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Abstract The paper investigates the applicability of current direct displacement based
seismic design (DDBD) procedure, developed by Priestley and his coworkers, for straight
long span bridges under transverse seismic excitation synchronous to all supports. This cat-
egory of bridges often possess some additional features such as massive tall piers, highly
irregular distribution of mass and stiffness due to unequal superstructure spans and pier
heights, large deformation capacity etc. that are absent in short-to-moderate span bridges for
which DDBD has extensively been verified. It is shown that DDBD in its current form is
unable to capture both displacement and base shear demand when compared with nonlinear
dynamic analysis results. Accordingly, a simple mechanics based extension of the current
procedure that takes into account the effect of pier mass while computing base shear demand
as well as a modal combination rule for estimating displacement demand is proposed and
validated using a series of parametric studies. The new procedure also allows engineer to
allocate strength at the potential plastic hinge location in more general terms.
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1 Introduction

In the last decade or so, a significant shift in the conceptual philosophy of research on earth-
quake resistant structures has been observed, due to the recognition of the primary role of
displacement and deformation as more reliable and direct indices of structural (and non-
structural) damage than strength, as considered earlier. The major drawbacks and possibly
unconservative inconsistencies of the traditional force based design procedures have also
been identified and well documented in the literature (Uang 1991; Priestley 2003; among
others). Although the use of displacement as a design parameter can be traced back to the
work of Muto et al. in 1960 (as reported by Moehle 1992), the major breakthrough came
only after the publication of ATC-40 document (ATC 1996) and FEMA-273 guidelines
(BSSC 1997), where an explicit definition of performance level, in terms of deformation
to be expected for a specific hazard level, is given for the first time. Following this idea,
researchers have developed a number of displacement controlled design procedures that
allow the engineer to specify a certain level of deformation that a structural system
achieves under the effect of a prescribed seismic hazard considering explicitly mate-
rial inelasticity and geometric nonlinearity of the system. Among the recently devel-
oped displacement controlled procedures (Panagiatakos and Fardis 1999; Browning 2001;
Aschheim and Black 2000; Freeman 1998) the direct displacement based design (DDBD)
procedure developed by Priestley and his co-workers (Priestley et al. 2007) seems to be
(Sullivan 2003) well equipped to address the deficiencies of conventional force based
design, developed in a complete form and simple to apply. Historically, it was first devel-
oped for a single column bridge system (Kowalsky 2002) following the idea of ‘Substi-
tute structure’ conceptualized by Shibata and Sozen (1976). Afterwards it was extended
to other structural configurations also such as frame, structural wall and dual wall-frame
buildings, isolated structures, etc. (Priestley et al. 2007). Regarding bridges, this procedure
was successfully applied to short-to-moderate span bridges with continuous deck having
various configurations of regular/ irregular pier heights and uniform span-lengths (Alvarez
Botero 2004; Ortiz Restrepo 2006; and Priestley et al. 2007). The extension of the current
framework of DDBD procedure to long span concrete bridges, however, requires some addi-
tional considerations because of some peculiar issues related to this category of bridges.
The aim of this study is, therefore, to define such additional considerations that are
required for long span concrete bridges with limited ductile piers (as in the case of a bridge
crossing a deep valley) and with/without in-plan movement joints to allow seasonal movement
(due to temperature) and long term deformation (due to creep and shrinkage of concrete).

Following a brief review of current state-of-the-art of the DDBD procedure, the issues
related to long span bridges are identified and necessary modifications are proposed. The
accuracy of the proposed modifications is then explored through comparison of results from
a large number of nonlinear response history analyses. For the sake of completeness of the
study, a comparison is also made between the results of DDBD after proposed modifications
and traditional force-based design procedure.

2 DDBD: current state-of-the-art

The Direct Displacement Based Design (DDBD) can be defined as a response spectrum
based approach, which utilizes the substitute structure methodology developed by Shibata
and Sozen (1976) to model an inelastic system with equivalent linear elastic properties,
such as equivalent elastic secant stiffness to the maximum response point and a consistent
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equivalent viscous damping value utilizing Jacobsen’s method modified for real ground
motion records. Since the substitute structure is elastic, its response is also computed from
an elastic response spectrum scaled to proper equivalent viscous damping. A detailed dis-
cussion on the fundamentals of DDBD and its application to different type of structures can
be found elsewhere (Priestley et al. 2007). A recapitulation of major steps involved in the
design of multi-span bridges is, however, presented below for the sake of completeness of this
study. In particular, the response under transverse excitation is taken into account, considered
that the longitudinal response of straight bridge is relatively simple as design and response
displacements are the same for all the piers.

1. Estimate the initial displacement profile. This step involves choosing a displacement
shape that represents the first inelastic mode shape1 and determining the limit-state dis-
placement capacities of the piers either from strain based criterion to limit structural
damage or from drift based criterion to protect non-structural elements. In the present
study, a half-sine based mode shape (Alvarez Botero 2004) along with a drift based cri-
terion (taken as 0.035 radian (ATC/MCEER 1999)) is used to define the initial displaced
profile of the bridge. Use of drift based criterion eliminates the need of sectional analysis
as required for strain based criterion to define target displacement of each pier. Further-
more, in case of tall piers, it is difficult to reach their ultimate displacement capacity
and hence an approximate calculation by limiting drift ratio is sufficient.

2. Define an equivalent SDOF structure. In this step, an equivalent SDOF system,
represented by a system displacement (Eq. 1) and a system mass (Eq. 2), is established
by equating the work done by the MDOF system and corresponding SDOF system
(Calvi and Kingsley 1995).

�sys =
∑n

i=1 mi�
2
i∑n

i=1 mi�i
(1)

Msys =
∑n

i=1 mi�i

�sys
(2)

where mi is the mass associated with the i th location, �i is the target displacement at
the i th location and n is the number of lumped mass locations.

3. Estimate level of equivalent viscous damping. Utilizing the chosen target displace-
ment for each pier column and estimated yield displacements, the ductility level is
calculated for each pier. Yield displacements are estimated from yield curvature. In case
of rectangular section yield curvature is obtained from Eq. 3, which is modified slightly
from its original form (Priestley et al. 1996) to suitably account low axial load ratio
(P/fc Ag ≤ 0.05) for tall piers.

φy = 1.8
εy

hc
(3)

where εy is the reinforcement yield strain, hc is the depth of the rectangular section.
Knowing the displacement ductility demand for each member, the corresponding equiv-
alent viscous damping is estimated by Eq. 4 which is valid for Takeda thin hysteretic
rule that generally is suitable for well confined pier section (Priestley et al. 2007). Addi-
tional 5% elastic viscous damping (ξel) is added to the hysteretic damping to account for

1 With first inelastic mode shape we refer to the first vibration mode of the structure under consideration calcu-
lated based on equivalent elastic properties incorporating the material inelasticity and geometric nonlinearity
explicitly.
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energy dissipation from nonlinearity in the elastic response, soil-structure interaction
and other similar mechanisms (Grant et al. 2004).

ξi = ξel + 0.444

(
μ� − 1

μ�π

)

(4)

These individual damping values need to be combined in some form to obtain the equiv-
alent SDOF system damping. A weighted average may be computed as given by Eq. 5,
where Qi is the weighting factor. Although various approaches are available in the
literature (Kowalsky 2002), the approach based on equal work principle (Dwairi and
Kowalsky 2006; Priestley et al. 2007) is followed here.

ξsys =
n∑

i=1

(
Qi

∑n
k=1 Qk

ξi

)

(5)

Qi = Vi�i (6)

where Vi is shear force associated with i th member, �i is corresponding displacement
and n is the total number of energy dissipating elements. Since shear force distribution is
unknown at this stage of design procedure, some realistic assumptions should be made to
estimate that. The first assumption is: the fraction of total lateral inertia force carried back
to the abutments by superstructure bending is x. The second one is: all the pier columns
are pin-connected with deck in the transverse direction and have geometric cross-sec-
tion and reinforcement content so that pier base moments are equal. This assumption
allows to consider shear forces in piers (VP,i ) distributed inversely proportional to the
pier heights (Hi ), assuming all the piers are yielded and have zero post-yield stiffness,
as given by Eq. 7. If some piers remain elastic the proportionality coefficient has to
be modified by the displacement ductility demand as given by Eq. 8. For abutments
behaving elastically, shear forces (VA,i ) are distributed according to assumed target
displacements (�i ) so that stiffness requirement remains the same even with unequal
displacement demands. Inelastic behaviour of abutments is not considered in this study.
A detailed discussion can be found in Priestley et al. (2007).

Yielded pier column: VP,I ∝ 1

Hi
(7)

Elastic pier column: VP,I ∝ μ�,i

Hi
(8)

Abutment: VA,I ∝ �i (9)

Combining all the contributions from superstructure damping (ξSS), abutment damping
(ξA) and pier damping (ξP,i ), the equivalent SDOF system damping is estimated by
Eq. 10:

ξsys =
x

(
�sys − �A

)
ξSS + x�AξA + (1 − x)

(∑
piers Q P,iξP,i

)

x(�sys − �A) + x�A + (1 − x)(
∑

piers Q P,i )
(10)

where �sys is the equivalent SDOF system displacement calculated according to Eq. 1,
�A is the average abutment displacement and Q P,i is the i th pier weighting factor given
by the relation:

Q p,i = 1/HP,i
∑

piers 1/HP,i
�P,i (11)
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Equation 11 is valid only for yielded piers and modified by Eq. 8 for piers those remain
elastic during design seismic excitation.

4. Determine effective period of the equivalent SDOF system. Utilizing the system tar-
get displacement, level of system damping, and elastic response spectra for the chosen
seismic demand, the effective period of the equivalent structure is determined as shown
in Fig. 1. The design spectrum considered here is a modified Eurocode 8 (CEN 2004)
type 1 displacement spectrum for soil type C and peak ground acceleration of 0.5 g,
which capped the maximum spectral displacement at time period TD = 4.0s instead
of 2.0s (Priestley et al. 2007). The scaling of design spectrum due to various values of
viscous damping is done using Eq. 12.

�ξ = �5

(
10

5 + ξ

)0.5

(12)

Once the effective time period (Tsys) has been determined, the effective stiffness (Ksys)

and design base shear (VB) are computed by Eqs. 13 and 14, respectively.

Ksys = Msys

(
2π

Tsys

)2

(13)

VB = Ksys�sys (14)

5. Distribution of lateral inertia loading. This step involves distribution of design base
shear as inertia forces to the masses of the original MDOF structure in accordance with
the assumed target displacement profile by using Eq. 15.

Fi = VB
mi�i

∑n
i=1 mi�i

(15)

6. Estimate design strength required at critical locations. In order to estimate design
strength at critical locations, a linear static analysis is performed using the load vector
computed at step 5 (Eq. 15). As a matter of necessity, analytical model used for the static
analysis should represent appropriate stiffness distribution across the bridge under con-
sideration. For example, elements designed to be remain elastic under design earthquake
are represented by elastic stiffness (or secant stiffness to the yield displacement) whilst
yielded elements are modeled by secant stiffness to their respective target displacement
as computed by Eq. 16

(Keff )i = Vi

� i
(16)

where �i and Vi are the displacement achieved and base shear carried by the piers.
Since the design process started with two assumptions, namely displacement shape of
the bridge and distribution of seismic base shear among different members, it is now time
to verify those. If the assumed quantities match well with the computed ones (obtained
from the elastic analysis), the design process completes. Otherwise, the same procedure
will be repeated until the convergence achieves. Each new iteration starts with the values
computed at the previous step. This iterative process was first proposed by Priestley and
Calvi (2003).

7. Design the MDOF structure. In this step, the critical sections are designed for forces
estimated in the previous step and detailed to provide necessary displacement capac-
ity. For example, at the pier base, longitudinal reinforcements are provided to achieve
the design strength required from the previous step and transverse reinforcements are
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Fig. 1 Effective period calculation based on DDBD procedure

provided to achieve the curvature demand imposed by the design ground motion by
employing the following Eq. 17.

φreq = Mdesign

Ec Isec
(17)

where, φreq is the required curvature, Mdesign is the design moment at that section exclud-
ing the P-� effect (if any), Ec is the short-term modulus of elasticity of concrete and
Isec is the secant moment of inertia of the section derived from the secant stiffness Keff .

3 Issues related to long span bridges and corresponding modifications

A straightforward extension of the above mentioned procedure is, however, not possible for
long span bridges because of the following reasons.

3.1 Irregular distribution of flexural strengths among piers

First, while estimating the system damping it is assumed that flexural strength for all pier
sections at base are same, thus total base shear force is distributed in proportion to the inverse
of respective pier heights (Eqs. 7 and 8). This is not true for long span bridges where span
lengths as well as pier heights are often varying significantly and it causes a substantial
amount of variation in flexural strength demands at pier bases. Moreover, the design of piers
for this category of bridges is often governed by different load combinations other than that
required from seismic load combination. Thus it is not always possible to provide same flex-
ural strength at all pier bases. Nonetheless, the same philosophy as well as equations can
be used for this category of bridges but with a modification in the original formulation. In
this study, a factor (α) is introduced in Eqs. 7 and 8 which represents the ratio of flexural
strength of a pier to the flexural strength of the critical pier. Once this factor is obtained either
from other load combinations or from engineering judgment, shear force distribution can be
determined from the Eqs. 18 and 19.

VP,I ∝ αP,i

HP,i
(Ductile column) (18)

VP,I ∝ αP,iμP,i

HP,i
(Elastic column) (19)
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3.2 Incorporation of influence of massive tall piers

Second, the secant stiffness of pier element estimated using Eq. 16 is derived from the assump-
tion that inertia force is applied at the pier top only. It is valid for short-to-moderate span
bridges, where a certain percentage of pier mass (generally 1/3rd of the total mass) along with
tributary deck mass is lumped at the pier top and the rest of the pier is assumed as mass-less
(Priestley et al. 1996). However, this assumption may lead to a serious underestimation of
total base shear for massive tall piers, which are generally common for long span bridges.
This is exemplified further in the following paragraph.

Consider a simple bridge system having a span arrangement of 60-100-60 m with pier
height of 50 m. The total weight of one pier column is equal to 31 MN whereas tributary
deck weight on that pier is 29.7 MN. When 1/3rd of pier weight is lumped at top, the total
weight for seismic base shear calculation is ∼40 MN which is ∼35% less than the actual seis-
mic weight (60.7 MN). This underestimation of base shear will increase further for bridges
with taller and massive piers. To avoid this underestimation, a proposal is made based on
the principles of statics. The pier element is discretized into a number of sub-elements and
tributary masses are lumped at each intermediate node. Since displacement at pier top and
lateral force distribution at any stage of DDBD are known, the secant stiffness corresponding
to displacement at pier top can be calculated from Eq. 22. The derivation of Eq. 22 is as
follows.

Consider a simple cantilever beam under a lateral force vector as shown in Fig. 2, which
represents the condition of pier under inertia loading from design ground motion. The height-
wise distribution and magnitude of lateral force vector are known from Eq. 15 mentioned
above. However, the exact magnitude of lateral force at pier top (FN ) is unknown since it
depends also on the tributary deck weight which is difficult to estimate when deck is dis-
cretized into a number of sub-elements and masses are lumped at the nodes. So, an indirect
procedure is followed here to estimate the lateral force at pier top. Since the total shear at each
pier base and lateral forces along the pier height are known, the only unknown parameter,
i.e., effective lateral force at pier top, can be estimated using the Eq. 20.

FN = VB −
N−1∑

i=1

Fi (20)

When the lateral force vector imposed on the pier is known, the displacement at the pier top
can be determined using the basic principles of statics as shown in Eq. 21.

�top=
N∑

i=1

�i=
N∑

i=1

1
2 Fi hi

(
H − hi

3

)

Ec Isec
=

(
VB − ∑N−1

i=1 Fi

)
H3

3 + ∑N−1
i=1

1
2 Fi hi

(
H − hi

3

)

Ec Isec

(21)

Rearranging Eq. 21, the secant stiffness at pier base is estimated form Eq. 22.

Ec Isec�top =
(

VB −
N−1∑

i=1

Fi

)
H3

3
+

N−1∑

i=1

Fi h2
i

2

(

H − hi

3

)

(22)

where, VB and H are the base shear and overall height of the pier under consideration, respec-
tively, Fi is the inertia force related to the tributary mass lumped at i th intermediate node, hi

is the height of application of the inertia force from pier base, Ec is the short term modulus
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Fig. 2 Displaced shape of a pier
under lateral force vector

of elasticity for concrete, Isec is the secant moment of inertia of the pier section at base and
�top is the design displacement at pier top.

3.3 Inclusion of higher mode effects on flexural strength of plastic hinges

The third novelty of this procedure is the use of modal superposition principle for deter-
mining the flexural strength demand at potential plastic hinge locations. In previous studies
(Alvarez Botero 2004; Ortiz Restrepo 2006; and Priestley et al. 2007), higher mode effects
were considered only for determining the design elastic responses (e.g. transverse moment
at deck, abutment shear force etc.), whereas inelastic responses, such as flexural strengths
at plastic hinge locations, were taken directly from the first inelastic mode. This is justified
by the fact that mass participation factor for the first inelastic mode was always more than
80% for the bridges considered in their study. However, this assumption is not applicable to
long span bridges because of inherent flexibility. In fact, for some bridges used in this study,
the estimated mass participation factor for the first inelastic mode is as low as 32% only.
Thus higher mode effects are necessary to be incorporated in the DDBD procedure even
for estimating flexural strengths also; otherwise it may lead to a serious underestimation of
actual strength demand.

In his study, Ortiz Restrepo (2006) evaluated four different elastic modal superposition
procedures and concluded that the Effective Modal Superposition (EMS) procedure always
provides conservative envelope for deck transverse moment and abutment shear. Priestley
et al. (2007), in a subsequent publication, also supported the use of EMS procedure for bridge
design. Following their suggestion, the EMS procedure is adopted here with a modification.
As defined in its original formulation, the EMS procedure, which is fully compatible with the
substitute structure philosophy, uses a Response Spectrum Analysis (RSA) after completion
of the DDBD procedure, whereby stiffnesses of members having plastic hinges (e.g., piers)
are represented by secant stiffnesses to the peak displacement response, while elastic mem-
bers (e.g., superstructure and abutment) are modelled by initial-stiffness values; and seismic
hazard is defined by a 5% damped elastic design spectrum. The final results are obtained
combining the higher-mode elastic forces from such analysis with the DDBD inelastic first-
mode design forces using appropriate combination rules (SRSS or CQC). In this study, two
different design spectra are instead used to determine the design responses at critical locations
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Table 1 Salient features of the bridges used in this study

Bridge No. Span arrangement and
Pier heights (m)

Average geometric
properties of deck

Cross-section details
of piers

B1 Span : 60-100-60 A = 9.96 m2 Width : 4.0 m

Pier : 50-50 IY = 35.93 m4 Depth : 7.0 m

IZ = 77.02 m4 Thickness : 1.2 m

B2 Span : 80-160-20-240-20-140 A = 19.26 m2 Width : 4.5 m

Pier : 40-80-80-80-80 IY = 297.44 m4 Depth : 10.3 m

IZ = 647.40 m4 Thickness : 1.0 m

B3 Span : 40-100-180-100-40 A = 13.67 m2 Width : 3.0 m; 10.9 m

Pier : 20-100-100-20 IY = 150.36 m4 Depth : 7.7 m; 12.5 m

IZ = 189.03 m4 Thickness : 0.5 m; 1.0 m

B4 Span : 60-100-120-100-60 A = 9.96 m2 Width : 4.0 m

Pier : 50-50-50-50 IY = 35.93 m4 Depth : 7.0 m

IZ = 77.02 m4 Thickness : 1.2 m

B5 Span : 60-100-60-100-120 A = 9.96 m2 Width : 4.0 m

Pier : 50-50-50-50 IY = 35.93 m4 Depth : 7.0 m

IZ = 77.02 m4 Thickness : 1.2 m

B6 Dimensions are same as B4 but one movement joint has been introduced at 120 m span,
40 m away from the pier P2

B7 Dimensions are same as B5 but one movement joint has been introduced at 60 m span,
30 m away from the pier P2.

as a combination of all modes by SRSS or CQC rule: 5% damped design spectrum is used for
determining the design elastic responses, such as deck transverse moment and consequent
abutment shear, whereas damped design spectrum, with damping value equals to the system
damping obtained from the DDBD procedure, is used for combining the inelastic responses,
such as flexural strength demand at the plastic hinge locations. In this way, it is expected to
obtain more realistic design values for both elastic and inelastic responses when higher mode
contributes significantly to the final design responses. The whole procedure is exemplified
further in Appendix.

4 Verification study

Accuracy of the proposed modifications, as described in the previous section, has been eval-
uated through rigorous nonlinear Response History Analyses (RHA) of seven long span
bridges reproducing real existing bridge geometry and thus incorporates realistic distribution
of mass and stiffness along the bridge length in the current evaluation procedure. Salient
features of each bridge are presented in Table 1 and in Fig. 3. Four real accelerograms have
been selected and scaled to match the design spectrum used in the DDBD procedure from 2s
to 4s time period range as all the bridges have secant period that falls within that range, while
two records have been generated using the SIMQKE program (Gasparini and Vanmarcke
1976) so that a balance between real and artificial accelerograms can be achieved. The peak
ground acceleration of selected records are varying from 0.36 g to 1.10 g and have
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Fig. 3 Schematic diagram of the bridges used in this study (drawn not to scale)

duration varying from 20s to 120s. Thus it is expected that mean responses obtained from RHA
analyses using these acceleration records would capture the variability introduced by the
ground motion records.

In the verification process, a bridge is analysed according to the modified DDBD pro-
cedure (named mDDBD in the figures), the original DDBD procedure (named DDBD in
the figures) and the current force based design (named FBD in the figures) procedure inde-
pendently and detailed with the reinforcement required from each procedure. The current
Eurocode 8 (CEN 2005) recommendation is followed here with a behaviour factor equals to
1.0, as suggested for limited ductile piers, when the bridges are designed according to the
FBD procedure. Each of the seven bridges designed according to different procedures (and
hence detailed with different reinforcement ratios in agreement with Fig. 4) was subjected
to a suit of six ground motions as described earlier. The mean responses obtained from RHA
are then compared with the designed responses. All the analyses have been carried out using
the freely available software OpenSees (2006). Details of mathematical models and analysis
parameters adopted for this study can be found elsewhere (Adhikari 2007).

Two response parameters—transverse deck displacement and moment profile—along with
reinforcement content (in % of gross area) at pier base obtained from different design pro-
cedures are compared in the following figures (Figs. 4, 5, 6, 7, 8). Based on those figures
following observations can be made.

1. Higher modes have, indeed, influence on both elastic and inelastic responses of a bridge,
in contrast with the earlier studies where it was assumed that higher modes influenced
only the elastic responses. This influence is distinctly visible from Fig. 4, whereby longi-
tudinal reinforcement content (in % of gross area) which governs the inelastic responses
at pier base is varied significantly for some piers when higher modes are considered,
e.g., pier P1 of bridge 2 and pier P1 and P4 of bridge 3, while others are not influenced
so much. It is also observed that this influence diminishes with increase in inelastic
deformation demand.

2. In the analysed cases, the reinforcement content obtained from any form of DDBD
is generally much less than that obtained from FBD procedure (Fig. 4). Thus it can
be inferred that the DDBD procedure provides a more economical design procedure
than the current FBD procedure. This inference is reinforced further when deck trans-
verse displacement profiles (Fig. 7) and moment (Fig. 8) obtained from different design
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Fig. 4 Reinforcement content (in % of gross sectional area) at pier base obtained from three different design
philosophies: original DDBD, modified DDBD and FBD

procedures are compared with the mean response obtained from RHA. It is observed that
FBD procedure always underestimates significantly the deck displacement and overesti-
mates the deck moment compared to those obtained from mean value of RHA. This FBD
failure to predict the correct response of the structure may lie in the use of non appro-
priate design pier member stiffness. Indeed, since the bridges studied here fall within
the category of limited ductile system, applying the force based design procedure gross
sectional stiffness is used and behaviour factor is assumed equal to 1.0: this implies that
the bridges are expected to behave elastically, in contrast with the time history results
(Fig. 7).

3. As observed from Fig. 5, deck displacement profiles obtained from modified version of
DDBD are in close agreement with that obtained from the mean of six RHA, except
in one case—pier 3 of bridge 6—where modified DDBD underestimates the response
of pier top. However, this can be explained as follows. While bridge 6 was designed
according to the DDBD procedure, the above mentioned pier remain elastic under the
design level earthquake (as the yield and target displacement are same); but the amount of
reinforcement provided at the pier base was determined by employing a design spectrum
that was scaled down as per system damping which was obviously higher than 5.0%
as used for elastic elements. Thus the reinforcement provided at the pier base was less
than that actually required for elastic behaviour of pier column and that caused a higher
displacement at pier top during RHA. In Fig. 5 deck displacement profiles obtained from
original and modified version of DDBD are also compared. It is interesting to notice that
for flexible bridges, such as bridge no 4 to bridge no 7, the increase in reinforcement
is not so significant as the modification of displacement profile when higher modes are
considered.
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Fig. 5 Comparison of deck transverse displacements (representative of inelastic response) obtained from
original DDBD, modified DDBD and nonlinear dynamic analyses

4. When transverse deck moment is compared for different bridges obtained from modified
DDBD procedure (Fig. 6), a close agreement is observed for most of the cases except
for bridge 7. However, this is not so important issue as the transverse capacity of deck is
often provided sufficiently higher than that required from seismic load combination.

5 Conclusion

Described in this paper is a study aimed at identifying the potential limitations and subsequent
modifications, if required, of the current DDBD procedure for long span concrete bridges
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Fig. 6 Comparison of deck transverse moment (representative of elastic response) obtained from original
DDBD, modified DDBD and nonlinear dynamic analyses

under transverse excitation. Three fundamental modifications are proposed here, namely, the
distribution of base shear across the piers and abutments when piers have different moment
carrying capacity instead of considering equal strength, consideration of lumped masses along
the pier height which is useful for tall massive piers and modal superposition for determin-
ing the design inelastic responses also. With these modifications, designers now have more
freedom for assigning flexural strengths among the piers and corresponding distribution of
shear forces apart from the more economical solution than the current FBD procedure
mentioned in the Eurocode 8 (CEN 2004).
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Fig. 7 Comparison of deck transverse displacements (representative of inelastic response) obtained from
FBD and nonlinear dynamic analyses

Appendix: Sample calculation for one bridge

A sample calculation of DDBD procedure for Bridge No 1, as shown in Fig. 3 (B1), having
average sectional properties tabulated in Table 1 is presented below.

Step 1 Assumptions

A half-sine based displacement shape is assigned for transverse deck movement considering
abutment stiffness K A = 5000 kN/m and overall span length L = 220 m ignoring the influ-
ence of piers (Alvarez Botero 2004). Piers are assumed to be displaced in linear profile. The
ordinates of displacement shape of bridge deck and of each pier, calculated at the nodal points
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Fig. 8 Comparison of deck transverse moment (representative of elastic response) obtained from FBD and
nonlinear dynamic analyses

where tributary masses are lumped, are presented in Tables 2 and 3; and shown graphically
in Fig. 9. The displacement shape φ(x) of deck as a function of x from the left abutment is
given by

φ(x) = sin(πx/L) + π3 B

1 + π3 B
= sin(0.01428x) + 1.3826

2.3826

where constant B is defined as

B = EI

K A L3 = 30 × 106 × 77.02

5000 × 2203 = 0.04459

123



912 Bull Earthquake Eng (2010) 8:897–919

Table 2 Initial transverse displaced shape of the bridge deck

Distance (m) of the node on the deck from the left abutment (A1)

0 20 40 60 80 100 120 140 160 180 200 220

0.580 0.699 0.807 0.897 0.962 0.996 0.996 0.962 0.897 0.807 0.699 0.580

Table 3 Initial transverse displaced shape of each pier

Distance (m) of the node on the pier from the base

0 10 20 30 40 50

0.000 0.179 0.359 0.538 0.718 0.897

Fig. 9 Initial displacement profile of the bridge

Table 4 Target displacement of the bridge deck in transverse direction

Distance (m) of the node on the deck from the left abutment (A1)

0 20 40 60 80 100 120 140 160 180 200 220

1.132 1.362 1.574 1.750 1.876 1.942 1.942 1.876 1.750 1.574 1.362 1.132

It is also assumed that 25% of total seismic base shear will be transferred to the ground by
elastic bending of deck and abutments; i.e., x = 0.25.

Step 2 Define target displacement profile of the bridge

The displacement shape obtained in Step 1 is scaled in such a fashion that at least
one column reaches its displacement capacity which is computed by limiting its ulti-
mate drift ratio to 3.5%. Therefore, target displacement of each pier at deck level is
�m = 0.035×50 m = 1.75 m. Accordingly, displacement profile of the whole bridge is scaled
and presented in Tables 4 and 5.
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Table 5 Target displacement of each pier in transverse direction

Distance (m) of the node on the pier from the base

0 10 20 30 40 50

0.000 0.350 0.700 1.050 1.400 1.750

Table 6 Inertial weight (kN) associated with each deck node for transverse movement

Distance (m) of the node on the deck from the left abutment (A1)

0 20 40 60 80 100 120 140 160 180 200 220

3300 6600 6600 9700 6600 6600 6600 6600 9700 6600 6600 3300

Table 7 Inertial weight (kN) associated with each pier node for transverse movement

Distance (m) of the node on the pier from the base

0 10 20 30 40 50

0.000 6200 6200 6200 6200 9700

Step 3 Determine properties of equivalent SDOF system

Inertia weights lumped at each deck and pier nodes associated with the transverse bridge
movement are presented in Tables 6 and 7. These weights include self weight of superstruc-
ture (330 kN/m) and substructure (620 kN/m), respectively, for deck and pier nodes.

Step 3a Determination of equivalent SDOF system displacement and mass

Displacement capacity of equivalent SDOF system when bridge reaches its design displace-
ment profile is given by �sys = 1.534 m (Eq. 1).
The effective mass is computed as msys = 11565 Mt (88.33% of total transverse mass) from
Eq. 2.

Step 3b Determination of equivalent viscous damping ratio for all elements

In order to determine equivalent viscous damping ratio, it is necessary to know the ductility
of all elements transferring seismic force. Ductility of deck is taken as 1.0 because of its
elastic nature. In case of pier columns, yield curvature is computed by Eq. 3.

φy = 1.8
0.002375

7.0
m−1 = 6.11 × 10−4 m−1

where yield strain of reinforcement is 0.002375 m/m and depth of pier section is 7.0 m.
The overall height of each pier including strain penetration at base is H = 50 + 0.022 ×

475 × 0.04 m = 50.418 m for 40 mm diameter of longitudinal reinforcements of expected
yield strength 475 MPa.
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Yield displacement at pier top �y = 6.11 × 10−4 × 50.4182

3
m = 0.509 m

And available ductility capacity μ� = 1.750

0.509
= 3.438

Thus equivalent viscous damping ratio for each pier

ξp = 0.05 + 0.444 ×
(

3.439 − 1

3.439π

)

= 15.02% of critical damping.

Step 3c Determination of base shear distribution among different elements

The equivalent viscous damping ratio depends also on the base shear distribution among
all elements transferring seismic force. The base shear distribution is calculated under the
assumption that yield moment capacity of all pier sections at base is same. Thus shear force
carried by individual pier is inversely proportional to their height, provided all the piers are
yielded under the design earthquake.

VP,1 = VP,2 = (1 − x)
1/H1(2)

1/H1 + 1/H2
VB = (1 − 0.25)

1/50

1/50 + 1/50
VB = 0.375VB

where VP,1, VP,2 and H1, H2 are base shear carried by and heights of 1st and 2nd pier,
respectively, and VB is the total base shear.

Step 3d Determination of equivalent system damping

For the sake of simplicity, it is assumed that abutment and deck damping is the same. Thus
from Eq. 10, the equivalent system damping can be estimated as follows

ξsys =
0.25 × 1.132 × 5.00 + (1 − 0.25) ×

(
2×1.750×15.02

50

)/
2

50

0.25 × 1.132 + (1 − 0.25) ×
(

2×1.750
50

)/
2

50

= 12.76%

Step 3e Determination of design base shear

Utilizing the design spectrum previously defined (Fig. 1), damped by the equivalent sys-
tem damping according to Eq. 12, and the value of system displacement, it is observed that
maximum possible displacement demand is 0.857 m which is much lower than the com-
puted one. This implies structure might remain elastic under design earthquake: it may often
happen when the bridge has tall and hence very flexible piers. Accordingly, displacement
profile of the bridge is modified by reducing the target displacement demand and keeping
the same shape so that equivalent system displacement reaches the maximum displacement
at appropriate damping value. The revised displacement is presented in Tables 8 and 9.

Following the same procedure, properties of equivalent SDOF system are obtained as
follows.

�sys = 0.720 m and ξsys = 9.16% of critical damping
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Fig. 10 Computation of effective period

Table 8 Revised transverse displacement profile of the deck

Distance (m) of the node on the deck from the left abutment (A1)

0 20 40 60 80 100 120 140 160 180 200 220

0.531 0.640 0.739 0.822 0.881 0.912 0.912 0.881 0.822 0.739 0.640 0.531

Table 9 Revised transverse displacement profile of each pier

Distance (m) of the node on the pier from the base

0 10 20 30 40 50

0.000 0.164 0.329 0.493 0.657 0.822

Table 10 Transverse inertia force (kN) applied at deck nodes

Distance (m) of the node on the deck from the left abutment (A1)

0 20 40 60 80 100 120 140 160 180 200 220

441 1062 1227 2005 1463 1514 1514 1463 2005 1227 1062 441

Utilizing these values along with the design spectrum (Fig. 10), secant period of the equivalent
SDOF system is Tsec = 4.0 s and corresponding secant stiffness is

Ksys = 4π2 × 11565

4.02 = 28535 kN/m

Therefore, seismic base shear is equal to Vb = 28535 × 0.720 = 20550 kN (Eq. 14) and
it is distributed among different inertia mass locations using Eq. 15 (Tables 10, 11). Note
that, the P-Delta effect on pier columns are reduced by limiting the secant period to 4.0 s; if
P-Delta effect is not critical, then higher secant period can be used.

Step 4 Determination of effective member stiffness

Members behaving elastically under design earthquake are represented by their elastic stiff-
ness (or secant stiffness to yield displacement). Examples are deck slab and abutments. In
case piers, the effective stiffness is computed using Eq. 22, where base shear is computed by
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Table 11 Transverse inertia force (kN) applied at pier nodes

Distance (m) of the node on the pier from the base

0 10 20 30 40 50

0.000 256 513 769 1025 2005

Table 12 Computed displacement profile (m) of bridge deck

Distance (m) of the node on the deck from the left abutment (A1)

0 20 40 60 80 100 120 140 160 180 200 220

0.564
(0.531)

0.647
(0.640)

0.722
(0.739)

0.785
(0.822)

0.834
(0.881)

0.862
(0.912)

0.862
(0.912)

0.834
(0.881)

0.785
(0.822)

0.722
(0.739)

0.647
(0.640)

0.564
(0.531)

In parenthesis are reported the results of the previous calculation

Table 13 Computed displacement profile (m) of each pier

Distance (m) of the node on the pier from the base

0 10 20 30 40 50

0.000 (0.000) 0.046 (0.164) 0.169 (0.329) 0.347 (0.493) 0.558 (0.657) 0.785 (0.822)

In parenthesis are reported the results of the previous calculation

VP,i = (1 − 0.25) × 20550 × 1/50

1/50 + 1/50
= 7706 kN

and lateral force at pier top is FN = 7706 − (1025 + 769 + 513 + 256) = 5143 kN
Therefore, secant stiffness at pier base is given by

E Isec�top = 5143
503

3
+ 1025

402

2

(

50 − 40

3

)

+ 769
302

2

(

50 − 30

3

)

+ 513
202

2

(

50 − 20

3

)

+ 256
102

2

(

50 − 30

3

)

= 263243667 kNm3

Now plugging the values of elastic modulus of concrete (E = 30822 MPa) and displacement
at pier top (�top = 0.822 m) into the above relation, the secant moment of inertia at pier base
is Isec = 10.39 m4.

Step 5 Perform linear static analysis of the structure

Knowing the values of element stiffness (Step 4) and lateral load vector (Step 3e), it is now
possible to perform a linear elastic static analysis of the structure to check the assumptions
made at the beginning and to find design strengths at the critical locations. The computed
displacements profile and distribution of base shear are tabulated in Tables 12, 13 and 14.

The calculated fraction of load carried by the abutments is 0.27 (compared with ini-
tial assumption of 0.25) and system displacement is estimated as 0.70 m (compared with
target system displacement of 0.72 m). Since both the assumptions are quite close to the
calculated values, the analysis is stopped here. Columns are designed for the base moment
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Table 14 Computed base shear at abutments and piers

A1 P1 P2 A2

2821 (2569) 7454 (7706) 7453 (7706) 2821 (2569)

In parenthesis are reported the results of the previous calculation

Table 15 Computed displacement profile (m) of the bridge deck

Distance (m) of the node on the deck from the left abutment (A1)

0 20 40 60 80 100 120 140 160 180 200 220

0.497
(0.488)

0.539
(0.534)

0.575
(0.575)

0.608
(0.611)

0.639
(0.644)

0.659
(0.665)

0.659
(0.665)

0.639
(0.644)

0.608
(0.611)

0.575
(0.575)

0.539
(0.534)

0.497
(0.488)

Table 16 Computed displacement profile (m) of each pier

Distance (m) of the node on the pier from the base

0 10 20 30 40 50

0.000 (0.000) 0.035 (0.035) 0.129 (0.130) 0.266 (0.267) 0.431(0.433) 0.608 (0.611)

Table 17 Computed base shear (kN) at abutments and piers

A1 P1 P2 A2

2485 (2434) 12265 (12316) 12265 (12316) 2485 (2434)

of Mdesign = 338 MNm obtained from the analysis and corresponding curvature demand
estimated from Eq. 17.

φreq = 338

30822 × 10.39
rad/m = 0.001055 rad/m

From moment-curvature analysis of the column section, it is found that 0.4% reinforcement is
sufficient to achieve that target curvature under the design moment. However, this reinforce-
ment demand is much lower than that required from other considerations (such as gravity
loading, wind loading etc). When higher reinforcement (say 1.20% in this case) is provided
to suit other requirements, the pier columns become stiffer and thus attract higher seismic
forces. Therefore further analysis is performed by reducing again the target displacement
of the system so that moment demand at pier base reaches its capacity. The final converged
displaced shape is presented in Tables 15 and 16 whilst base shear demand is tabulated in
Table 17. The values in the bracket are the starting point for the last converged step.

The calculated fraction of load carried by the abutment is 0.17 (compared with the assump-
tion of 0.17) and system displacement is estimated as 0.548 m (compared with target system
displacement of 0.549 m). In order to incorporate the effects of higher modes of vibration,
two modal analyses are performed using secant stiffness of all elements obtained at the last
step of DDBD iteration—one with 5% damped spectrum for elastic responses such as abut-
ment shear forces, transverse deck moment; and the other with 7% damped (system damping)
spectrum for ductile responses, such as deck displacement and flexural moment capacity at
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pier bases. Responses from different modes are combined by standard Square Root of Sum
of Squares (SRSS). The new displaced shape is shown in Fig. 5.

The new design moment at pier base is 566 MNm and corresponding curvature demand
is 0.00075 rad/m. This flexural demand can be achieved by providing 1.2% longitudinal
reinforcement which is matched with the requirement from other considerations.

Step 6 Check for P-� effects

The stability index θA = P�max

Mbase
= 60.10 × 0.611

565.81
= 0.065 < 0.10

As this is less than 0.10, P-� effects can be ignored as recommended by Priestley et al.
(2007).

Finally, other elements of the bridge are detailed following the capacity design principle
in order to prevent any sort of brittle failure.
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