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Nonlinear Response of Medium Size Continuous
Bridges with LRB

[Bertha Olmos and José Manuel Jara]

Abstract—The main objectives of this work were to
investigate the effects of the nonlinear behavior of the isolation
pads on the seismic response of bridges with rubber bearings,
and to identify when base isolation improved their seismic
performance. To achieve these objectives a parametric study was
conducted designing a set of bridges for three different soil types
and varying the number of spans, span lengths, and pier heights.
The seismic responses (accelerations, displacements and pier
seismic forces) were evaluated for three different structural
models. The first represented bridges without base isolation; the
second corresponded to the same bridges including now rubber
bearings with linear elastic behavior that shifted the natural
period of the bridge by a factor of 2 to 4. In the third model the
seismic response of the base isolated bridges was studied
accounting for the nonlinear behavior of the pads. The results
show clearly the importance of the nonlinear behavior on the
seismic performance of the bridges.

Keywords—LRB, Brisges, Time history analyses, Nonlinear
seismic response, Bridges on hard soil, Bridges on medium
stiffness soils.

. Introduction

The idea of incorporating energy dissipation devices into
structures is not new, and these devices have been
implemented in many countries around the world, especially
in structures that may be subjected to the action of accidental
dynamic loads such as earthquakes. The implementation of
this approach in underdeveloped countries is lagging because
they may not have available all the technology needed for the
design, nor the appropriate construction equipment. There are
at present, many different types of energy dissipation devices
that can be used to improve the performance of a structure;
they are known under the generic nhame of structural control.
The energy dissipation devices used for structural control can
be passive, active, or semi-active (hybrid). In the case of
existing bridges, base isolation is the easiest control system to
incorporate since rubber bearings are already required at each
support by the design codes; the rubber bearings can be easily
replaced using jacks supported directly on the piers and
abutments. For this reason, in this work base isolation was
selected as the control system to be investigated. Base
isolation bearings consist of alternated layers of rubber and
steel, and can also include an inner lead core in order to
increase the energy dissipation capacity of the unit; usually
their shape is circular or square. Several constitutive models
have been proposed in the literature to represent the nonlinear
behavior of these control systems [2, 3], based on their
hysteretic characteristics.
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Bridges play an important role in the infrastructure and
development of any country and their operability after a major
disaster, such as an earthquake, is essential. It is desirable
therefore to incorporate control systems that would decrease
the seismic forces on important bridges that can be subjected
to ground motions. That is the case of Mexico where several
bridges were damaged during the most recent severe
earthquake (Manzanillo, 1995). In this work we started
designing according to the code provisions used in Mexico [4,
5] a set of 8 continuous bridges (with different span lengths
and pier heights) for two types of soils (hard soil and medium
soil). Isolation devices were then incorporated to assess the
effects of these systems on the bridges’ seismic response for
two soil types [6, 7, and 8], leading to a total of 16 structures.
This was considered important because most of the work
related to lead-rubber bearings had considered until now
structures located on hard soil. The selection of only two soil
types (leaving out the soils type Ill), obeys to the general
knowledge of the unfeasible applicability of the isolation
systems in this type of soils. The dynamic characteristics of
soft soils (large periods) and the possibility of having
differential ground displacements during the service life of the
structure make unsuitable the use of an isolation system in soft
soils.

With the aim to study the effects of lead-rubber bearings
(LRB) implemented in new designs or retrofitting, it was
estimated the seismic response of the linear (bridges without
base isolation, NI) and nonlinear (bridges with base isolation,
WI) dynamic responses of the bridges subjected to 21 ground
motions recorded on the Pacific Coast of Mexico. The
responses of interest were the displacements on top of the
piers, the pier angular distortions, the pier shear force and
bending moment ratios, and the lead-rubber bearings' ductility
demands for two seismic scenarios that are usually considered
on the seismic design codes.

n. Bridges Numerical Model

The bridges considered were typical reinforced concrete
(RC) bridges in Mexico, with 5 spans, each with lengths of 20
and 40 m, and pier heights of 10 and 30 m (Figure 1) located
on seismic zone D [4]potentially more dangerous for
structures located in Mexico. The combination of the
geometric parameters led to 4 different bridges that were
designed for two soil types: hard soil (type 1) and medium soil
(type 1), leading to 8 total cases. The design response spectra
for seismic zone D considering a ductility factor of 2 and an
importance factor of 1.5, as proposed in the code [4], were
used for the design. The seismic response parameters
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considered the relative displacements and the absolute
accelerations of the deck, the relative displacements and
seismic forces in the piers, and the ductility demands for the
isolation pads. The seismic responses were obtained for 21
ground motions. In the text each bridge is identified with a
number and a letter referring to the number of spans, the span
lengths, and the pier height. For example, the bridge referred
to as 5S40L30H represents a 5-span bridge with 40 m spans
and 30 m pier height. All the bridges were considered to be
RC. All of the bridges had RC circular piers, RC slabs and RC
bent caps. The diaphragms used in each of the bridges were
RC. The modulus of elasticity, shear modulus and Poisson
ratio were 2.5E10 Pa, 1.03E10 Pa and 0.2 for the concrete, and
2E11 Pa, 7.7E10 Pa and 0.3 for the reinforcing steel. Figure 2
shows a schematic elevation of the 5-span bridges.

Figure 1. Bridges elevation view

In this work, the bridges were modelled as 3D structures and
the analyses were carried out with the nonlinear SAP200
program. The first case of study was a representative model
for the original bridges without lead-rubber bearings (NI).
This model represents continuous existing bridges that are
considered to be vulnerable under the action of seismic events
and it is of interest to study their seismic response under
extreme demands. The members (girders, diaphragms, bent
caps, and piers) were modelled as beam elements where there
was a continuous connection between girders and piers. The
RC slab was modeled with a mesh of rectangular thin shell
(plate bending and stretching) finite elements. The beams were
supported at their ends by linear laminated rubber bearings.
The bearings had an area of 0.09 m?, and a shear modulus of
981 kPa; the right and the left bearings had heights of 57 and
41mm, leading to stiffness values of 1962 and 2759 kN/m at
each support, respectively. The base supports of the piers were
considered fixed, neglecting the flexibility of their
foundations. The beam elements used to model the girders
were divided into small discrete segments with the mass
distributed equally to each node, and the same amount of mass
acting in the longitudinal and transverse directions. The
behaviour of all bridges’ components was considered linear.
To seek the validity of this assumption the piers’ angular
distortions were evaluated. The abutments in bridges are
usually very stiff elements with movement restrictions
imposed by the surrounding ground. Therefore, bridges are
usually considered simply supported on their ends and this
assumption was adopted in this work.

The 3D models used for the isolated models (WI1) incorporate
lead-rubber hysteretic bearings modelled with link elements

according to the Wen plasticity properties [3]. The WI models
were the same described in the first case (NI) but with the
inclusion of energy dissipation devices in the core of the
bearings, and assuming that girders are continuous along the
piers. The lead-rubber bearings had the same properties in the
longitudinal and transverse directions, and were located at
each of the beam supports. The nonlinear rubber bearings’
properties were computed to produce a shift in the longitudinal
natural period of the bridges by a factor of two to four without
exceeding an allowable deformation [6, 7, and 9]. The analysis
assumed that the energy dissipation devices were the only
elements behaving nonlinearly and that the remaining
elements had linear behavior. This hypothesis was validated
through the analysis of the pier angular distortion, discussed
on the results that showed values that do not represent
excessive damage, even for the failure limit state.

The dynamic characteristics of the bridges were obtained from
modal analyses. The natural periods for the NI bridges (TNI),
and for the WI bridges (TWI) in the longitudinal and
transverse directions are listed in Table 1. The natural periods
for each bridge are presented in two rows where the first one
corresponds to translation in the longitudinal direction and the
second to the transverse direction. The actual stiffness and
period would vary in time increasing as the lead-rubber
bearings behave nonlinearly. In the majority of the cases the
lower, 1st and 2nd, mode shapes of the NI bridges
corresponded to torsion and translation in the transverse
direction whereas the isolated bridges had their first and
second mode shapes a translation in the longitudinal and
transverse directions, respectively. The number of spans does
not show important influence on the bridges’ natural periods.

TABLE L. NATURAL PERIODS IN THE LONGITUDINAL AND TRANSVERSE
DIRECTIONS, RESPECTIVELY FIRST AND SECOND ROWS
Soil type | Soil type Il Soil type | Soil type Il
Bridge Bridge
TNI TWI TNI TWI TNI TWI TNI TWI
Sec Sec Sec Sec Sec Sec Sec Sec
077 | 213 | 041 | 153 172 | 506 | 138 | 298
5S20L10H 5S20L30H
0.65 | 152 | 052 | 122 221 | 257 | 137 | 175
0.76 | 243 | 052 | 182 203 | 454 | 172 | 318
5S40L10H 5S40L30H
0.76 | 233 | 033 | 144 210 | 277 | 136 | 194
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. Seismic Demand

Figure 2 shows the epicenters of the earthquakes
considered in this work recorded on soils types | (a) y Il (b).
Twenty- one earthquakes with magnitude larger than 7.8, were
considered to studied the bridges' seismic responses. Ten of
the records correspond to T-I and the others to T-II. In order to
study the seismic behaviour of the bridges the records were
scaled to the maximum acceleration expected for return
periods of 50, service limit state, and 1000 years, failure limit
state. The response spectra for the original records are shown
in Figure 3.
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Figure 2. Epicenters’ location for the earthquakes considered (a) Soil type I
and (b) Soil type 1l
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Figure 3. Seudoacceleration response spectra for soils types | and I

iv. Bridges’ dynamic seismic
response

The beneficial or detrimental effects of the lead-rubber
bearings on the bridges’ seismic responses depend on the
natural period of the bridge, the damping due to the nonlinear
behaviour, and the type of excitation. As it would be expected
from the shape of the response spectra that there could be
important reductions in the acceleration and shear forces due
to the period shift caused by the base isolation. On the other
hand, there would be increases or decreases on the relative
displacements of the deck depending not only on the natural
periods but also on the energy dissipation and the ground
motion characteristics. If the ground input energy lies in the
zone of short periods, it is expected that the seismic responses
would be reduced when the structural period shifted out of this
range; that is true for bridges built on hard soil sites whereas
this is not true for the ones located on medium soil, as can be
seen in figure 3. The additional damping caused by the
nonlinear behaviour of the LRB should play a key role in this
case.

A discussion on the bridges' seismic response is presented
in this section based on the central piers' demands. The
validity of this assumption is based on the geometric
symmetry of the bridges about two orthogonal axes. The
analyses of the results for bridges with and without isolation
are based on the maximum shear and maximum flexure
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demands on the piers, the maximum relative displacements at
the top of the piers, the maximum relative displacements, the
absolute accelerations at the deck level, and the isolator
maximum ductility demands. The nonlinear responses were
estimated through nonlinear time history analyses by direct
integration of the dynamic equilibrium equations with the
Newmark method. To estimate the dynamic response was
considered a damping ratio of 5% for the two first natural
periods of the bridges defined in the program as Rayleigh
damping. The amount of damping developed by the isolators
is automatically defined from their nonlinear hysteretic
behaviour. The analyses were led considering the earthquakes
acting in two orthogonal directions, named longitudinal and
transverse that correspond to the longitudinal and transverse
directions of the bridges.

Figure 4 and 5 show the maximum ratios of the forces
demanded on the piers, shears and bending moments, for all
the bridges in study, the two types of soils and the two seismic
scenarios (return periods of 50 and 1000 years), respectively
for the longitudinal and transverse directions. The ratios are
defined as the maximum shear demanded by the isolated
bridges to the maximum shear demanded by the non-isolated
one, in a similar way is defined the bending moment ratio. In
the figures the abscissa represent the bridges and the ordinate
corresponds to the shear or bending moment ratios; the
demands for bridges located on soil types | and Il are
represented with white and gray bars, respectively; the figures'
rows correspond to the shear ratios whereas the columns
correspond to the demand scenarios of 50 and 1000 years,
respectively first and second columns. The results show that
for all the cases considered the ratios are lower than one, it
means that the inclusion of an isolation system reduces de
shear forces and bending moments demanded on the piers
under earthquakes of medium and high intensity, the
reductions are in an interval of 50 to 85% and 50 to 85% for
the shear ratio in the longitudinal and transverse directions,
respectively, whereas for the bending moment ratio the
intervals correspond to 15 to 80% and to 50 to 85%
respectively for the longitudinal and transverse directions. The
larger reductions on these demands correspond to the bridges
with the shortest piles (H=10 m). The isolation systems show
to be very effective in reducing the forces and moments on the
piers for both types of soil and for the two seismic scenarios
considered (Tr = 50 and 1000 years).

27

045
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

Vimaewi Vimax Nt

1.00

0.90 A

0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Minacwi /Mimax ni

0.70
0.60
0.50
0.40
0.30
0.20

Muacwi Mimax ni

0.10
0.00

Tr =50 Mean Values for the Shear Force

Longitudinal Direction

oSoil | = Soilll

-
-

5S20L10H
5S40L10H

Tr =1000 Mean Values for the Shear Force

5S20L30H

Longitudinal Direction

5S40L30H H ‘

[ osoill msoiln |

]

i S5

5S20L10H
5S40L10H

Tr =50 Mean Values for the Bending Moment

Longitudinal Direction

5S20L30H

5S40L30H

0Soil I @Soilll |

sl BN

5S20L10H
5S40L10H

Tr =1000 Mean Values for the Bending Moment

Longitudinal Direction

5S20L30H -
5S40L30H H‘

[ osoill_msoill

5S20L10H
5S40L10H

5S20L30H

5S40L30H m ‘

Figure 4. Central piles’ shear and flexural moments when considering the
earthquakes acting in the longitudinal direction for soils types | and Il
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The maximum values for the displacements on top of the
piers and deck, the pier angular distortions, and the lead-
rubber bearings' ductility demands for two seismic scenarios
that are usually considered on the seismic design codes are
reported on tables 2 and 3 for the longitudinal direction, and 4
and 5 for the transverse direction. The responses reported on
each row of the tables correspond to each of the bridges in
study.

With respect to the bridges dynamic behaviour in the
longitudinal direction (Tables 2 and 3), it is noticeable that
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when isolation is included the displacements on top of the
piles reduced on the average of 50% for the bridges with piers
height of 10 m whereas for bridges with slender piers (H=30
m) the displacements increased up to 50% for soil type |
whereas for soil type Il the increases are up to 4%, showing
the isolation effectiveness on medium stiffness soils. The pier
angular distortions for a seismic demand corresponding to the
service limit state (Tr=50 years) show values lower equal to
0.006 for the non-isolated bridges that correspond to
negligible or light damage states; when including the isolation
systems, the piers' angular distortions decreased in all cases to
values that do not generate damage on them [10]. For a
seismic scenario equivalent to the failure limit state, the piers
distortion demands show that bridges without an isolation
systems could achieve from moderate to severe damage states,
states that could be classified as light when accounting for an
isolation device [10]. These results show the isolation
effectiveness in preventing severe damage on the piers,
considered as the most vulnerable element for a bridge system.
With respect to the accelerations demands on top of the piers
and deck, for all the cases the reductions are considerable with
the exception of the bridge 5S40L10H located on soil type I
that present increases in this parameter. In the case of the lead
rubber bearings, we can see that the ductility demands
correspond to almost elastic behaviour for the service limit
state and soil type | whereas for soil type Il and all cases under
the failure limit state show an important LRB nonlinear
behaviour achieving ductility values up to 33. These results
are most significant for the medium stiffness soil type
considered since it means important reductions on the bridges'
seismic demands, leading to a justification to use the isolation
systems in bridges located on soil type Il. However, as shown
in table 4, the isolator ductility demands in transverse direction
can be a limitation for the traditional manufactured devices.

TABLE II. BRIDGES SEISMIC RESPONSE FOR EARTHQUAKE ACTING IN
THEIR LONGITUDINAL DIRECTION FOR A RETURN PERIOD OF 50 YEARS

Soil Type | & Maximum Central Piles’ Dynamic Responses in the Long. Direction
Unay (cm) ¢ (rad) A (/5% b
Bridge Pier top Deck Pier top Pier top Deck LRB
NI WI WI NI WI NI WI WI WI
5S20L10H 2.269 1.448 5.191 0.002 0.001 2.149 1.637 0.334 1.64
5S40L10H 2174 0.883 6.954 0.002 0.001 1.555 1.796 0.233 1.58
5S20L30H |  5.082 7.672 11.044 0.002 0.003 0.686 0.278 0.165 1.95
5S40L30H 5.541 7.205 10.710 0.002 0.002 0.537 0.326 0.182 2.37
Soil Type Il & Maximum Central Piles' Dynamic Responses in the Long. Direction
Unay_(cm) ¢ (rad) A (M/5%) B
Bridge Pier top Deck Pier top Pier top Deck LRB
NI WI WI NI WI NI WI WI WI
5S20L10H 1.094 1.019 20.294 0.001 0.001 2.582 2.366 0.919 6.48
5S40L10H 1.245 0.400 22.211 0.001 0.000 2.353 2.031 0.602 8.77
5S20L30H 9.969 9.441 28.058 0.003 0.003 2.167 1.588 0.618 8.95
5S40L30H | 17.622 7.597 25.093 0.006 0.003 2.369 1.666 0.383 10.17
TABLE Il BRIDGES SEISMIC RESPONSE FOR EARTHQUAKE ACTING IN
THEIR LONGITUDINAL DIRECTION FOR A RETURN PERIOD OF 1000 YEARS
Soil Type | & Maximum Central Piles’ Dynamic Responses in the Long. Direction
Unnax_(cm) ¢ (rad) Anax (/%) »
Bridge Pier top Deck Pier top Pier top Deck LRB
NI Wi Wi NI Wi NI Wi Wi
5S20L10H | 6.793 3.182 20.956 0.007 0.00: 6.434 5.3 0.611 7.83
5S40L10H | 6.510 1.818 24.981 0.007 0.00: 4.655 6.4 0.419 6.03
5520L 30| 15215 16.313 32.803 0.005 0.00! 2.054 0.7 0.364 8.68
5S40L30H | 16.590 15.974 32.754 0.006 0.00! 1.608 0.960 0.412 10.69
Soil Type 11 & Maximum Central Piles’ Dynamic Responses in the Long. Direction
Unnax_(cm)  (rad) Anax (/5% [0
Bridge Pier top Deck Pier top Pier top Deck LRB
) Wi Wi NI Wi NI Wi Wi Wi
5S20L10H | 3.275 2.375 74.077 0.003 0.002 7.7 -935 13 24.1
5S40L10H | 3.726 0.987 78.419 0.004 0.001 7.04 -168 38 311
5520L 30| 29.845 30.983 94.103 0.010 0.010 6.4 -395 .56: 31.0
5S40L30H | 52.757 25.282 75.397 0.018 0.008 7.0 166 0.89: 328
@ DIGITAL LIBRARY




Proc. of the Seventh Intl. Conf. on Advances in Civil, Structural and Mechanical Engineering - CSM 2018
Copyright © Institute of Research Engineers and Doctors, USA .All rights reserved.
ISBN: 978-1-63248-163-4 DOI: 10.15224/978-1-63248-163-4-17

TABLE IV. BRIDGES SEISMIC RESPONSE FOR EARTHQUAKE ACTING IN
THEIR TRANSVERSE DIRECTION FOR A RETURN PERIOD OF 50 YEARS
Soil Type | & Maximum Central Piles’ Dynamic Responses in the Transverse Direction
Unax (cm) ¢ (rad) Anay (M%) K
Bridge Pier top Deck Pier top Pier top Deck LRB
NI Wi WI NI Wi NI Wi Wi Wi
5S20L10H 2.236 0.461 4.555 0.002 0.000 1.763 2.105 0.588 170
5S40L10H 2417 0.258 4.879 0.002 0.000 1.685 1.658 0.527 118
5S20L30H 7.522 3.634 7.252 0.003 0.001 0.723 0.705 0.449 217
5S40L30H 5.383 3.326 7.543 0.002 0.001 0.495 0.745 0.431 2.80
Soil Type 11 & Maximum Central Piles’ Dynamic Responses in the Transverse Direction
Unnax (€M) $ (rad) Ay (M5°) L3
Bridge Pier top Deck Pier top Pier top Deck LRB
NI Wi WI NI Wi NI Wi WI WI
5S20L10H 0.815 0.291 16.822 0.001 0.000 2.638 1.956 1.345 5.53
5S40L10H 0.743 0.154 20.259 0.001 0.000 2.674 1.892 0.862 8.06
5S20L30H 9.677 4.643 25.814 0.003 0.002 2194 1936 1.083 8.50
5S40L30H 9.608 3.648 23.692 0.003 0.001 2.102 1977 0.569 9.22
TABLE V. BRIDGES SEISMIC RESPONSE FOR EARTHQUAKE ACTING IN

THEIR TRANSVERSE DIRECTION FOR A RETURN PERIOD OF 1000 YEARS

Soil Type | & Maximum Central Piles’ Dynamic Responses in the Transverse Direction

Unay (€M) ¢ (rad) Anas_ (M%) L
Bridge Pier top Deck Pier top Pier top Deck LRB
NI Wi Wi NI Wi NI Wi Wi Wi
5S20L10H 6.695 1018 16.830 0.007 0.001 5.277 6.426 0.984 6.59
5S40L10H 7.236 0.570 22.095 0.007 0.001 5.046 4.265 1246 5.47
5S20L30H 22522 8.950 25.680 0.008 0.003 2.164 2.170 0.827 9.75
5S40L30H 16.117 8.414 27.151 0.005 0.003 1.482 2.430 1.119 12.57
Soil Type Il & Maximum Central Piles' Dynamic Responses in the Transverse Direction
Unay_(cm) ¢ (rad) A (M/5°) K
Bridge Pier top Deck Pier top Pier top Deck LRB
NI N Wi NI Wi NI WI WI WI
5S20L10H 2.440 0.794 80.517 0.002 0.001 7.899 6.183 3.464 26.62
5S40L10H 2.224 0.346 73.615 0.002 0.000 8.006 5.674 1.980 29.35
5S20L30H | 28.974 13.032 86.566 0.010 0.004 6.568 6.035 2.450 28.60
5S40L30H | 28.765 10.886 89.422 0.010 0.004 6.293 6.384 1460 35.76

v. Conclusions

In this work, the nonlinear seismic response of medium
size continuous bridges with and without LRB located on two
soil types and two seismic scenarios has been studied. The
discussion of the results showed the beneficial effects
achieved on seismic demands when including the LRB that
showed to prevent extensive damage on piers, but the
inclusion of the isolation systems may be the cause of damage
on the shear keys if there is not considered during the design
processes the increases on the displacements demands for the
transverse direction of the bridge. In general, the piers' shear
force and bending moments decreased considerable when the
isolation system is incorporated, in the same way the
acceleration demands present important reductions for both of
the seismic scenarios considered, service and failure limit
states. It is generally accepted the beneficial effect of LRB
systems to decrease the bridges' seismic responses on hard soil
(soil type 1). This study show that even for medium soil type
(with not only high frequency content of high frequencies but
also with important amplitudes on medium frequencies) the
isolation systems can be an attractive alternative to reduce the
seismic bridges' demands.
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