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Abstract A Displacement-Based Design (DBD) procedure for bridges equipped with
different seismic Isolation Systems (IS’s) is proposed. It has been derived from the Direct
DBD method recently developed by Priestley and co-workers. The key aspect of the proposed
procedure is the definition of a uniform target displacement of the deck, which is assigned
by the designer to accomplish a given performance level, expressed through limit values of
the maximum IS displacement and of the pier drift, respectively. The proposed design pro-
cedure has been developed for four different idealized force-displacement cyclic behaviours
of IS’s, which can be used to describe the response of a wide variety of IS’s, including:
(i) Lead-Rubber Bearings (LRB), (ii) High-Damping Rubber Bearings (HDRB), (iii) Fric-
tion Pendulum Bearings (FPB), (iv) Combinations of either Low-Damping Rubber Bearings
(LDRB) or FPB and Viscous Dampers (VD), (v) Combinations of lubricated Flat Sliding
Bearings (FSB) and LDRB, (vi) Combinations of FSB and Steel Yielding Devices (SYD),
(vii) Combinations of FSB, Shape Memory Alloy (SMA)-based Re-centring Devices and
VD. In the paper, the background and implementation of the design procedure is presented
first, then some validation studies through nonlinear time-history analyses on different con-
figurations of continuous deck and multi-span simply supported deck bridges are illustrated.

Keywords Bridges · Seismic isolation systems · Displacement-based design · Displacement
response spectra · Equivalent viscous damping

1 Introduction

It is widely recognized that the traditional force-based design approach cannot provide
the appropriate means for implementing concepts of Performance-based Earthquake
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Fig. 1 Fundamentals of DDBD, with specific reference to bridge structures

Engineering (Bertero and Bertero 2002). Performance levels, indeed, are described in terms
of displacements, as damage is better correlated to displacements rather than forces. As a
consequence, new design approaches, based on displacements, have been recently imple-
mented. One of such approach is the Direct Displacement-Based Design (DDBD), proposed
by Priestley (1993). The fundamental goal of DDBD is to obtain a structure which will reach
a target displacement profile when subjected to earthquakes consistent with a given reference
response spectrum.

Figure 1 shows the fundamental steps in the application of DDBD for bridges. The first two
steps (Fig. 1a, b) highlight the most important differences between DDBD and force-based
seismic design.

Force-based design characterizes the structure through its elastic properties (initial stiff-
ness and elastic damping). The maximum acceleration response of the elastic structure is
determined from response spectrum analysis. It is then reduced by a behaviour modification
factor (q in the Eurocode 8 (CEN 1998)) to obtain the design acceleration profile, hence
design lateral forces for the resistance verifications at the ultimate limit state. Displacements
are only checked at the end of the design process, usually to satisfy service requirements at
the damage limit state.

In the DDBD, the nonlinear MDOF model of the structure is replaced by an
equivalent linear SDOF system (Substitute Structure Approach firstly proposed by (Shibata
and Sozen 1976)), whose properties (Ke and ξeq) correspond to the effective lateral stiffness
and equivalent viscous damping of the real structure at the peak displacement response.

The target displacement profile �i is set by the designer at the beginning of the procedure,
to ensure specified performance levels for a given level of seismic excitation.

The substitute structure will present a design force (Fd) corresponding to the maximum
base shear of the real structure and an equivalent design displacement (�d) corresponding to
the assigned target displacement profile of the deck (see Fig. 1a). The design displacement
�d can be obtained using the following equation (Priestley 2003):

123



Bull Earthquake Eng (2009) 7:391–410 393

�d =
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mi · �2
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(1)

where n is the number of piers/abutments, mi is the appropriate contribution of deck (and
pier) mass at each pier/abutment location and �i is the corresponding deck displacement.

The equivalent damping of the SDOF system accounts for the energy dissipated by the real
structure during the seismic excitation through its viscous, frictional and hysteretic behav-
iour. It is computed based on either analytical formulations or semi-empirical relationships,
as a function of the displacement or ductility demand of the system.

Since the equivalent properties of the substitute structure are elastic, a set of elastic dis-
placement response spectra is used to determine the effective period Te associated to the
design displacement �d and corresponding damping ratio (Fig. 1c). The effective stiffness
of the equivalent SDOF system (Ke) is found by inverting the well-known relationship:

Ke = 4π2 · me/T 2
e (2)

where me is the effective mass of the substitute structure, which can be expressed as a function
of the target displacement profile (Priestley 2003):

me =
∑n

i=1 (mi · �i )

�d
(3)

Finally, the design base shear is computed (Vb = Fd = Ke · �d) and then distributed as
inertial forces to each mass location (see Fig. 1d):

Fi = Vb · mi · �i
∑n

i=1 (mi · �i )
(4)

The DDBD method has been recently specialized to different structural types, including frame
buildings (Pettiga and Priestley 2005), wall buildings (Sullivan et al. 2005) and continuous
deck bridges (Kowalsky 2002).

An early displacement-based approach for the design of bridges with seismic isolation
can be found in (Priestley et al. 1996; Calvi and Pavese 1997). Recently Priestley et al. (2007)
proposed the extension of the DDBD method to bridges with seismic isolation. In this paper,
the DDBD method for bridges with seismic isolation is fully developed for different types
of Isolation Systems (IS’s) and implemented in MATLAB through an automatic iterative
procedure.

The IS types taken into account include: (1) High Damping Rubber Bearings (HDRB), (2)
Lead Rubber Bearings (LRB), (3) Friction Pendulum Bearings (FPB) and (4) combinations
of Flat Sliding Bearings (FSB) with different auxiliary devices. As far as the bridge configu-
ration is concerned, the proposed methodology can be applied to multi-span both continuous
deck and simply supported deck bridges with piers of different heights.

The key aspect of the design method is the target displacement profile of the deck. It is
specified by assigning a suitable displacement pattern and a target displacement amplitude
to the deck. The target displacement amplitude, in particular, is selected by the designer to
comply with a given performance level, expressed in terms of a limit value of the maxi-
mum IS displacement and pier drift. Going through a rapidly converging iteration process,
the proposed design procedure provides the basic mechanical properties of each IS and pier
reinforcement that realize the required performance level.

In the following paragraphs the basic modeling assumptions of the method are presented
first and the design algorithm is then described, considering separately the design of new
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bridges and the retrofitting of the existing ones. Finally, the results of some validation
studies, conducted with nonlinear time-history analysis, are reported.

2 Design procedure

2.1 Design performance objectives

The design philosophy of the proposed procedure is based on the general requirement that the
full serviceability of the bridge should be maintained after the design seismic event, so that
there should be no need to reduce traffic over the bridge nor to carry out any repairs. In order
to satisfy the above said general requirement, the design must comply with the following
criteria: (i) the seismic response of the superstructure (deck, movement joints, restrainers)
and substructures (piers, abutments, foundations) must remain essentially elastic, (ii) due to
the critical role of its displacement capacity for the safety of the entire structure, the IS must
be able to sustain a maximum horizontal displacement greater than that generated by the
design earthquake, (iii) adequate clearance should be provided to the movement joints, in
order to accommodate the IS displacements, in both longitudinal and transverse direction,
thus avoiding impacts between structural elements or damage to movement joints.

The design displacement of the IS in each direction is assigned by the designer based
on preliminary considerations (see below), taking into account the IS type selected. The
maximum pier displacements and the maximum relative displacements between adjacent
structural members at the movement joints are iteratively checked during the design process,
in order to finally get lower values than the corresponding yield displacements and available
clearances, respectively.

The use of seismic isolation as seismic protection technique allows for an additional design
assumption: a bridge response in the transverse direction characterized by a rigid translation
of the deck. In most cases, indeed, the deformation of the deck in its horizontal plane is
negligible compared to the displacements of the pier-IS systems. At the beginning of the
seismic design process, moreover, pier geometry (including pier height and cross section
dimensions) is usually known, as it results from geographical and architectural constraints,
as well as non-seismic load conditions. The IS’s can be then purposely designed to get the
coincidence between the centre of stiffness of the pier-IS systems and the centre of mass of the
supported deck. In this way, torsional effects in the piers are eliminated and relative rotations
at the movement joints avoided, as far as asynchronous ground motions are not considered.
The aforesaid assumption gives also the advantage of greatly simplify the design formulas
of the DDBD method (see Eqs. 1, 3 and 4), which reduce to: �d = �i , me = ∑n

i=1 (mi )

and Fi = Vb · mi/
∑n

i=1 (mi ), respectively.
For multi-span simply supported deck bridges, two different models of analysis are consid-

ered. In the transverse direction, the pier-deck connections are supposed to be fully effective
in constraining the relative transverse movements between adjacent spans. As a consequence,
the DDBD method is applied to the bridge as a whole. In the longitudinal direction, on the
contrary, the joints are supposed free to move. As a consequence, the analysis is carried out on
independent stand-alone spans, considered as completely separated from the adjacent spans
at the movement joints.

In the current version of the method, the IS characteristics in the transverse direction of the
bridge are first defined. The IS characteristics in the longitudinal direction are then adjusted
to achieve the corresponding performance objective, taking into account the (possible) differ-
ent behaviour of the piers. Unidirectional Sliding Pot-Bearings (Eggert and Kauschke 2002),
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Fig. 2 (a) Deformed shape of the i-th pier-IS-deck system in the transverse direction, (b) contributing pier
mass and tributary deck mass(es) for continuous and multi-span bridges, (c) simplified 2-DOF model for the
evaluation of the effective mass of each pier-IS-deck system

placed on the top of a number of isolation devices (HDRB, LRB, FPB, etc.), are supposed
to be used in order to get, for each IS, the required mechanical behaviour in the longitudinal
and transverse direction.

2.2 Numerical model for continuous and multi-span simply supported deck bridges

The proposed design procedure is addressed to multi-span both continuous and simply sup-
ported deck bridges. It is based on an equivalent linear SDOF model of the bridge (see
Fig. 1b), which is derived from the examination of each pier-IS-deck system. Figure 2a shows
the deformed shape of the i-th pier-IS-deck system at the peak seismic response of the bridge
in the transverse direction. In Fig. 2a, �d represents the assumed target displacement of the
deck, which is the same for each pier-IS-deck system, DP,i the fraction of �d absorbed by
the pier and DIS,i the complementary part that should be accommodated by the IS. The dis-
placements DP,i and DIS,i change from one pier-IS-deck system to another, but their sum is
always the same (�d).

Figure 2b shows the tributary deck mass and the contributing pier mass considered for
each pier-IS-deck system. The contributing pier mass (MP,i in Fig. 2c) is computed as the
sum of the mass of the pier cap and one third of the pier mass. It is lumped at the top of the
pier. For continuous bridges, the tributary deck mass (MD,i in Fig. 2c) is simply taken equal
to the mass of half span on the left and half span on the right. The same holds for multi-span
bridges in the transverse direction, due the constraining action of the joints. Obviously, also
the effective stiffness values of the IS’s placed on the same pier are summed. In the longi-
tudinal direction, on the contrary, two independent pier-IS-deck systems, sharing the same
pier while differing in the tributary deck mass (MDj,i and MDj+1,i in Fig. 2b) and IS effective
stiffness (KISj,i and KISj+1,i in Fig. 2b), are considered.

The evaluation of the first-mode participating mass of the 2-DOF systems thus defined
(see Fig. 2c) provides the effective masses of each pier-IS system (m∗

i ), to be used in
Eqs. 1–4, which govern the DDBD method.

2.3 Modeling of isolation systems

In the proposed design procedure four different force-displacement models have been con-
sidered to describe the IS cyclic behaviour. They are shown in Fig. 3, with the associated
model parameters. The first model (see Fig. 3a) represents a visco-elastic behaviour. It can
be used to describe the behaviour of HDRB (Derham et al. 1985) and LDRB (Taylor et al.
1992). The second model (see Fig. 3b) represents an elasto-plastic with hardening behav-
iour. It can be used for HDRB, LRB (Kelly 1992) and Steel Yielding Devices (SYD).
The third model (Fig. 3c) represents a rigid-plastic with hardening behaviour, which can be
exploited to describe FPB (Al-Hussaini et al. 1994) or combinations of FSB and LDRB. The
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Fig. 3 Schematic behaviour of IS’s and auxiliary viscous dampers: (a) Visco-Elastic; (b) Elasto-Plastic with
hardening; (c) Rigid-Plastic with hardening; (d) Double-Flag-shaped; (e) Linear (α = 1) and strongly nonlin-
ear (α = 0.2−0.3) viscous models

forth model (referred to as double flag-shaped model, see Fig. 3d) derives from the combi-
nation of a bilinear nonlinear elastic behaviour, modeling the typical F-d cycles of SMA-based
re-centring devices (Dolce et al. 2000), and a rigid-plastic behaviour, reproducing the
schematic F-d cycles of FSB (Dolce et al. 2005). Linear (α = 1) or nonlinear (1 < α <

0.2–0.3) viscous models (Fig. 3e) are used to take into account possible auxiliary viscous
dampers (Constantinou et al. 1993).

The models shown in Fig. 3a and 3e correspond to velocity-dependent IS devices/systems,
for which the viscous damping ratio can be selected as design parameter at the beginning of
the analysis.

The models of Fig. 3b–3d refer to displacement-dependent IS’s, for which the effective
damping ratio is computed based on the maximum displacement response of the IS. In
this case, a number of iterations are needed, as damping ratio and maximum displacement
response of the IS are mutually related. In the proposed procedure, the effective damping ratio
of displacement-dependent IS’s is calculated based on the well-known Jacobsen’s equation
(Chopra 1997):

ξIS = Wd

4π · Ws
= Whysteresis + Wfriction

2π · FIS · DIS
(5)

in which Wd is the total energy dissipated by the IS in the cycle of maximum amplitude, Ws

the strain energy stored at the maximum displacement DIS and FIS the force in the IS at the
maximum displacement.

The aforesaid general expression of the equivalent damping ratio can be particularized to
each IS, making use of its basic mechanical parameters. The specification of practical values
for such basic mechanical parameters is fundamental both for helping the designer in the
selection of the model parameters at the beginning of the analysis and for evaluating typical
values of damping ratio for each IS.

In Fig. 4, the effective damping ratio of IS’s responding according to an elasto-plastic with
hardening model (e.g. LRB, HDRB, SYD), a rigid-plastic with hardening model (e.g. FPB)
and a double flag-shaped model (e.g. SMA+FSB) are reported. As can be seen, the effective
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Fig. 4 Typical mechanical parameters and damping ratios of currently used IS’s

viscous damping of elasto-plastic with hardening IS’s (see Fig. 4a) depends on two main
parameters: the post-yield hardening ratio r and the displacement ductility µ. The effective
damping reduces while increasing the displacement ductility and the hardening ratio. Typical
values of displacement ductility and hardening ratio, usually adopted for three noteworthy
IS’s responding according to an elasto-plastic model, are reported in the table on the right
hand side of Fig. 4a. They have been derived by examining different sources on this topic
(Naeim and Kelly 1999; Skinner et al. 1993; Higashino and Okamoto 2006). The associated
ranges of effective damping are pointed out in the last row of the table. As can be seen, HDRB
exhibits damping ratios ranging from 15% to 25% while LRB from 20% to 30%. The effective
damping ratio of SYD surely exceeds 30%, according to the Jacobsen’s approach (see Eq. 5).
Actually, recent studies by Priestley et al. (2007) show that relatively large reduction factors
should be applied to the area-based damping (ref. Eq. 5) of elasto-plastic systems with low
post-yield hardening ratios, in order to get an effective viscous damping consistent with the
effective stiffness idealization of the system adopted within the DDBD method. The results
by Priestley et al. (2007), however, cannot be extended to this study, basically because they
refer to ductility values too low for IS systems. Further analyses are then needed to derive
suitable correction factors to the area-based effective damping of SYD.

The effective damping of rigid-plastic with hardening and double flag-shaped IS’s (see
Fig. 4b) can be expressed as a function of the parameter �, defined as the ratio between
the maximum restoring force of the IS (Fel,max in Fig. 3) and the friction resistance (FFR =
µFR ∗ W in Fig. 3) of the sliding bearing, µFR being the dynamic friction coefficient and W
the normal load sustained by the sliding bearing.
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For FPB systems, in particular, � can be conveniently rewritten as the ratio between
the maximum expected horizontal displacement (D) and the product between the radius of
curvature of the slider (R) and its friction coefficient (µFR), as indicated in the table on the
right-hand side of Fig. 4b. Sliding bearings (with or w/o curved surfaces) used in seismic
isolation typically exploit the low friction coefficient (typically of the order of 2–5% (Dolce
et al. 2005)) between pads of PTFE or other special materials in contact with lubricated
polished stainless steel surfaces. The ratio between the maximum horizontal displacement
and the radius of curvature of FPB is generally limited between 7.5% and 15% (see Priestley
et al. (2007)), in order to rely upon an adequate re-centring capacity while avoiding excessive
vertical displacements. As a result, for FPB, � can vary approximately between 1.5(�min =
(D/R)min /µFR,MAX = 7.5/5 = 1.5) and 7.5(�MAX = (D/R)MAX /µFR,min = 15/2 = 7.5)

and the corresponding effective damping ratios between 7.5% and 25% (see Fig. 4b). With
the addition of a purely viscous element (Fig. 3e), the damping capacity of FPB+VD or
FSB+LDRB isolation systems can be captured.

For SMA+FSB systems, � can be conveniently expressed as a function of the design hor-
izontal displacement (D) and period of vibration Tel (see Fig. 3d) of the isolated structure,
as indicated in the table on the right-hand side of Fig. 4b. Referring to the typical values of
design displacement (0.15–0.25 m) and period of vibration (2–3 s) of structures with SMA-
based isolation systems (Dolce et al. 2007), effective damping ratios ranging from 5% to
approximately 27% (� ≈ 1.33 − 10) are found.

2.4 Design algorithm

The main goal of the design is to define the IS characteristics that permit to satisfy the perfor-
mance objective stated before, i.e. realizing a bridge which responds according to a given tar-
get displacement profile when subjected to the design seismic event. The target displacement
profile is specified by assigning to the deck a uniform displacement pattern, characterized by
a suitable design displacement amplitude. The design displacement amplitude results from
a combination of pier and IS displacements. The design pier displacements are essentially
governed by the assumption of maintaining piers elastic. Therefore, reference is made to
their yield displacements, properly reduced to take into account possible overstrength of the
IS’s. The IS design displacement is derived from considerations related to the IS displacement
capacity and/or from the available clearances at the movement joints. Obviously, the two con-
tributions to the deck design displacements change from one pier-IS-deck system to another
and from longitudinal to transverse direction. The third key aspect of the design (besides
IS and pier displacements) is pier reinforcement. When dealing with the seismic retrofit of
existing bridges, the pier reinforcement is known. When dealing with the seismic design
of new bridges, a preliminary design of the bridge has been already performed, based on
non-seismic load conditions. The full geometry of the piers and a preliminary dimensioning
of their reinforcement are therefore already available.

In any case, a preliminary careful selection of IS type (with associated mechanical param-
eters), design displacement and pier reinforcement ratio is strongly recommended. This can
be done with the graphical procedure shown in Fig. 5a, for existing bridges, and in Fig. 5b,
for new bridges.

In Fig. 5, there are reported a number of high-damping elastic spectra in the so-called
ADRS (Acceleration-Displacement-Response-Spectra) format. Basically, each IS type is
characterized by a different damping level (see Fig. 4). As a consequence, each IS type can
be associated to a different group of response spectra.
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Fig. 5 Preliminary selection of IS type, design displacement and pier reinforcement ratio for the (a) retrofit
of existing bridges and (b) design of new bridges

The dashed lines passing through the origin of the axis correspond to two limit values
of the effective period of vibration of the bridge with seismic isolation, equal to 3T fb and
4 s, respectively, Tfb being the fundamental period of vibration of the bridge w/o seismic
isolation. The first limit (i.e. 3T fb) corresponds to the minimum value normally accepted
(e.g. see (Zhang 2003)) in order to start to appreciate the beneficial effects of the longer
period of vibration of the isolated structure. The second limit (i.e. 4 s) corresponds to the cor-
ner period of the constant displacement branch of the modified response spectrum adopted
within the DDBD method (Priestley et al. 2007). The interceptions of such radial lines with
the response spectra at 10% and 50% damping, define a preliminary range of possible design
displacements.

On the left hand side of the ADRS diagram of Fig. 5 there is reported the displacement
vs. acceleration (Fk/MD,k) relationship of the most critical (lowest shear/flexural strength)
pier of the bridge, in the considered direction. For existing bridges, the most critical pier is
characterized by a given reinforcement ratio (ρ∗). For new bridges, a range of possible rein-
forcement ratios (1% < ρ < 4%) is taken into account. Considering that an elastic response

123



400 Bull Earthquake Eng (2009) 7:391–410

ε<− '
ee KK

iyiP D ,, <

step 9 

step 8 

step 7 

step 6 

step 5 

step 4 

step 3 

step 2 

step 1 

Calculate inertial forces (Fi)

Specification of IS characteristics

     DDBD method 

∆d=DP,i+DIS,i

YES

END

       NO Pier verifications: D

YES

NO

 K’eEnter the response spectrum at ξeq damping with ∆d

Derive the effective sdof model of the bridge (Ke, ξeq)

Analyze the 2-dofs pier-IS-deck systems

Assign an optimal distribution of pier-IS stiffnesses

INPUT (bridge characteristics, IS type and parameters )  KP,i , Dy,i

Choose ∆d

Fig. 6 Flowchart of the DDBD procedure for the retrofit of existing bridges with seismic isolation

of all the piers is required, only the performance points which fall inside the painted back-
ground of the ADRS diagrams can be preliminarily selected. Once this selection is made, an
optimal IS type, design displacement (and reinforcement ratio) are identified. Obviously, the
more the selected performance point is far from the boundaries of the domain the more the
accurate design procedure will rapidly converge to a suitable solution.

Figure 6 shows the flowchart of the procedure for the retrofit of existing bridges with seis-
mic isolation. The procedure illustrated in Fig. 6 is valid for both continuous and multi-span
bridges, with the main difference that, for continuous bridges, reference is made to the entire
deck while, for multi-span bridges, the procedure is applied separately to each span.

The first step is to define the input data of the procedure, which include bridge geometry,
pier dimensions, masses, pier reinforcement ratios, etc. For what concerns the elastic stiffness
and yield displacement of the piers (Dy,i ), reference is made to the approach suggested by
Priestley et al. (2007) based on extensive experimental results, according to which the elastic
stiffness of cracked concrete sections is essentially proportional to strength and the yield
displacement is constant and independent from strength. More precisely, the elastic stiffness
is computed as a function of the axial load ratio and longitudinal reinforcement ratio of each
pier, through the dimensionless graphs provided in (Priestley et al. 2007). Similarly, the yield
displacement is evaluated as a function of the pier geometry and steel yield strain, though the
expressions provided to this regard by Priestley et al. (2007). In the evaluation of Dy,i , the
risk of premature shear failures are taken into account. Step 1 also includes the selection of
the IS type and design displacement of the deck, based on the preliminary design procedure
of Fig. 5.

The second step consists in assigning a trial optimal distribution of pier-IS stiffnesses,
which guarantees a uniform rigid translation of the deck in the transverse direction. The
optimal stiffness distribution is determined by centering the centre of stiffness of the pier-IS
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systems with respect to the centre of mass of the bridge. To this end, a stiffness distribution
proportional to the tributary masses at the deck supports is assumed.

In the first cycle of iteration the mass of the piers is neglected. In the following cycles,
the analysis is repeated referring to the effective masses of the pier-IS-deck systems (m∗

i ).
These latter are evaluated in step 3, by examining the 2-dof systems described in Fig. 2c. The
modal analysis of the 2-dof systems also indicates the contributions of each pier and IS to
the design displacement of the deck (i.e. �d = DP,i + DIS,i ).

In step 4 the nonlinear MDOF model of the bridge is converted into an equivalent SDOF
model. Each pier-IS system is examined first, deriving the associated equivalent stiffness
(Keq,i ) and equivalent damping (βeq,i ) by means of the following equations:

1

Keq,i
= 1

KP,i
+ 1

KIS,i
(6)

βeq,i = DP,i · ξP,i + DIS,i · ξIS,i

DP,i + DIS,i
(7)

where KP,i , ξP,i , DP,i are the elastic stiffness, equivalent viscous damping and maximum
displacement of the i-th pier, respectively; KIS,i and ξIS,i the effective stiffness and effective
damping (see Fig. 4) of the corresponding IS at its maximum displacement DIS,i .

The effective stiffness of the equivalent SDOF model of the whole bridge (or single span
for multi-span bridges) is obtained by summing, in parallel, the equivalent stiffness values
of each pier-IS system (i.e. Ke = ∑

Keq,i ). The equivalent damping of the SDOF system is
derived by combining the contributions of each pies-IS system weighted with their effective
mass (i.e. ξeq = ∑(

m∗
i · βeq,i

)
/
∑

m∗
i ).

With the target displacement �d of the SDOF system derived from Eq. 1, the displacement
response spectrum at ξeq is entered to determine the effective period of the SDOF system (see
Fig. 1c). A new value of global effective stiffness (K ′

e) is thus obtained and compared to the
previous one of step 2. If they differ more than a given tolerance (i.e. if |K ′

e −Ke| > 0.01), the
effective stiffnesses of the IS’s (KIS,i ) are revised according to K ′

e and steps 2–5 repeated until
convergence is reached. At the end of the iterative process, preliminary pier verifications are
carried out, based on the maximum displacements provided by the analysis (DP,i < Dy,i ).
If pier verifications are not satisfied, a new design displacement is selected and steps 2–8
repeated. In the last step of the design procedure (step 9 in Fig. 6) the mechanical charac-
teristics of each IS are fully specified, based on their equivalent linear maximum response
and the mechanical parameters (e.g. friction coefficient, post-yield hardening ratio, viscous
damping) assumed at the beginning of the analysis.

With the inertial forces Fi derived in step 7 (see Eq. 4), a linear static analysis is per-
formed, modeling the IS’s though their effective stiffnesses, in order to determine the stress
distributions in all the structural members, including shear forces and overturning moments
transmitted to the foundations.

In any case, a final verification through (nonlinear) time-history analysis is always rec-
ommended.

Figure 7 shows the flowchart of the procedure for the design of new bridges with seis-
mic isolation. It is practically the same as that valid for the retrofit of existing bridges (see
Fig. 6), except for the pier reinforcement ratios which are still unknown at the beginning of
the analysis.

A trial value of reinforcement ratio is then adopted in step 2, in order to determine the
elastic stiffness of the piers. At the end of the analysis (step 4 in Fig. 7), the maximum ratio
between maximum and yield displacements of the piers is checked. If it differs significantly
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Fig. 8 Bridge configurations

from a given threshold value (e.g. 0.8–0.9), which takes into account possible overstrength
of the IS, the pier reinforcement ratios are properly revised and a new cycle of analysis is
performed.

As said before, the proposed procedure provides the mechanical characteristics (stiffness,
damping, displacement capacity, strength, etc) of each IS, which satisfy the selected design
performance objectives (see paragraph 2.1), separately in the longitudinal and transverse
direction of the bridge. In principle, these characteristics will result different from one IS
to another, especially for irregular bridges with piers of different heights. Nevertheless, a
reduction to 1–2 different IS types is needed at the end of the design process, in order to
guarantee the applicability of the seismic isolation and limit the related costs.

3 Nonlinear time-history analyses

Some validation studies through nonlinear time-history analyses (NTHA) have been carried
out, on three different configurations of continuous and multi-span bridges, in order to assess
the reliability of the proposed DDBD procedure. The bridge configurations examined in this
study are shown in Fig. 8.

The continuous bridges have four 35 m spans, the multi-span bridges have eight 35 m
spans. All the bridges have a steel deck with a box cross section of 6.88 m2, a moment of

123



Bull Earthquake Eng (2009) 7:391–410 403

inertia for bending around the vertical axis of 87.24 m4 and a weight per unit of length of
approximately 200 kN/m.

The deck is supported by RC piers characterized by a rectangular hollow cross section
of 4 m height by 2 m width and 0.4 m thickness. The piers have a weight per length unit of
104 kN/m. The longitudinal reinforcement ratio of the piers is equal to 1%. The transverse
reinforcement of the piers consists of 12 mm diameter hoops at 100 mm spacing. All the piers
have a pier cap of 1 m height and 500 kN weight. The resistances of concrete and steel are
equal to 39 and 462 Mpa, respectively.

One regular and two irregular layout of pier heights have been considered for both contin-
uous and multi-span bridges (see Fig. 8). Basically, they are very similar to those considered
in previous studies (Casarotti and Pinho 2007; Priestley et al. 1996). The main difference is
related to the pier height, which has been taken equal to a multiple (1, 2 and 3, precisely)
of 4 m, instead of 7 m. For regular bridges, an additional pier height of 24 m (i.e. 6 times the
basic height of 4 m) has been considered. The aforesaid selection has been purposely done
in order to assess the reliability of the proposed DDBD procedure for a number of different
bridge configurations, including that of bridges with piers of 4 m height (i.e. a very favour-
able configuration for the application of seismic isolation) and that of bridges with piers of
24 m height (i.e. a critical configuration for the application of seismic isolation, due to the
high flexural deformability of the piers, comparable to that of the isolation system). The total
number of bridges examined is 12, as shown in Fig. 8, where the label numbers 1, 2, 3 and
6 correspond to pier heights of 4, 8, 12 and 24 m, respectively. The fundamental period of
vibration of the pier-deck systems w/o IS are 0.1, 0.3, 0.6 and 1.6 s, respectively.

Numerical simulation analyses have been carried out with SAP2000_Nonlinear (Com-
puters and Structures Inc 2002). The piers have been modeled through linear beam-column
elements with a global (flexural+shear) stiffness equal to the elastic stiffness considered in
the design procedure. A 5% viscous damping has been assigned to the RC piers. The deck
has been modeled through linear beam-column elements characterized by a Young and shear
modules of 25,000 and 10,000 MPa, respectively. Nonlinear link elements have been used to
reproduce the cyclic force-displacement behaviour of the isolation systems.

Two different IS types have been examined, namely: visco-elastic systems (see Fig. 3a)
with damping ratio equal to 10, 20 and 30% and elasto-plastic systems (see Fig. 3b) with post-
yield hardening ratio of 5, 10 and 15% and maximum ductility of 20. A target displacement
(�d) of 270 mm has been always assumed in the design procedure.

A set of seven natural and artificial ground acceleration-time histories (see Fig. 9a),
compatible (on average) with a DBD-adapted version of the displacement response spec-
trum provided by Eurocode 8 (CEN 1998) for soil type C, has been used in the numerical
simulation analyses. Actually, the only difference with respect to the standard EC8-soil C
spectrum consists in the corner period TD, corresponding to the transition from the veloc-
ity-sensitive to the displacement-sensitive region of the spectrum, which is taken equal to 4 s
instead of 2.5 s. Reference has been made to a peak ground acceleration (PGA) of S · 0.35 g,
S being the soil amplification factor, equal to 1.15 for the selected ground type.

In Fig. 9b the design response spectrum adopted in the DDBD procedure is compared
to the average response spectrum associated to the selected accelerograms. As can be seen,
some differences are observed, especially in the period range of more interest for seismically
isolated structures (i.e. between 2 and 3 s). In order to avoid any influence of such spectral
discrepancies on the evaluation of the accuracy of the proposed design procedure, the PGA
of the ground acceleration-time histories has been adjusted in such a way as to get the coin-
cidence between design and average displacement response spectrum at the effective period
of vibration of the isolated structure.
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The results of NTHA are presented in terms of (i) displacement profile of the deck at the
maximum absolute displacement, (ii) maximum top displacements of piers and (iii) maxi-
mum pier base moments. For brevity, the attention is focused on the transverse response of
the bridge only, which is generally the most difficult to control, especially for bridges with a
great variability of pier heights.

In Tables 1–4, the most important results of NTHA are compared to the predictions of the
DDBD method. Tables 1 and 2, in particular, refer to four different configurations of con-
tinuous (C) bridges, equipped with different visco-elastic (VE) and elasto-plastic (EP) IS’s,
respectively. Similarly, in Tables 3 and 4 the results relevant to four different configurations
of multi-span (MS) bridges are examined. Bridge configuration, IS characteristics and design
displacements are identified in the first three columns of Tables 1–4. In the following two col-
umns, the expected effective period of vibration of the SDOF system and equivalent damping
ratio of each bridge configuration are specified. The percent differences between the design
displacement of the deck (�d) and the average maximum deck displacement derived from
NTHA (DD,max) are listed in the column labeled with �D. Negative values of �D mean that

Table 1 Comparison between numerical results and design objectives for continuous bridges with visco-
elastic IS’s

Bridge IS damping �d Te ξeq DD,max �D θmax DP−SAP MP−SAP
Config. (%) (mm) (s) (%) (mm) (%) (deg) DP−DDBD MP−DDBD

C111 10 270 2.03 10.0 259 −4 5.71E-07 0.98 0.98
20 270 2.62 20.0 267 −1 6.67E-07 1.16 1.15
30 270 3.09 30.0 236 −13 5.71E-07 1.23 1.17
10 270 1.8 6.8 274 1 2.00E-04 1.07 1.05

C666 20 270 2.31 14.4 276 2 9.49E-05 1.15 1.14
30 270 2.83 24.2 278 3 9.71E-05 1.35 1.33

1.15 1.13
C123 20 270 2.61 19.8 268 −1 5.40E-05 1.18 1.17

1.23 1.22
1.18 1.16

C213 20 270 2.61 19.8 267 −1 3.63E-05 1.15 1.14
1.23 1.21
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Table 2 Comparison between numerical results and design objectives for continuous bridges with
elasto-plastic IS’s

Bridge IS hardening �d Te ξeq DD,max �D θmax DP−SAP MP−SAP
Config. ratio (%) (mm) (s) (%) (mm) (%) (deg) DP−DDBD MP−DDBD

C111 5 270 3.07 29.5 255 −6 3.86E-07 1.06 1.03
10 270 2.55 18.8 270 0 5.71E-07 1.02 1.01
15 270 2.24 13.4 235 −13 3.86E-07 0.90 0.90
5 270 2.94 26.6 256 −5 1.46E-04 1.31 1.30

C666 10 270 2.48 17.4 271 0 1.34E-04 1.10 1.11
15 270 2.21 12.9 254 −6 8.80E-05 0.99 0.99

1.10 1.09
C123 10 270 2.55 18.7 274 1 9.71E-05 1.13 1.09

1.18 1.15
1.13 1.09

C213 10 270 2.55 18.7 273 1 6.60E-05 1.10 1.09
1.18 1.15

Table 3 Comparison between numerical results and design objectives for multi-span bridges with visco-elastic
IS’s

Bridge IS damping �d Te ξeq DD,max �D θmax DP−SAP MP−SAP
Config. (%) (mm) (s) (%) (mm) (%) (deg) DP−DDBD MP−DDBD

MS
1111111

10 270 2.03 10.0 259 −4 1.03E-05 0.97 0.97

20 270 2.62 20.0 263 −3 1.06E-05 1.13 1.14
30 270 3.10 30.0 236 −13 9.71E-06 1.21 1.16

MS
6666666

10 270 2.00 9.5 265 −2 2.16E-03 1.04 1.02

20 270 2.46 17.0 283 5 1.87E-03 1.13 1.12
30 270 2.91 25.9 293 9 1.99E-03 1.34 1.31

1.22 1.21
MS

3332111
20 270 2.61 19.8 272 1 1.97E-04 1.17 1.16

1.14 1.13
1.17 1.16

MS
2331312

20 270 2.61 19.8 272 1 1.89E-04 1.22 1.21

1.14 1.13

the maximum displacement provided by NTHA underestimates the design displacement and
therefore the DDBD method is conservative.

The maximum rotation of the deck (θmax) is also reported in Tables 1–4. Obviously, for
multi-span bridges, reference is made to single spans. Finally, in the last two columns of
Tables 1–4, the maximum pier displacement and pier base moment ratios (NTHA results vs.
DDBD prediction) are reported.

Contrasting conclusions can be drawn from Tables 1–4. On the one hand, the DDBD
procedure tends to overestimate a little the maximum deck displacement and maximum IS
displacements (not shown in Tables 1–4), leading to errors, however, always lower than 15%,
even when the piers contribute significantly with their deformability to the target displace-
ment of the deck (ref. C666 bridge configuration). On the other hand, the DDBD procedure
tends to underestimate the maximum pier displacements and the corresponding maximum
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Table 4 Comparison between numerical results and design objectives for multi-span bridges with
elasto-plastic IS’s

Bridge IS hardening �d Te ξeq DD,max �D θmax DP−SAP MP−SAP
Config. ratio (%) (mm) (s) (%) (mm) (%) (deg) DP−DDBD MP−DDBD

MS
1111111

5 270 3.07 29.5 255 −6 1.40E-05 1.05 1.03

10 270 2.55 18.8 271 0 6.86E-06 1.02 0.99
15 270 2.24 13.4 235 −13 8.57E-06 0.89 0.90

MS
6666666

5 270 2.97 27.2 255 −6 9.68E-04 1.30 1.28

10 270 2.55 18.7 272 1 8.57E-04 1.09 1.11
15 270 2.32 14.7 252 −7 1.19E-03 0.98 0.99

1.17 1.14
MS

3332111
10 270 2.55 18.8 273 1 2.22E-04 1.12 1.10

1.09 1.08
1.12 1.10

MS
2331312

10 270 2.55 18.8 273 1 2.06E-04 1.17 1.14

1.09 1.08

shear forces and base bending moments. The errors increase while increasing the damping
level of the IS (see VE-30% and EP-5%), although they generally do not exceed 25%. The
same trend is observed also for the analysis cases not shown in Tables 1–4. In accordance
with the results recently reported by other authors (Priestley et al. 2007), the above said dis-
crepancies can be probably ascribed to the inaccuracy of the used Damping Reduction Factor
(DRF). In the proposed design procedure, indeed, the DRF of EC8 (i.e. η = √

10/(5 + ξ))
has been employed to derive high damping response spectra. Possible improvements in the
accuracy of the method may derive from the use of different relationships. To substantiate
this hypothesis, a number of preliminary verifications have been conducted on the bridge
C333. In particular, the VE system at 30% and the EP system at 5% have been re-designed
using the DRF adopted in the old Italian guidelines (SSN 1998) for the design, construction
and testing of seismically isolated structures (i.e. η = 3

√
7/(2 + ξ)). NTHA have been then

repeated and the results compared to the design predictions. The errors in terms of maxi-
mum pier displacements and maximum bending moments have been found to reduce from
23–25% to 10–12% for the VE system and from about 15–16% to just 1–2% for the EP
system, without significant loss of accuracy in the attainment of the target displacement
profile of the deck. Obviously, further studies are needed to fully prove the consistency of
the previous observation and get enhanced formulations of the damping reduction factor,
probably specialized to each IS type.

It can be observed, from Tables 1–4, that the rotation of the deck is always negligible for
both continuous and multi-span bridges. This is confirmed by the examination of the bridge
response under single earthquakes, shown in Fig. 10 for regular continuous bridges differing
in the pier heights (C111 and C666, respectively), in Fig. 11 for irregular bridges equipped
with different IS types (VE with 20% viscous damping ratio and EP with 10% hardening
ratio), and finally in Fig. 12 for different configurations of multi-span bridges (MS3333333,
MS3332111 and MS2331312, respectively).

The comparison of the displacement-time histories of the ends of the deck (Figs. 10b–11b),
or of the ends of the first span (Fig. 12b), confirms that they are perfectly superimposed for
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post-yield hardening ratio. Seismic response due to the accelerogram n. 2: (a) displacement profile of the deck
at the maximum absolute displacement and force-displacement cyclic behaviour of the IS placed on abutment
A; (b) displacement-time histories of the ends of the deck (points A and E)

the entire duration of the seismic response of the bridge, regardless the bridge configuration,
the IS type and the ground motion characteristics taken into consideration.

The force-displacement diagrams shown in Figs. 10a and 11a point out the influence of
the pier deformability on the IS response (Fig. 10a) and the differences in terms of cyclic
behaviour between VE-IS and EP-IS exhibiting the same level of effective damping (Fig. 11a).

In Fig. 13, the ratios between the (average) maximum pier displacements (DP,max),
derived from NTHA, and the corresponding yield displacements (Dy), calculated follow-
ing the approach of Priestley et al. (2007), are shown. Results are reported for different
configurations of regular continuous bridges, equipped with VE-IS with 10–20–30% viscous
damping (Fig. 13a) and EP-IS with 5–10–15% hardening ratio (Fig. 13b). As expected, the
displacement ratios increase while increasing pier heights and while decreasing the effec-
tive damping of the IS. For all the examined cases, however, the displacement ratios remain
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Fig. 13 Comparison between maximum top displacement and yield displacement of the piers for regular
continuous bridges equipped with (a) visco-elastic and (b) elasto-plastic IS’s

significantly lower than 1, except for the bridge configuration C666 with VE-IS having 10%
viscous damping, for which the maximum pier displacements is comparable to their elastic
limit. The large margins with respect to Dy,i are mainly due to fact that the selection of
�d has not been particularized to each analysis case but derived for the most critical case
only (C666 with VE-10%, precisely), based on the preliminary design approach described
in Fig. 5a.

To conclude, the aforesaid observations clearly prove that the proposed design procedure
is able to attain the desired uniform target displacement of the deck, limiting the maximum
pier displacements below their elastic limit, thus fully realizing the performance objective of
the design.
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4 Conclusions

A Direct Displacement-Based Design (DDBD) methodology for continuous and multi-span
bridges with different Isolation Systems (IS’s) has been presented. Four different force-dis-
placement models of IS have been considered, which can be used to describe the cyclic
behaviours of a wide variety of IS’s, including: (i) High Damping Rubber Bearings, (ii) Lead
Rubber Bearings, (iii) Friction Pendulum Bearings and (iv) combinations of Flat Sliding
Bearings with different auxiliary devices.

The design procedure has been applied to a series of 4-span continuous bridges and 8-span
simply supported bridges, characterized by either regular or irregular layout of pier heights,
considering two different IS types, namely: visco-elastic systems with damping ratio equal
to 10, 20 and 30% and elasto-plastic systems with post-yield hardening ratio of 5, 10 and
15%. The prediction of the DDBD method have been compared to the results of nonlinear
time-history analyses (NTHA), carried out with SAP2000, using a set of seven spectrum-
compatible accelerograms.

The results of NTHA prove that bridges designed according to the proposed DDBD pro-
cedure achieve the desired target displacement profile with piers that remain elastic. Based
on the results of NTHA, possible refinements to the method have been also identified. They
include an improved formulation of the damping reduction factor, probably specialized to
each IS type.

The proposed design procedure is not intended to cover all the aspects related to the design
of bridges with seismic isolation. Basically, it establishes, in detail, all the fundamental steps
for the practical application of the DDBD approach to seismically isolated bridges. Fur-
ther developments and refinements are still needed. For instance, an optimization routine, to
be used in the post design stage, for dimensioning the IS’s taking into account a series of
practical aspects, such as limitation of different IS devices/components, optimization of the
bridge response in the two directions (transverse and longitudinal), partially isolated bridges,
etc., would be very useful to make the proposed DDBD procedure really attractive in practical
design.
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