TMD is best at 750 kmph
and the reduction in strain in central bottom chord is almost same of that for deflection. It
can be found that with 1.84% TMD mass, the reduction in strain is about 56.4% as against

reduction in midspan deflection 51.9% (Table 5.4).
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From the above results of effect of TMD in reducing the vehicle induced vibration response
of OWG span for SBL condition, it is found that the effect is most predominant at 750
kmph speed. It can be seen that the resonance condition occurs at this speed as the
frequency of occurrence of SBL matches with the fundamental frequency of the structure
in vertical direction. The SBL acts as a concentrated load on the span as the width of the
SBL which is 9.634m (Fig. 5.2(a)) compared to the span length of the OWG which is
103.5m, is very less. It has been found that at 180 kmph speed, the TMD effect is negative,
ie the midspan defection is more when TMD is applied. This result also corroborates with
the findings of the studies by Heyder (2015), where he showed that at some speed range

beyond the speed at which resonance occurs, caused negative effect of TMD.

5.3.2. Effect of TMD on 103.5m span OWG model with MBL

The speed vs midpan deflection curve has been plotted as shown in Fig. 5.16 in OWG
model with MBL.

Speed vs Deflection graph - 103.5m OWG - MBL

-0.065 - q

-0.07

-0.075

Midspan Vertical Deflection (m)

100 200 300 400 500 600 700 800 900 1000
Speed (kmph)

Fig. 5.16. Midspan vertical deflection at different speed for 103.5 m span OWG with
MBL
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It has been found that there is one local maximum corresponding to speed 300 kmph.
Beyond this speed, deflection increases almost continuously. Thus the effect of TMD has
been evaluated for two different speeds of MBL, namely, 180 kmph which is the normal

maximum speed of train and 300 kmph.

0.01 103.5m OWG - 180 kmph speed - MBL

No TMD
Optimised TMD (1)

Midspan vertical deflection (m)
. . o .
8

0 0.5 1 1.5 2 25
Non-dimensional time

Fig. 5.17. Mid-span deflection for 103.5 m span OWG with MBL at 180 kmph

Table 5.11. Mid-span deflection of 103.5 m span OWG with MBL at 180 kmph

SI. Mass Frequency  Damping Midspan Reduction Criteria
No. ratio ratio ratio deflection in
(mm) deflection
1 - - - 67.79 - No TMD
2 1.98% 1.011 4.55% 67.4 0.6% Optimised TMD (1)

From Fig. 5.17 and Table 5.11, it can be seen that for MBL in OWG with 180 kmph speed,
there is no effect of TMD in reduction in deflection. With 1.98% TMD mass, the reduction

in deflection is only 0.6%.
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103.5m OWG - 300 kmph speed - MBL
0.01 F T T T T

No TMD
Optimised TMD (1)
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Fig. 5.18. Mid-span deflection for 103.5 m span OWG with MBL at 300 kmph

Table 5.12. Mid-span deflection of 103.5 m span OWG with MBL at 300 kmph

SI. Mass Frequency = Damping Midspan Reduction Criteria
No. ratio ratio ratio deflection in
(mm) deflection
1 - - - 77.34 - No TMD
2 1.95% 1.018 3.9 75.7 2.12% Optimised TMD (1)

From Fig. 5.18 and Table 5.12 it can be seen that for 300 kmph speed the effect of TMD is

also insignificant. With 1.95% mass, the reduction in deflection is only 2.12%.

From the above results of effect of TMD in reducing the vehicle induced vibration response
of OWG span for MBL condition, it is found that at no speed within the considered range,
the TMD is becoming effective. As such, the presence of MBL in the long span OWG being
considered is almost acting as a uniform distributed load and hence resonance effect does
not occur. This leads to performance of TMD insignificant in terms of reducing vehicle

induced vibration response in vertical direction.

154

TH-3259_146104019



Tuned Mass Damper and its effect on vertical response of OWG rail bridge

5.4. Concluding remarks

The effect of SBL on the OWG has been found predominant as per the above study.
However, in case of MBL, the effect is found to be insignificant for the range of speed
considered for the running train. The basic reason behind these results is that for SBL case,
the load is acting almost like a concentrated load as the length of a bogie is smaller
compared to the span length (Wheel spread of SBL is 9.634m whereas the span length is
103.5m). Due to this reason, resonance can occur for some specific speed at which the
frequency of occurrence of SBL matches with the fundamental frequency of the structure
in vertical direction. As the effect of TMD is most predominant when the frequency of
occurrence of load remains within some close zone of the fundamental frequency of
structure, the results with SBL is significant. In case of MBL, as the entire span length is
covered with the loads, effect of resonance is not occurring. As a result, the effect of TMD

with MBL condition is not significant.

From the speed vs deflection graph, it can be seen (Fig. 5.5) that under SBL condition,
maximum deflection occurs at 750 kmph speed. It can be found that at this speed, the
frequency of occurrence of SBL matches closely with the fundamental frequency of the
structure and causes resonance. Some local peaks are visible at 250kmph and 400 kmph
speed. However below 250kmph speed, the speed vs deflection graph is flat. From the
results it can be found that at 180kmph, the effect TMD is Nil. This result also corroborates
with the findings of the studies by Heyder (2015), where he showed that at some speed
range beyond the speed at which resonance occurs, caused negative effect of TMD. The
positive effects occurs at 250kmph and beyond. Maximum effect is visible at the resonance
speed, i.e. at 750kmph. Two cases of optimisation was done, one for TMD mass ratio less
than 1% and the other is for TMD mass ratio between 1% and 2%. At 250kmph speed the
reduction in midspan deflection is 16.2% against 0.6% TMD mass ratio. The same value is
20.8% against 1.2% TMD mass ratio. At 400kmph speed the reduction in midspan
deflection is 11.5% against 0.6% TMD mass ratio. The same value is 24% against 1.76%
TMD mass ratio. The maximum effect is at 750kmph speed at which the reduction in
midspan deflection is 42.5% against 0.92% TMD mass ratio and 51.9% against 1.84%

TMD mass ratio. For the above cases the optimised damping ratio lies between 3% to 5%.
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In case of MBL, the speed vs deflection graph (Fig. 5.16) shows that a local peak occurs at
300 kmph speed. However, the deflection almost increases monotonically with higher
speeds. As such, no resonance condition occurs under MBL condition. As a result, the

effect of TMD has been found almost Nil in case of MBL.

The results of midspan deflection and the strains at central top chord and bottom chord
show similar trend in terms of effectiveness of TMD under SBL loading with speed above

250kmph.

Literature survey shows that in all the previous studies, the bridge length is small compared
to the wheel distance of the load. Span lengths were varying up to 40m. Corresponding
wheel configuration considered by them is such that even if MBL condition is considered,
the effect of resonance is occurring at some speeds and as a result, significant effect of
TMD has been reported by them. However, no study has been done till date on long span
bridges and as such from the results obtained, it can be concluded that, TMD is not effective

to reduce vehicle induced vertical vibration response of long span OWG rail bridges.
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Chapter 6

Summary and Conclusions

6.1. Summary

Bridges are integral part of a transportation system of a country and proper design and
construction of bridges is highly important for advancement of the Nation. There are
guidelines for the design and construction of bridges based on the technical knowledge and
standard practices prevailing in the country. However, further studies may be necessary for
some special cases for better understanding of the behaviour of the structure to ensure
safety and economy. Northeast Frontier Railway (NFR) has envisaged to connect the
Northeast states of India which are hitherto not connected in a complete way. The railway
lines pass through eastern trail of Himalaya resulting construction of large number of
tunnels and bridges. The bridges are meant to cross the deep gorges resulting in tall piers
ranging from 20m to 141m height and multiple number of OWG of steel superstructure of
103.5m span. The entire area is under highest seismic zone. The design of the bridges has
been done using the available codes and standards. However, it was felt that some of the
guidelines laid in the standards are not adequately covering some aspects for design and as
a result, conservative design parameters are chosen, which may lead to uneconomic design.
With these aspects in mind, some focus area have been identified for further study which
comprised the present thesis work. The topics are namely: 1) Response reduction factor of
large diameter hollow circular pier section, 2) Asynchronous ground motion and its effect
on response of tall pier railway bridges and 3) TMD and its effect on vehicle induced

vertical response of long span OWG railway bridges.

Literature study shows that adequate research material is available on the response
reduction factor R of hollow section with dimension ranging from 400mm square to 800mm
diameter with wall thickness ranging between 100mm to 250mm. It was felt that the effect
of confinement width may play a significant role in the value of R. In the case of piers
designed in the railway link project in Northeast states, the hollow circular pier diameters

range between 4m to 16m with wall thick varying between 0.5m to 2.0m. Moreover, the
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pier sections have door openings at the bottom and top to enable inspection of inside surface
of pier for maintenance purpose. It has been felt that further study may be useful to
understand the effect of thickness of large diameter hollow pier section on R. Moreover, no

study is available on the effect of wall opening in hollow circular section on R.

M-¢ curve has been generated for hollow circular pier section based on the various
parameters like axial load (P/Af:x), main steel ratio (p.) and transverse steel ratio (ps). The
stress-strain curve for concrete has been taken from the model of Mander ef al. (1988). This
model is based on behaviour of both rectangular and circular section. The proposed
theoretical model was validated using experimental findings. However, the model is based
on solid section of column and accordingly the confinement effective coefficient (k) is
applicable for solid section only. The expression of k. for hollow circular section has been
proposed in the present study. Full scale FE model has been simulated for hollow circular
pier section and has been analysed in Abaqus. The unconfined stress-strain graph of
concrete as per Mander’s model has been given as input to the FEA. The stress-strain
relation as obtained from the FEA has been compared with the stress-strain relation given
by Mander et al. (1988) incorporating the expression of proposed k. and has been found to

agree quite well. This authenticates the proposed expression of k.

The ultimate concrete strain has been adopted from strain energy balance approach of the
concrete section at which first fracture occurs at confining steels as per Mander ef al.
(1988). The M-¢ curves for the pier sections have been generated restricting the ultimate
strain in concrete to the above value. Yield curvature and ultimate curvature have been
calculated from the M-¢ curve which gives the curvature ductility and deflection ductility
of the section. Instead of calculating the ductility from the average length of plastic hinge,

the actual area under the M-¢ curve has been considered.

The presence of uncracked section in between two cracked section provides some stiffening
action of the pier and the same has been taken into consideration while estimating the
overall ductility of the hollow circular pier. The P-A effect has been included while
estimating the ultimate curvature and corresponding ultimate moment. The effect of grade
of concrete (fx) and grade of steel (f) on R have been studied. The effect of spacing of

transverse steel (Sx), diameter of the transverse steel has also been studied. Effect of
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confined width of concrete on R has been studied by considering the width varying between
0.5m to 2.0m which are the standard thickness of wall of hollow pier having diameter

starting from 4m to 16m.

Effect of opening has been studied by formulating the M-¢ curve for hollow circular
section with the specified discontinuity. The same stress-strain relation of concrete which
was used for the section without opening has been used here. However, the analysis of FE
model with wall opening shows reduction in ultimate concrete strain and thus the R values
proposed for the section with wall opening has been so adjusted that it satisfies the reduced

ultimate concrete strain value.

The slenderness effect plays an important role in the value of R for any pier section. The
proposed values of R in general are applicable for pier with slenderness ratio up to 50. The
M-¢ curve is greatly influenced by the nature of stress-strain graph of concrete. The present
study is based on stress-strain relation of concrete proposed by Mander et al. (1988) which
is valid up to M50 grade. Effect of grade of steel is considerable in the value of R. The
present study is based on the standard grade of steel prevailing in the construction industry

which is Fe500 with ultimate tensile strength 700 MPa.

As per established theory, yield reduction factor value is same as deflection ductility when
the natural period of the structure is high. Thus, response reduction factor has been
calculated by multiplying deflection ductility with reserve strength factor. Attempt has been
made to recommend the rational values of R for large diameter hollow circular piers based
on various design parameters. The value of R has also been recommended for hollow

circular pier section with wall opening.

The effect of track deflection during transverse seismic forces cause the continuous track
to undergo change in curvature which is important to assess for safe movement of train.
Analysis with synchronous ground motion is sufficient for bridges with short length,
however, in case of long bridges, the effect of asynchronous motion is extremely important
to assess the transverse track deflection. The generation of asynchronous ground movement
depends on the factors like time of travel of the wave, incoherence effect and the local soil

effect at the interface of which the wave propagation gets reflected/ refracted. In the present
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case, as the local soil is uniform in between the two extreme abutments of the bridges, this
effect is not considered. There are various model of spatial correlation function available
to cater for incoherence effect. In general, all the models are a function of few basic
parameters namely, distance from the source to the location under consideration, frequency
of ground vibration, soil parameter and shear wave velocity of the medium. In the present
case, the model suggested by Fenton (1991) has been adopted. Two earthquake events have
been considered keeping in parity with the soil parameter of the bridges under study,
namely, El Centro earthquake and Koyna earthquake, which are recorded in medium soil
and rocky strata respectively. In the present case the bridges are resting on rocky strata.
Soil structure interaction model has been generated in SAP. Three different soil spring have
been adopted, namely, P-y curve to represent interaction between the lateral resistance of
soil and pile displacement, ¢-z curve to represent interaction between shaft skin frictional
force and relative movement of the pile with respect to the soil, O-z curve to represent the
mobilized tip bearing capacity and settlement. Acceleration time history has been converted
to displacement time history to give the ground motion input in the pile spring for
asynchronous motion as the governing equation requires the displacement time history. The
absolute deflection of the pier tops under synchronous and asynchronous ground movement
have been obtained from the analysis. Corresponding track curvature is estimated and

compared with the safe curvature at which the train can run with its design speed.

The vehicle induced response of the superstructure has been recommended in Indian
Railway Standard (IRS) in terms of static equivalent factor varying with respect to span of
the member and is applicable for maximum allowable speed of train. The actual vehicle
induced response can be obtained by taking into consideration vehicle bridge interaction
(VBI) in the analysis. Track irregularity also plays important role in the response.
Generally, the vehicle induced response of the superstructure is catered in the design by
strengthening the structure. Introduction of TMD may reduce the vehicle induced response
under resonant condition of the vehicle induced force. Literature study shows that adequate
researches are available on effect of TMD on road bridges of variable span length. Good
number of researches are also available on effect of TMD on high speed railway bridges
with span length up to 40m. The present railway connection project being undertaken by

Indian Railway in the Northeast states are mostly OWG steel structure of span length
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103.5m. With these aspects in mind, the present study has been undertaken to assess the
effect of TMD on OWG steel long span bridge. The railway prefers simply supported span
over continuous one due to the relative ease of maintenance, and thus the same support
system has been considered in the present study. Simply supported structure vibrates
predominantly in first mode and as a result it is felt that study may be restricted to single
TMD at midspan. Following response of the superstructure has been considered to assess
the effect of TMD — 1) The midspan deflection, 2) Strain in central top chord and 3) Strain
in central bottom chord. The vehicle load has been considered using a 27 DOF vehicle
model along with track irregularity. The single bogie load of 100t as recommended in the
IRS has been adopted. Both single bogie load (SBL) effect and multiple bogie load (MBL)
effect has been considered in the analysis. The MBL has been considered by using series
of SBL in such a way that, overall uniform distributed load effect recommended by IRS
can be achieved. It has been found that the effect of TMD is significant for the bridge under
consideration for SBL for a certain speed above normal speed range. However, the effect

of TMD is not at all significant for MBL.

6.2. Conclusion
Major conclusions of the present study may be summarized as follows:

A. On response reduction factor (R) of large diameter hollow circular pier section:

e Confinement effective coefficient (k) has been proposed for hollow circular pier
section. The stress-strain relation of concrete given by Mander et al. (1988)
considering this proposed k. value matches closely with the stress-strain relation
found from FE analysis for a full scale model of the pier section under
consideration, which suggests the authenticity of the proposed expression of k.. The
confined compressive strength ratio between the manually calculated value with the
proposed formula of confinement effective coefficient and that obtained from FEA
varies between 0.95 to 0.97.

e The concrete strain corresponding to the ultimate moment capacity of the section

remains within the ultimate concrete strain capacity as per the first strain energy
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balance approach of the concrete section at which first fracture occurs at confining
steels as per Mander et al. (1988).

e The spacing of transverse steel plays an important role in the value of R and it
reduces drastically with spacing more than 150mm.

e Confinement width of concrete has significant effect on the value of R due to change
in k. value with respect to confinement width. The proposed value of R covers the
standard wall thickness of hollow circular pier section.

e The stress-strain graph of concrete near the wall opening shows reduced strain
capacity of concrete as compared to that of section without opening.

e Attempt has been made to propose R value for pier with large diameter hollow
circular section based on design parameters like axial load (P/Af:k), main steel ratio
(pec) and transverse steel ratio (ps). The value of R increases with increase in
transverse steel ratio (ps), with decrease in vertical load (P/Afck) and with decrease
in main steel ratio (p.c). The proposed value of R varies from maximum 5.5 to
minimum 1.6 depending on the factors as mentioned.

e The proposed R values cover circular section without wall opening and with wall
opening. The recommended R values of hollow circular section with door opening
reduces with opening size and the reduction varies from 1 to 0.7 times of the value
of R corresponding to section without door opening.

e In general, in different codes/ standards, unique value of R for different components
of structure are recommended. If the values obtained in the present study is
compared with the code/ standards recommended values (The value is 3 as per IRS,
BIS and IRC), it can be found that for some cases, the code recommended values

are either over safe whereas in some other cases the values are inadequate.

B. Asynchronous ground motion and its effect on response of tall pier railway bridges:
e The displacement demand in piers and abutments with asynchronous ground motion
has been observed in higher side compared to that of synchronous ground motion.
e Effect of curvature in track due to synchronous motion and asynchronous motion is

case sensitive and depends on the characteristics of ground motion itself.
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The desired speed can be achieved in the bridges under consideration in the project
in Northeast states for both synchronous and asynchronous ground motion adopted
in the study.

The asynchronous motion need to be considered in the analysis for track

deformation study as in some cases of ground motion, it gives higher responses.

C. TMD and its effect on vehicle induced vertical response of long span OWG railway

bridges:

6.3.

TMD is effective for single bogie loading (SBL) at certain speed above normal
speed range adopted in Indian railway for the bridge under consideration. At
180kmph, the effect TMD is Nil. The positive effects occurs at 250kmph and
beyond.

The effect of TMD for SBL is most predominant at speed at which resonance occurs
(At 750 kmph speed) i.e. the frequency of occurrence of load matches with the
fundamental frequency of structure at vertical direction.

The effect of TMD under multiple bogie loading is not significant at any speed as
the resonance condition does not occur.

As such it can be concluded that application of TMD is not significant in long span

OWG railway bridges.

Recommendations for future research

Future work may be undertaken in the following areas:

TH-3259_146104019

The value of R for high strength concrete of grade between M60 to M120. In case
of high strength concrete, the strain capacity varies with the grade of concrete and
thus the value of R may differ from grade to grade of concrete mix used for the
construction of piers.

The value of R for slender pier. Depending on slenderness ratio beyond 50 the R
value may be a function of slenderness ratio.

Value of R for hollow rectangular section
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e VBI to assess lateral stability of train during a seismic event using asynchronous
ground motion.
e Active control energy dissipation device instead of passive control device like TMD

in reducing response of long span OWG steel bridges.
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