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ABSTRACT: Steel bridges are frequently supported by seismically vulnerable substructures, as clearly dem-
onstrated by recent earthquakes. The seismic retrofit of these nonductile substructures can be, in many cases, a
rather costly operation. This paper investigates the adequacy of a seismic retrofit strategy that relies instead on
ductile end-diaphragms inserted in the steel superstructure: the objective is to protect the substructure by re-
placing the steel diaphragms over abutments and piers with specially designed ductile diaphragms calibrated to
yield before the strength of the substructure is reached. For a type of steel slab-on-girder bridge widely found
in North America, this paper presents simplified analytical models as well as a step-by-step design procedure
developed for three types of ductile diaphragm systems (such as shear panels, eccentrically braced frames, and
triangular-plate added damping and stiffness devices), followed by results from nonlinear inelastic analyses
conducted to investigate the seismic behavior of these retrofitted bridges. At this time, only bridges on stiff
substructure are considered, although a few examples are presented to illustrate the potential inadequacy of this
retrofit approach for bridges on flexible substructures.
INTRODUCTION

The recent Northridge and Kobe earthquakes (among many)
clearly demonstrated the seismic vulnerability of steel bridges
supported by nonductile substructure elements. Although dam-
age to superstructure components of these bridges is also pos-
sible, mostly in the form of buckling and/or connection frac-
ture of diaphragm braces, damage to substructure components
such as abutments, piers, and bearings, have proven to be of
far greater consequence, often leading to span collapses (Rob-
erts 1992; Astaneh-Asl et al. 1994; Bruneau et al. 1996).

Hence, when existing bridges are targeted for seismic re-
habilitation, much attention is paid to these substructure ele-
ments. Typically, the current retrofitting practice is to either
strengthen or replace the existing nonductile members (e.g.,
Seismic 1983; Buckle et al. 1986; ‘‘Bridge’’ 1993; Shirolé and
Malik 1993), enhance their ductility capacity (e.g., Degenkolb
1978; Priestly et al. 1992), or reduce the force demands on
the vulnerable substructure elements using base isolation tech-
niques or other structural modifications (e.g., Mayes et al.
1992; Astaneh-Asl 1993). Whereas all these approaches are
proven effective solutions, only the base isolation concept cur-
rently recognizes that seismic deficiency attributable to sub-
structure weaknesses may be resolved by operating elsewhere
than on the substructure itself. Moreover, all approaches can
be costly, even base isolation in those instances when signif-
icant abutment modifications and other structural changes are
needed to permit large displacements at the isolation bearings
and lateral load redistribution among piers (Mayes et al. 1994).

A seismic retrofit strategy that relies instead on ductile end-
diaphragms inserted in the steel superstructure, if effective,
could provide an interesting alternative. In some cases, by re-
placing the steel diaphragms over abutments and piers with
specially designed ductile diaphragms calibrated to yield be-
fore the strength of the substructure is reached, damage can
be prevented from developing in the nonductile substructural
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FIG. 1. Inelastic Behavior of Ductile End-Diaphragms Com-
pared with Existing Strong Diaphragms

elements, foundation, and bearings (hereafter referred to ge-
nerically as ‘‘substructure’’). This objective is schematically
illustrated in Fig. 1. Many types of systems capable of stable
passive seismic energy dissipation could be used for this pur-
pose. Among those, eccentrically braced frames (EBF) (e.g.,
Malley and Popov 1983; Kasai and Popov 1986), shear panel
systems (SPS) (Fehling et al. 1992; Nakashima 1995), and
steel triangular-plate added damping and stiffness devices
(TADAS) (Tsai et al. 1993) have received particular attention
in building applications. Still, to the writers’ knowledge, to
date none of these applications has been considered for bridge
structures. This may be partly attributable to the absence of
seismic ductile steel detailing provisions in North American
bridge codes. Examples of how these systems would be im-
plemented in the end-diaphragms of a typical 40 m span bridge
are shown in Figs. 2(a–c). Note that although concentrically
braced frames can also be ductile, they are not considered here
because they often are stronger than calculated and their hys-
teretic curves can exhibit pinching and some strength degra-
dation.

The objective of this paper is to investigate the adequacy
of this ductile end-diaphragm rehabilitation concept for a type
of steel slab-on-girder bridge widely found in North America.
Simplified analytical models, as well as step-by-step design
procedures developed for three types of ductile diaphragm sys-
tems (SPS, EBF, and TADAS devices), are first presented, fol-
lowed by results from nonlinear inelastic analyses conducted
to investigate the seismic behavior of these retrofitted bridges.

At this time, only bridges on stiff substructure are consid-
ered, although a few examples are presented to illustrate the
potential inadequacy of this retrofit approach for bridges on
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FIG. 2. Ductile End-Diaphragms of Typical 40 m Span Bridge:
(a) SPS; (b) EBF; (c) TADAS (Other Unbraced Girders Not
Shown; Dotted Members only if Required for Jacking Purposes
for Nonseismic Reasons)

flexible substructures. The scope of this study is also limited
to bridges that do not have horizontal wind bracing connecting
the bottom flanges of girders, because these braces could pro-
vide an alternative load path bypassing the special ductile el-
ements. Note that this retrofit method only provides enhanced
seismic resistance and substructure protection for the compo-
nent of seismic excitation transverse to the bridge and must
be coupled with other devices that constrain longitudinal seis-
mic displacements, such as simple bearings strengthening
(Mander et al. 1996) and rubber bumpers; transportation agen-
cies experienced in seismic bridge retrofit have indicated that
deficiencies in the longitudinal direction of these bridges are
typically easier to address than those in the lateral direction
(Brock Radloff, Ministry of Transportation of British Colum-
bia, private communication).

ANALYTICAL DEVELOPMENT

Formulation of Two-Dimensional (2D) Model

To provide computational efficiency and to allow formula-
tion of a simple design procedure (presented in a later section),
a simplified 2D model capturing the essence of the three-di-
mensional (3D) behavior of slab-on-girder bridges was devel-
oped. The availability of a 2D model was also appealing be-
cause it made possible the use of DRAIN-2DX for the
subsequent studies of seismic nonlinear behavior. The pro-
posed simplified 2D model is a ‘‘stick’’ model of the structural
assembly shown in Fig. 3(a). It consists of the ductile end-
diaphragm, a stub-length of two girders with their bearing
stiffeners, a rigid stub of the reinforced concrete deck, and a
small mass/spring subsystem located at deck level and intro-
duced to account for the longitudinal generalized mass and
stiffness effects. It is noteworthy that bearing web stiffeners
provide the main stiffness for girders; in other words, using a
longer length of girders in the stub-girder model results in no
significant difference in model stiffness, as demonstrated later.

The generalized mass, m*, stiffness, K*, and effective force,
Peff, for a simply supported bridge superstructure model can
be calculated assuming that the first transverse mode shape of
the superstructure between supports can be represented by the
following sine shape function:

px
u(x) = sin (1)

L

where L = span length. Therefore, ignoring deck displacements
at the bridge ends

L
M M2m* = (u(x)) dx = (2a)E L 20
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FIG. 3. Proposed Simplified 2D Model of End-Diaphragm: (a)
3D View of Ductile System (Deck Not Shown); (b) Spring Model-
ing of Typical Bridge in Transverse Direction, also Showing Gen-
eralized Mass and Stiffness for One Bridge End; (c) Simple
Spring Model of Dual System

L 22 4d u(x) p EID
K* = EI dx = (2b)DE S D2 3dx 2L0

and
L

M 2M 4m*
P = PSa u(x); dx = PSa = PSa (3)eff E L p p0

where M = mass of the entire bridge; E = modulus of elastic-
ity; ID = moment of inertia of the whole superstructure section
(i.e., concrete deck and steel girders transformed section)
about a vertical axis perpendicular to the deck; and PSa is the
design pseudo acceleration.

While the above 2D model can be implemented directly for
computer analyses, its simplicity makes it also suitable for
hand calculations. Indeed, recognizing that the generalized
stiffness of the bridge superstructure, K*, the lateral stiffness
of the end-diaphragms, Kends, and the lateral stiffness of sub-
structure including abutments, columns, piers, foundations,
and soils, Ksubs, are linked together as springs in series [Figs.
3(b and c)], the equivalent stiffness of the entire bridge, Ke,
can be written as:

1
K = (4)e 1 1 1

1 1
K* K Kends subs

For the single-span bridges supported on stiff substructures
considered here, the substructure flexibility term is ignored.
Note that the plate girders can potentially contribute to the
lateral load resistance, making the end-diaphragm behave as a
dual system, as shown in Fig. 3(c) (two springs in parallel).
Therefore, the lateral stiffness of the stiffened girders, ( Kg,
must be added to the stiffness of the ductile diaphragms, (
KDD (usually much larger than the former), to obtain the lateral
stiffness of the bridge end-diaphragms (adding the stiffnesses
of both ends of the span), Kends, i.e.

K = K 1 K (5)ends DD gO O
The stiffness contribution of a plate girder is obviously a

function of the fixity provided to its top and bottom flanges
by the deck slab and bearing, respectively. If full fixity is pro-
vided at both flanges of the plate girder

12EIg
K = (6)g 3hg

where Ig = moment of inertia of the stiffened stub girder
(mainly due to the bearing web stiffeners) in the lateral direc-
tion; and hg = its height. If one end is fully fixed, the other
one pinned
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3EIg
K = (7)g 3hg

If both ends effectively behave as pin supports, Kg = 0. The
actual amount of fixity provided can be difficult to accurately
estimate. Full fixity at the deck level in composite bridges is
possible if the shear studs originally installed to allow this
composite action are closely spaced and can resist the pull-out
forces resulting from the moments developed at the top of the
girders under lateral seismic forces. As for fixity at the bearing
level, it obviously depends on the type of bearings present.
However, even when infinitely rigid bearings are present, full
fixity is still difficult to ensure due to flexibility of the girder
flanges, as revealed by finite-element analyses of subassem-
blies at the girder-to-bearing connection point.

It is obviously the engineer’s responsibility to determine the
level of fixity provided at the ends of the girders. However,
contrary to conventional design, the most conservative solu-
tion is not obtained when zero fixity is assumed because fixity
also adds strength to the diaphragms, and the role of the duc-
tile diaphragms is to limit the magnitude of the maximum
forces that can develop in the substructure. In the examples
reported in this paper, except where noted, a slightly conser-
vative assumption was adopted by considering full fixity at the
deck and zero fixity at the flexible bearings (rocking possibil-
ity). All other possible boundary conditions would simply be
variations and/or simplifications from this case.

Finally, the lateral stiffness of the ductile diaphragms, KDD,
depends on the type of ductile device implemented. For ex-
ample, if a ductile SPS is used, the stiffness of one such end-
diaphragm in a slab-on-girder bridge, KSPS, can be obtained
by:

KSPS

E
=

3 2 2l L h 2.6h L (h 1 d /2) H tan ab s l l s l bb
1 1 1 1 1S D22A cos a 4A 3I A 12I 2Ab bb l s,l bb g

(8)

where E is the modulus of elasticity; lb and Ab are the length
and area of each brace; a is the brace’s angle with the hori-
zontal; Ls is the girder spacing; dbb, Abb, and Ibb are the depth,
cross sectional area, and moment of inertia for the bottom
beam; hl, Il, and As,l are the length, moment of inertia, and
shear area of the link; and H and Ag are the height and area
of the stiffened girders.

Similarly, lateral stiffness of the EBF and TADAS imple-
mented as end-diaphragms of slab-on-girder bridges, KEBF and
KTADAS, can be computed as follows:

E
K = (9)EBF 2 2 2 2l a e H 1.3eH H tan ab

1 1 1 122A cos a 2A 12L I aL A 2Ab l s l s s,l g

KTADAS

E
= 3 2 2l L 6h L (h 1 d /2) H tan ab s T s T bb

1 1 1 12 32A cos a 4A Nb t 12I 2Ab bb T T bb g

(10)

where a is the length of the beam outside the link; e, Il, Al,
and As,l are the length, moment of inertia, cross sectional, and
shear areas of the link; N, hT, bT, and tT are the number, height,
width, and thickness of the TADAS plates; and all other pa-
rameters are as defined previously. Note that of the five terms
in the denominator of (8)–(10), the second and fifth, which
account for axial deformations of the bottom beam and stiff-
ened girders could be ignored, and the fourth (accounting for
FIG. 4. Modeling of Typical Steel Slab-on-Girder Bridge Using
SAP90: (a) 3D Model; (b) 3D Deformed Shape; (c) 2D Model; (d)
2D Deformed Shape (Deformed Shapes Are Greatly Magnified
for Illustration Purposes)

the rotation of the bottom beam at midspan in SPS and
TADAS) could have a small impact if the bottom beam was
a deep and stiff beam, which is not however the case in the
examples studied here.

For the above simplified model, the lateral period, T, of the
steel bridge on stiff substructures considered here and retro-
fitted using ductile end-diaphragms is given by the following
expression

m*
T = 2p (11)ÎKe

Linear static and dynamic analyses were conducted using
SAP90 (Wilson and Habibullah 1992) on 3D and 2D models
(Fig. 4) of end-diaphragm structures to verify the above mod-
els of generalized mass, stiffness, lateral period, and other
items for reference purposes. In all cases, comparison of re-
sults and responses at the diaphragms were satisfactory. A
small difference of 5% or less was found between the lateral
periods obtained by the two models for bridges of 20–60 m
spans. The difference was largest for the smaller span bridges
because their shear flexibility, neglected from the model ex-
pressed by (1), started to contribute more significantly to the
overall deck stiffness. It is noteworthy that the fundamental
lateral periods for the bridges studied here were mostly in the
short period range (i.e., on the constant pseudoacceleration
plateau of the design spectra), with values from 0.15 to 0.3 s.

Ductility versus Reduction Factor Strategy

Clearly, from the above description of the end-diaphragm
stiffness, the flexural resistance of the girders can potentially
contribute to the lateral load resistance of the ductile system,
and even to its energy dissipation capability, depending on the
relative rigidities of the components of this diaphragm. If the
girders can be considered effectively pinned at their top and
bottom, the diaphragms will exhibit an ideal bilinear hysteretic
behavior [Fig. 5(a)] when subjected to severe lateral earth-
quake excitations, and the relationship between ductility, m,
and the force reduction factor, R, could be taken as given by
the classic relationship for structures in the low period range

2R 1 1
m = or R = 2m 2 1 (12a,b)Ï

2



FIG. 5. Hysteretic Modeling of Seismic Resistant Systems: (a)
Bilinear Model; (b) Trilinear Model

However, in the alternative situation where both the girders
and ductile diaphragm element can contribute to load resis-
tance and energy dissipation, a trilinear hysteretic model must
be considered, as shown in Fig. 5(b). In that case, the rela-
tionship between ductility and the force reduction factor is
somewhat more complex, and, if derived using principles of
equal energy, could be demonstrated to be equal to

12 2R = (2Um 2 U (Q 1 1) 1 Q(2U 2 1)) (13)2a

if strain hardening is neglected, where a = Vinel/Vy; U =
and Q = ( KDD/( Kg. Vinel is the inelastic lateral loadV9/V ;y y

resistance of the entire end-diaphragm panel; and Vy are theV9y
yield strength of the stiffened girders and ductile device, re-
spectively; and KDD and Kg are as defined earlier.

In the presence of strain hardening, the above equation be-
comes

12R = (C (m 2 1 2 b) 1 U(2m 2 1 2 b) 1 b 1 1) (14)SH2a

where CSH is the strain-hardening ratio; and b is as follows:

(U 2 1)(Q 1 1)
b = (15)

C Q 1 1SH

In all cases, since previous studies of slab-on-girder bridges
(e.g., Dicleli and Bruneau 1995) and results obtained herein
indicate that the steel bridges of interest in this paper have a
low fundamental period of vibration in the transverse direc-
tion, the relationship between ductility and force reduction fac-
tor is based on the principle of equal energy deemed more
appropriate in the low period range. On that basis, and given
that lateral stiffness of the stiffened girders is usually low com-
pared with that of the braces and energy dissipating device
(leading to a modest slope along the second part of the trilinear
curve), a bilinear m 2 R strategy (12) was found to give good
results provided an equivalent yield strength of Vinel and the
actual device yield displacement dy, are used [Fig. 5(b)]. This
Vinel is simply the actual strength of the ductile diaphragm at
the lateral displacement, de, that would have resulted from
elastic analysis. However, in cases where the slope of the sec-
ond part of the trilinear curve is relatively large and/or when
Vinel is close to it is recommended to use (13) or (14)V9,y

instead. In all cases studied here, the equivalent bilinear strat-
egy (12) was used.

Note that this reduction factor (m 2 R) strategy was also
verified using both monotonic push-over and dynamic time-
history nonlinear inelastic analyses of the proposed end-dia-
phragm models subjected to different earthquake excitations.
These analyses were carried out with the DRAIN-2DX non-
linear inelastic analysis program (Prakash et al. 1993), using
plastic hinge beam column elements and truss bar elements.
For SPS, in addition to a flexural element, an inelastic spring
was inserted to model both elastic and inelastic shear defor-
mations. For EBF, a similar modeling strategy was used. For
TADAS systems, multiple elements were used to model stiff-
ness variations along the height of the triangular plates. By
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FIG. 6. Flow Chart for Proposed Design Procedure

this modeling, trilinear behavior is implicitly considered. As
consistently done in this study, equivalent springs were in-
serted at the connection of stub girder to slab to include the
impact of slab flexibility [K* in (4)], and an equivalent web
thickness for the girder stub was used to model the actual
stiffened web. Structural steel with a yield stress of 300 MPa
and a strain hardening ratio of 0.01 was considered. For the
dynamic analyses, tributary generalized mass lumped at the
deck and Rayleigh damping of 2% were also considered, using
the first and the third frequencies to calculate mass and stiff-
ness proportional damping factors. These analyses confirmed
the need to account for the nonnegligible impact of the girders’
stiffness and yield strength on behavior over the displacement
range of interest. The analyses also verified the effectiveness
of the proposed reduction factor (m 2 R) strategy.

DESIGN PROCEDURE

To achieve the desirable objective of substructure protec-
tion, ductile end-diaphragms of the type described previously
must be designed to be the only structural elements to yield
and dissipate energy, without ever exceeding the level of lat-
eral load that initiates undesirable damage in the substructure.
However, knowing that ductility demand and force reduction
factor are intertwined, a minimum strength of the ductile di-
aphragms must be provided to prevent undue ductility de-
mands on the specially detailed energy dissipating elements.
Fig. 6 presents a flow chart for the proposed design procedure.
In the perspective of a seismic retrofit, the necessary steps of
that design procedure are:

1. Determine the following basic design parameters: su-
perstructures mass, M; seismic acceleration coefficient,
A [code-specified value (e.g., AASHTO 1994) or from
site-specific data]; number of girders, ng; number of
end-diaphragms implemented at each support, nd; girder
spacing, Ls; and other geometric and descriptive char-
acteristics of the bridge.

2. Calculate the generalized mass and stiffness, m* and
K*, using (2a) and (2b), respectively.

3. Find the elastic seismic base shear resistance, Ve, for
one end of the bridge (one-half of equivalent static
force) that would be needed if fully elastic response was
desirable. Typically

8Mg 4Mg
V = C 2 = C ' 0.4C Mg (16)e s s sS DY2 2p p

where Cs = 1.2AS/T 2/3 # 2.5A; g = gravity acceleration;
S is the site coefficient; T is the lateral period of vibra-



tion; and Cs is the seismic response coefficient
(AASHTO 1994). Alternatively, Cs can be taken as the
pseudoacceleration, PSa, given by a smooth design
spectrum (e.g., Newmark and Hall 1982).

4. Calculate Vinel = Ve/R, where Vinel is the inelastic lateral
load resistance of the entire ductile diaphragm panel at
the target reduction factor; and R is the force reduction
factor mentioned earlier. Then verify that Vinel is less
than the lateral load resistance of the substructure, with
a comfortable safety factor (say 2), thus ensuring that
the principal target objective is achieved. If not, this
retrofit solution may not be suitable to the problem at
hand, although it may be still applicable and useful to
limit the extent of the required substructure retrofit
work. At this time, a maximum force reduction factor
of 3.75 is used here to limit ductility demands within
reasonable ranges (in a load and resistance factor design
context). Nonetheless, the additional constraint that Vinel

> W must also be respected, where W is the maximum
expected wind force to be resisted by the diaphragms.

5. Determine the design lateral load, Vd, to be resisted by
the energy dissipation device (e.g., link beam or
TADAS) at the target ductility level, by

V 2 n Vinel g g
V = (17)d

nd

where Vg = lateral load resistance of one stiffened
girder. For trilinear hysteretic systems, determination of
Vd would typically require an iterative calculation, as
demonstrated in the examples in a later section. For
expediency in a first iteration, Vg can be taken as its
yield value [equal to as shown in Fig. 5(b)] orK d9,g y

any other arbitrary value for that matter; however, its
actual value at the specified transverse displacement
(i.e., Kgde) should be considered if girders are found to
remain in the elastic range in subsequent iterations.
Note that in short bridges, Vg can be a dominant factor
that could overwhelm the resistance contribution pro-
vided by the special ductile diaphragm elements. In that
perspective, it is recommended in this procedure that
the bearing stiffeners at the support of these girders be
trimmed to the minimum width necessary to satisfy the
strength and stability requirements. Ideally, the braced
diaphragm assembly should also be 5–10 times stiffer
than the girders with bearing web stiffeners (even
though ductility demand tends to be larger in stiffer
structures) to prevent, or at least minimize, yielding in
the main girders under transverse displacements. Note
that in longer bridges, particularly those with a lesser
number of girders per cross section, the contribution of
the girders to lateral load resistance is nearly insignifi-
cant.

6. Design all structural members and connections of the
ductile diaphragm, with the exception of the seismic
energy dissipation device, to be able to resist forces
corresponding to 1.5Vd, to account for potential over-
strength of the ductile device due to strain hardening,
strain rate effects, and higher than specified yield
strength. For example, braces should be designed to re-
sist an axial compression force, Vb, equal to

V Vd d
V = 1.5 = 0.75 (18)b S D2 cos a cos a

Likewise, for the SPS and TADAS systems, the bottom
beam should be designed to resist a moment equal to
1.5Vdhl or 1.5VdhT. Moreover, for a given SPS or
TADAS device, it is also advantageous to select a flex-
urally stiff bottom beam to minimize rigid-body rota-
tion of the energy dissipating device and thus maximize
hysteretic energy at a given lateral deck displacement.

7. Design the energy dissipating device. For the devices
chosen here, considerable information is available in the
literature, and only the major design steps are summa-
rized here. For example, for the link beam in an EBF
end-diaphragm, the shear force Vl in the link is

H
V = V (19)l d

Ls

The plastic shear capacity Vp of a wide flange beam is
given by (AISC 1992)

V = 0.60F A ' 0.55F t d (20)p y w y w l

where Fy is the yield stress of steel; tw is the web thick-
ness; dl is the depth of the beam; and Aw is the web
area. Vp must be chosen greater than, but as close as
possible to Vl to meet the present objectives. The mo-
ment simultaneously applied to the link must be less
than the reduced moment capacity, of the linkM*,p

yielding in shear and equal to (Malley and Popov 1983)

M* = t b F (d 2 t ) (21)p f f y l f

Because shear links are more reliable energy dissipators
than flexural links (Kasai and Popov 1986; AISC 1992),
shear links are favored in the current implementation
and their length is therefore limited by (22)

M*p
e < e = 1.6 (22)max

Vp

A link length, e, of 1/8 to 1/12 of the girder spacing,
Ls, is recommended for preliminary design; the less re-
strictive value preferred for practical reasons (i.e., de-
tailing constraints) in presence of closely spaced gird-
ers. Deeper link beams are also preferred as the
resulting larger flexural stiffness enhances the overall
stiffness of the ductile device, ensuring that its yield
displacement is reached much before onset of yielding
of the stiffened girders.

For a SPS, the previously mentioned procedure
would be followed with the obvious exception that Vl

= Vd and the height of panel should be limited to one-
half of the value obtained by (22), because the yielding
link is only in single curvature, as opposed to double
curvature for the EBF. A link height of 1/8 to 1/10 of
the girder depth is recommended for preliminary de-
sign. However, for a TADAS system, replace Step 7
with Step 8.

8. Select a small plate thickness, tT, based on available
plate size. The shear strength, VT, and the stiffness, KT,
of a TADAS device can be determined from Tsai et al.
(1993)

2Nb t FT T y
V = (23)T 4hT

3NEb tT T
K = (24)T 36hT

where N, bT, tT, and hT are the number, base width,
thickness, and height of the triangular steel plates, re-
spectively. The ratio of these equations directly pro-
vides a relationship between hT and tT

2Et VT T
h = (25)T Î3F Ky T
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Here, VT = Vd and a hT of H/10 to H/12 is recom-
mended. Hence, if a reasonable estimate of the desirable
KT for the TADAS device is possible, tT can be deter-
mined directly from hT. In turn, bT can be chosen know-
ing that triangular plates with aspect ratio, hT/bT, be-
tween 1 and 1.5, are better energy dissipators, based on
experimental results (Tsai et al. 1993). Finally, N can
then be calculated using either (23) or (24). Small ad-
justments to all parameters follow as N is rounded up
to the nearest whole number. Incidentally, many differ-
ent yet appropriate TADAS systems could be designed
within these constraints.

9. Calculate the stiffness of the ductile end-diaphragm by
using (8), (9), or (10) as appropriate. The lateral stiff-
ness of the stiffened girders can be obtained from (6),
(7), or other values as appropriate. Once the lateral pe-
riod of the bridge, T, is computed from (11), go back
to Step 3 to determine if Cs needs to be updated, and
if so, repeat all previous steps until convergence.

10. For the resulting design, determine the lateral deflection
of the diaphragm on a figure similar to Fig. 5(b), and
calculate the base shear resistance by each of the girders
and the ductile diaphragm element. At this stage, the
correct value of Vg for each girder at one end of a span
can be obtained based on de (if de < as shown ind9),y

Fig. 5(b)

V = K d # V (26)g g e y,g

where de = Ve/Kends (Kends was calculated in the previous
section). Then determine the actual force reduction fac-
tor, recognizing the true trilinear behavior of the total
diaphragm system, by

V Ve e
R = = (27)

V n V 1 n Vinel d d g g

If this value is significantly different from the original
target value (e.g., when larger than required members
are chosen based on economic considerations), go back
to Step 4 and modify the design of the device as ap-
propriate. Note that only two or three iterations were
found necessary to get acceptable final results in most
cases (at least one iteration is usually required to ensure
appropriateness of initial assumptions in Step 5).

11. From this final solution and actual R value, the actual
displacement ductility demand can be determined from
(12), (13), or (14) as appropriate, and the maximum
lateral drift of the bridge at the diaphragm location, dmax,
is

d = md (28)max y

where dy = = Vd/KDD. Furthermore, as the maximumdy,d

ductility capacity of shear links is commonly expressed
in terms of the maximum link deformation angle, gmax

(easily obtained by dividing the maximum relative dis-
placements of link ends by the link length), the maxi-
mum drift for the SPS and EBF diaphragms is respec-
tively limited to
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d < eg (29)max max

eH
d < g (30)max max

Ls

with generally accepted gmax limits of 0.09 (AISC
1992). Note that for the SPS diaphragms, the following
alternative equation accounting for the rotation of bot-
tom beam at the link connection may be more accurate
when this factor has an important impact:

V L (h 1 d /2)d s l bb
d < e g 1 (31)max maxS D12EIbb

Should these limits be violated, modify the link’s depth
and length as well as the stiffness of the EBF or SPS
diaphragm as necessary, and repeat the design process.
Finally, a maximum drift limit of 2% of the girder
height is also suggested here, at least until experimental
evidence is provided to demonstrate that higher values
are acceptable.

Note that the ductile energy dissipating elements should be
laterally braced at their ends to prevent out-of-plane instability.
These lateral supports and their connections should be de-
signed to resist 6% of the nominal strength of the beam flange,
i.e., 0.06Fytfbf (AISC 1992). In addition, to prevent lateral tor-
sional buckling of beams in the SPS, EBF, and TADAS end-
diaphragms, the unsupported length, Lu, of these beams shall
not exceed 200bf / where bf = width of beam flange inF ,Ï y

meters; and Fy = yield strength of steel in MPa.

EXAMPLES

To illustrate the proposed design procedure, a few examples
are presented. In all cases, ductile diaphragms were designed
considering steel with a yield stress Fy of 300 MPa, and a
code-specified seismic ground acceleration of 0.3g. The design
seismic force was obtained from the AASHTO seismic pro-
visions (AASHTO 1994), assuming a reduction factor of 3
(corresponding to a ductility capacity, m, of 5) or 3.75 (m, of
7.5) depending on the example. SPS, EBF, and TADAS end-
diaphragms were designed for each bridge configuration and
geometry considered. Table 1 presents the characteristic prop-
erties of the three slab-on-girder steel bridges considered: a
simply supported 40 m span bridge, a 60-90-60 m continuous
three-span bridge (diaphragms over continuous supports con-
sidered here), and a bridge having multiple simply supported
40 m spans supported by reinforced concrete bents each hav-
ing four piers of 0.9 m diameter and 5 m height in one case
and 0.6 m diameter and 6 m height in another case. In the
latter two cases with pier cap mass of 10,000 kg, substructure
stiffnesses were 146 and 16.2 kN/mm, respectively. For the 40
m span bridge examples, a single diaphragm panel was intro-
duced between the two interior girders to obtain more practical
member sizes for the key components of the ductile dia-
phragms.

Details of the iterative procedure are presented in Tables 2
and 3 for each example along with resulting ductilities, max-
TABLE 1. Geometric and Structural Characteristics of Steel Bridge Examples

Span
(m)
(1)

Deck width
(m)
(2)

Number of
girders

(3)

Girder spacing
(m)
(4)

Slab depth
(mm)
(5)

Girder size and
properties

(6)

ID
(m4)
(7)

Mass
(103 kg)

(8)

m*
(103 kg)

(9)

K*
(108 N/m)

(10)

40a 8 4 2 200 WWF 1,200 3 333 1.797 286 143 2.831
60-90-60 3-span 15 2 11.6 250 1,000 3 45 flanges and

5,000 3 20 Web
23.5 2,156 1,425 5.14

aFor bridge spans on abutments or piers.



TABLE 2. Design Procedure for 40 m Simply Supported Span Bridge Examples with Target R of 3.75

Trial
number

(1)

Ve

(kN)
(2)

Vinel

(kN)
(3)

ngVg

(kN)
(4)

Vd

(kN)
(5)

Diaphragm Design

Device
(6)

hl (SPS)
e (EBF)

tT (TADAS)
(mm)
(7)

Braces
(8)

Bottom
beam

(9)

ndKDD

(N/mm)
(10)

dy

(mm)
(11)

ngKg

(N/mm)
(12)

Ktotal

(N/mm)
(13)

de

(mm)
(14)

d9y
(mm)
(15)

ngVg

(kN)
(16)

Vinel

(kN)
(17)

R
(18)

(a) T = 0.22 s, m = 7.3, dmax = 12.4 mm < 24 mm = 2% H, gmax = 0.08 < 0.09 rad

SPS
1 880 234 70 164 W150 3 14

(ll = 230 mm)
150 2L65 3 65 3 5 W150 3 22 90,500 1.8 13,280 103,780 6.8 11 92 256 3.44

2 880 234 92 142 W150 3 14
(ll = 200 mm)

150
St. Pl. 45 3 6

2L65 3 65 3 5 W150 3 22 86,120 1.7 13,280 99,400 7.0 11 96 238 3.7

(b) T = 0.23 s, m = 6.5, dmax = 12.4 mm < 24 mm = 2% H, gmax = 0.07 < 0.09 rad

EBF
1 880 234 70 164 W150 3 14

(V1 = 106 kN)
300 2L65 3 65 3 6 — 73,650 2.4 13,280 86,930 8.1 11 112 289 3.04

2 880 234 112 122 Web 120 3 4
(V1 = 90 kN)

300
Fl. Pl. 150 3 8

2L65 3 65 3 5 Built-up
section

78,770 1.9 13,280 92,050 7.6 11 104 254 3.46

(c) T = 0.24 s, m = 7.3, dmax = 12.8 mm < 24 mm = 2% H

TADAS
1 880 234 92 142 4Pl. 125 3 95

(bT = 95 mm)
25 2L65 3 65 3 5 W150 3 22 55,620 2.55 13,280 68,900 10.1 11 138 280 3.14

2 880 234 138 96 4Pl. 100 3 70
(bT = 70 mm)

25 2L65 3 65 3 5 W150 3 22 75,940 1.75 13,280 89,220 7.8 11 106 237 3.7

TABLE 3. Design Procedure for Support Diaphragms of Center 90 m Span of Three-Span Bridge Examples with Target R of 3

Trial
number

(1)

Ve

(kN)
(2)

Vinel

(kN)
(3)

ngVg

(kN)
(4)

Vd

(kN)
(5)

Diaphragm Design

Device
(6)

hl (SPS)
e (EBF)

tT (TADAS)
(mm)
(7)

Braces
(8)

Bottom
beam

(9)

ndKDD

(N/mm)
(10)

dy

(mm)
(11)

ngKg

(N/mm)
(12)

Ktotal

(N/mm)
(13)

de

(mm)
(14)

d9y
(mm)
(15)

ngVg

(kN)
(16)

Vinel

(kN)
(17)

R
(18)

(a) T = 0.50 s < 0.33 s, m = 5.3, dmax = 46 mm < 100 mm = 2% H, gmax = 0.098 rad

SPS
1 5,075 1,692 254 1,438 W360 3 179

(ll = 580 mm)
368 2L200 3 200

3 20
W360 3

122
177,000 8.1 1,340 178,340 28.5 90 51 1,489 3.4

2 3,960 1,320 51 1,269 W360 3 179
(ll = 520 mm)

368 2L 200 3 200
3 20

W410 3
85

139,060 8.7 1,340 140,400 28.2 90 50 1,255 3.1

(b) T = 0.50 s > 0.33 s, m = 4.5, dmax = 40 mm < 100 mm = 2% H, gmax = 0.093 rad

EBF
1 5,075 1,692 254 1,438 W460 3 67

(V1 = 636 kN)
1,000 2L200 3 200

3 20
— 139,860 10.3 1,340 141,200 47.9 90 86 1,539 3.3

2 3,860 1,287 64 1,223 W460 3 52
(V1 = 564 kN)

1,000 2L200 3 200
3 20

— 144,200 9.0 1,340 145,540 26.5 90 48 1,356 2.85

(c) T = 0.52 s > 0.33 s, m = 5, dmax = 51 mm < 100 mm = 2% H

TADAS
1 5,075 1,692 254 1,438 9Pl. 300 3 250

(bT = 250 mm)
50 2L200 3 200

3 20
W410 3

132
128,200 11.0 1,340 129,540 39.2 90 70 1,476 3.4

2 3,852 1,284 70 1,214 8Pl. 300 3 250
(bT = 250 mm)

50 2L200 3 200
3 20

W410 3
132

122,730 10.2 1,340 124,070 31.0 90 55.4 1,305 3.0
imum drifts, and maximum link deformation angles (note that
results identical to those in Table 2 were obtained for the
bridges on piers, even though the lateral period was larger).
Strain hardening was ignored for simplicity. Incidentally, de-
sign of the ductile energy dissipating elements proved easier
for longer bridges with fewer girders, because the number of
structural shapes having the desirable properties seemed to in-
crease along with the strength requirements. Although flexural
yielding of web stiffeners might be tolerable if it does not
affect the bearing stability of the girder, it should be kept to
a minimum until experimental research results can demon-
strate otherwise.

Although not required by the design procedure, nonlinear
inelastic static push-over analyses were conducted for the ex-
amples in Tables 2 and 3 by using DRAIN-2DX and ADINA
(1995) to illustrate the trilinear behavior of the resulting duc-
tile diaphragms and the expected extent of yielding at the de-
sign level. The DRAIN-2DX analyses were conducted on the
2D model of end-diaphragms shown in Fig. 3(a). They re-
vealed that yieldings of the device (shear yielding of link beam
in SPS and EBF and flexural yielding of plates in TADAS)
were obtained at a device yield strength of 142, 150, and 132
kN, when the lateral loads reached to 154, 163, and 144 kN,
respectively, for SPS, EBF, and TADAS implemented in the
40 m span bridge. All other members remained elastic while
the energy dissipating devices yielded. Flexural yielding in the
girder web stiffeners was observed at a drift of 9 mm (corre-
sponding to ductilities of 4–6) and a lateral load of 314, 281,
and 322 kN, respectively, for SPS, EBF, and TADAS end-
diaphragms. Fig. 7 illustrates the lateral load and link-beam
shear versus deck displacement for SPS end-diaphragms used
in the 40 and 90 m span bridge examples, respectively, pushed
to a displacement ductility of approximately 7. For the 40 m
single-span bridge, the lateral stiffness of the stiffened girders
is not negligible compared with that of the ductile device, and
the girders contribute to seismic resistance of the diaphragms
as shown by the resulting trilinear curve on Fig. 7(a). By con-
trast, the much taller girders in the 60-90-60 m three-span
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FIG. 8. Inelastic 3D Analysis Results for 40 m Span Bridge
Having SPS End-Diaphragms by ADINA (Web Stiffeners only at
Supports): (a) Lateral Load versus End and Center Drifts; (b)
Axial Forces in Braces versus End Drift

FIG. 7. Lateral Load and Link Shear Force versus Deck Dis-
placement, Respectively, for 40 m Single-Span Bridge (a) and
(b) and in Tensor Support of Three-Span Bridge (c) and (d), hav-
ing Side Span of 60 m and Center Span of 90 m, with SPS Dia-
phragms (Push-Over Analyses)

bridge do not resist a significant percentage of the lateral
forces, and their flexural yielding only occurs at a very large
displacement beyond the expected range of response [Figs. 7(c
and d)] with a resulting bilinear load-displacement behavior
over that range.

The ADINA 3D nonlinear analyses of the bridges having
ductile SPS end-diaphragms and the worst case scenario of
full fixity at the top and bottom of the stub girders also con-
firmed that the system behaved as expected. Results (Fig. 8)
compared well with those obtained by the corresponding
DRAIN-2DX 2D models (not shown here) up to the point of
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shear yielding of the SPS, dy. However, the 3D analyses in-
dicated that the stiffened girders contribute about 15% more
to the lateral load resistance at a drift of dmax. Interestingly, as
shown in Fig. 8(b), intermediate diaphragms do not contribute
significantly to the lateral load resistance of the retrofitted
bridges. This is consistent with findings reported for non-
retrofitted slab-on-girder bridges as previously demonstrated
by the writers (Zahrai and Bruneau 1998).

Inelastic Dynamic Time-History Analysis

To validate the ductile diaphragm seismic retrofit concept,
the 2D structural model was also analyzed using nonlinear
inelastic time history analyses using the DRAIN-2DX program
and considering five different earthquake excitations scaled to
0.4g and applied transversely to the span direction. The 1940
El-Centro S00E, 1966 Parkfield N65E, 1971 Pacoima Dam
S16E, 1988 Saguenay (St-Ferreol, longitudinal component),
and 1989 Loma Prieta (Corralitos 37.037N 121.883W), were
considered. Rayleigh damping was used with 2% (j = 0.02)
damping assigned to the first and third periods (0.24 and 0.14
s for the simple span bridges).

Table 4 represents inelastic analysis results for the 40 m
span bridge examples using final member sizes for the three
end-diaphragms (SPS, EBF, and TADAS) obtained following
the proposed design procedure. Resulting inelastic time-history
analyses (deck displacements and link rotations) for the ex-
ample bridge models with SPS end-diaphragms subjected to
the 1940 El-Centro earthquake are also presented in Fig. 9 for
illustration purposes (note different scales for y-axes). As
shown in Figs. 9(e and f) and Table 4 for the average of all
earthquakes considered, maximum ductilities and drift results
remain within the expected range for bridges on stiff pier
bents. However, excessive ductility demands were obtained for
the bridges on more flexible piers [Figs. 9(g and h)]. In that
later case, the generalized mass and stiffness of the proposed
design procedure, developed for bridges on stiff piers, is sig-
nificantly in error. Further studies are needed to improve the
procedure, as well as to quantify the limit of applicability of
the ductile diaphragm retrofit technique in terms of a ratio of
superstructure-to-substructure stiffnesses.
TABLE 4. Nonlinear Inelastic Response of 40 m Span Bridges with Ductile Diaphragms Using Strain-Hardening Ratio of 0.01 (Rela-
tive Displacements Are Reported)

Case
(1)

Period
(s)
(2)

TIME-HISTORY ANALYSIS

El-Centro

dmax

(mm)
(3)

gmax

(4)

Parkfield

dmax

(mm)
(5)

gmax

(6)

Pacoima Dam

dmax

(mm)
(7)

gmax

(8)

Saguenay

dmax

(mm)
(9)

gmax

(10)

Loma Prieta

dmax

(mm)
(11)

gmax

(12)

Average

dmax

(mm)
(13)

mmax

(14)
gmax

(15)

SPS 0.236 12.0 0.060 19.5 0.106 8.1 0.038 15.6 0.081 8.9 0.042 12.8 6.7 0.065
EBF 0.238 10.1 0.039 14.6 0.059 7.9 0.030 11.4 0.045 7.8 0.030 10.4 5.0 0.041
TADAS 0.245 12.9 — 23.1 — 8.7 — 19.0 — 11.2 — 15.0 7.5 —
SPSa 0.274 11.1 0.055 22.6 0.123 8.4 0.039 18.5 0.098 12.1 0.060 14.5 7.6 0.075

(2.1) (2.6) (1.8) (2.5) (2.2)
EBF c 0.275 9.0 0.034 18.3 0.077 7.4 0.027 15.2 0.063 7.5 0.027 11.5 5.5 0.046

(2.1) (2.7) (1.9) (2.6) (1.9)
TADAS a 0.35 8.9 — 20.2 — 8.4 — 15.5 — 7.2 — 12.0 6.0 —

(15.2) (17.8) (14.9) (17.4) (13.9)
SPS b 0.48 31.1 0.171 38.1 0.210 8.6 0.040 31.1 0.173 26.8 0.148 27.1 14.2 0.148

(26.6) (27.7) (16.6) (26.2) (24.7)
EBF b 0.48 28.5 0.128 36.8 0.158 8.9 0.033 24.5 0.111 10 0.039 21.7 10.4 0.094

(28.1) (29.5) (18.3) (26.9) (19.4)
TADAS b 0.86 23 — 4.7 — 2.7 — 3.5 — 27 — 12.2 6.1 —

(155) (100) (79) (95) (160)

Note: Numbers in parentheses refer to the drifts of the pier caps.
aMultispan simply supported 40 m span bridge on concrete bents, each having four 900 mm diameter columns (5 m tall).
bMultispan simply supported 40 m span bridge on concrete bents, each having four 600 mm diameter columns (6 m tall).



FIG. 9. Inelastic Time-History Analyses for 40 m and 90 m
Span Bridges Subjected to El-Centro Earthquake Scaled to 0.4g
(for First 10 sec): (a) Deck Displacement; and (b) Link Rotation
for 90 m Span Bridge; (c) Deck Displacement; and (d) Link Ro-
tation for 40 m Span Bridge; (e) and (f) Same for Bridge on Stiff
Piers; (g) and (h) Same for Bridge on Flexible Piers

FIG. 10. Impact of Intermediate Web Stiffeners on Proposed
Design Procedure

FIG. 11. Lateral Load versus End and Center Drifts Based on
Inelastic 3D Analysis Results by ADINA, for 40 m Span Bridge
Having SPS End-Diaphragms and Double-Sided 100 3 10 mm
Web Stiffeners at: (a) Every 4 m; (b) Every 2 m

Impact of Intermediate Web Stiffeners

In the proposed design procedure and above examples the
girders were assumed to have no intermediate web stiffeners.
In the presence of such stiffeners, the lateral stiffness, Kg, of
the girders used in the above procedure should be modified.
This can be done by using an equivalent lateral stiffness, K9,g

instead of Kg in (5). No closed-form solution is provided for
at this time, but Fig. 10 shows the nondimensional rela-K9g

tionship between and (KBS/KIS)Ss/L, where Ss is spacingK9/Kg g
of intermediate web stiffeners, L is bridge span, and KBS and
KIS are, respectively, the lateral stiffnesses of the bearing and
intermediate web stiffeners with respect to the girder longi-
tudinal axis. Fig. 10 was obtained by running ADINA for
bridges of various spans having different intermediate web
stiffener’s stiffnesses and spacings. Generally, the impact of
intermediate web stiffeners on Kg can be ignored, unless large
stiffeners are used at small intervals. For example, if inter-
mediate stiffeners identical in size to the bearing web stiffeners
(i.e., KBS = KIS) are used at an interval of 0.1L, would beK9g
only 6% greater than Kg. Fig. 11 compares the inelastic anal-
ysis results for the same 40 m span bridge of Fig. 8, but having
100 3 10 mm web stiffeners at every 4 m and 2 m. In general,
the farther transverse web stiffeners are from bridge ends the
smaller is their contribution to the lateral load resistance.

CONCLUSIONS

This paper demonstrates that it is possible, in some in-
stances, to seismically retrofit slab-on-girder steel bridges by
replacing their existing end-diaphragms with new ductile di-
aphragms incorporating stable seismic energy dissipation de-
vices. By means of capacity design principle, these devices act
as structural fuses and can be calibrated to yield before the
strength of the substructure is reached, thus protecting that
substructure from undesirable damage.

Example retrofits are accomplished using a simple design
procedure developed for hand calculation based on a trilinear
load-displacement relationship and a strength-versus-ductility
relationship based on equal energy concepts. Nonlinear in-
elastic analyses suggest that the resulting designs will exhibit
an appropriate ultimate cyclic seismic behavior. More effective
retrofits using ductile end-diaphragms are obtained for longer
bridges having a smaller number of girders. It was also found
that the impact of intermediate diaphragms and web stiffeners
is minor unless these are closely spaced along the girders near
to the supports.

However, although the concept is promising and appears
satisfactory for spans supported on stiff substructures based on
the limited analyses reported here, more research is needed
before common implementation is possible. In particular, large
scale experimental verification of the concept and expected
behavior is desirable, as well as parametric studies to inves-
tigate the range of substructure stiffnesses for which this
retrofit strategy can be effective.
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