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Abstract 
Multi-span bridges having bi-directional ductile diaphragm consisting of Buckling Restrained Braces (BRBs) can provide 
resilient bridges with damage-free columns, at low cost, while minimizing displacements demands to levels that can be 
easily accommodated. Towards the goal of better understanding the behavior of such bridges and developing simple 
procedures for their design, multi-span bridges having ductile diaphragms, considering various layout and implementation 
strategies, have been investigated to establish their seismic performance. A parametric study has been conducted using 
nonlinear time-history analyses considering variations in ratio of substructure-to-superstructure stiffness, span length, 
period, and other factors. These analyses were performed to determine the level of complexity required to predict 
adequately the bridge response, with the goal of providing design rules as simple as possible to achieve satisfactory 
seismic performance. This was assessed by subjecting the resulting designs to suites of ground motions accelerations 
using non-linear time-history analyses. These dynamic analyses allowed to understand the impact of these parameters on 
global behavior, as well as the magnitude of the local demands and, more specifically, the extent of bidirectional 
displacements that the hysteretic devices must be able to accommodate while delivering their ductile response.  
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1. Introduction 

Current state of practice in seismic design of ordinary multi-span bridges relies either on plastic hinging of 
columns to dissipate earthquake energy, or on base isolation. The first one implies damage to the gravity-
carrying columns; the second one requires costly bearings and expansion joints to accommodate displacements 
that can be extremely large in many cases, as well as a special design procedure (and sometimes peer-review 
of the design by other engineers). Using the bidirectional ductile diaphragm concept with inexpensive Buckling 
Restrained Braces (BRBs) can provide resilient bridges with damage-free columns, at low cost, while 
minimizing displacements demands to levels that can be easily accommodated.   
 
The ductile diaphragm concept was initially proposed by Zahrai and Bruneau in 1999 [1]. The concept was 
studied for bridges with stiff substructures, using different types of hysteretic dampers and considering 
movements only in the transverse direction. Further studies included the application of BRBs as the fuse 
element and the conceptual bidirectional ductile end diaphragm concept was proposed and studied by Celik 
and Bruneau [2] for stiff substructures. The term “bidirectional ductile diaphragms” is used here to emphasize 
that energy dissipation is achieved in both horizontal earthquake excitation directions – in this case, using 
BRBs at the ends of the spans of the superstructure. This innovative approach can be implemented in both 
concrete bridges and steel bridges. The advantage of implementing BRBs between spans is to avoid damage 
on substructure elements and to reduce the displacement between spans such that they can be accommodated 
with regular low cost expansion joints.  
 
However, to make the bidirectional diaphragm concept applicable to multi-span bridges, an analytical 
understanding must be developed of the behavior of multi-span bridges having simply-supported spans and 
BRBs tying the spans to each other or to the column bents, and the findings must be formulated into a simple 
design procedure applicable to general multi-span bridges. The current research investigates application of the 
bidirectional ductile diaphragm concept in multi span bridges having flexible substructures. The focus of this 
paper is to report on results obtained from parametric studies conducted using nonlinear time-history analyses 
considering variations in ratio of substructure-to-superstructure stiffness, span length, period, and other factors. 
These analyses were performed to determine the level of complexity required to predict adequately the bridge 
response, with the goal of providing design rules as simple as possible to achieve satisfactory seismic 
performance. The goal was to obtain relatively similar ductility demands in all BRBs along the bridge 
longitudinal direction, and to develop a simple design procedure to size BRBs properties. As a simplification, 
at this stage of the research project, simple supported multi-span bridges were analyzed in the longitudinal 
direction with different BRBs layout configurations. Findings will be later expanded to revisit previous 
research results for BRBs used to control transverse direction response.  
 

2. Computational Models 

2.1 General 

Models used represent multi-span bridges with spans supported at each end by friction-less sliding bearings 
located on top of bents or abutments. Spans were connected through BRBs at each of these bearing supports, 
as shown in Fig. 1. This multi degree of freedom system considered lumped masses. The mass of the span was 
lumped at the center of the span and the mass of the pier caps was considered equal to 10% of the mass of the 
span and lumped at the top of the pier. Piers were modeled as cantilever elements fixed at their base and BRBs 
were modeled as truss elements. Abutments located at each the end of the bridge were considered as rigid. For 
the nonlinear model, the BRBs were modeled using a Menegotto Pinto model without isotropic hardening, and 
piers consisted of elastic elements. Damping was defined by a Raleigh model with 5% of the critical damping 
at the first and the third modes; this value was considered to also account indirectly for the additional energy 
dissipated in the sliding bearings used, which is not explicitly modeled (as idealized friction-less bearings are 
used in the models).  Nonlinear analysis was perform in OpenSees [3] and results were post-processed with 
MATLAB [4] subroutines. 
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Fig. 1 – Model with BRBs connecting spans to piers 
and abutment. 

Fig. 2 – Response spectrum 

 

2.2 Seismic hazard and Ground motions 

The geographic location considered to obtain the design spectrum shown in Fig. 2 was Memphis, Tennessee. 
This location was selected to provide continuity with the previous study by Wei and Bruneau [5] (where this 
city provided the most critical combined axial demands on longitudinal BRBs due to seismic demands and 
span expansion due to temperature fluctuations). For the nonlinear response history analysis (NL-RHA) 
performed in this study, the FEMA P695 [6] far-field set of ground motions was used, along with its ground 
motion scaling procedure; it consist of 22 pair of ground motions selected to represent a variety of locations 
and seismic hazards. This set was used because it is not site dependent, and the FEMA P695 scaling procedure 
was used here as it is rational and not overly-conservative.  Incidentally, among a number of possible scaling 
procedures considered, it was found to generally produce the lowest median and variation in ductility demands.  

3. Parametric study 

Generally, in the longitudinal direction, the geometry of bridges does not necessarily follow a specific pattern.  
For instance, parameters such as the mass of spans, number of spans, and the stiffness of piers, are determined 
as function of the topography of the site where it is located. Therefore; there is an infinite number of 
combinations of those parameters. The complete parametric study will account for this variability, and these 
results will be reported at a later time.  However, at this stage, regular bridges were considered with constant 
mass span and pier stiffness along the bridge. The mass span values considered ranged from 0.5 kips s²/in to 3 
kips s²/in, the number of spans were 3, 5, 7, 9, and 11; and the stiffness ranged from 4000 kips/in (representing 
a rigid pier) to 10 kips/in (representing a flexible pier). Finally, the BRBs yield stress and length were set 
arbitrarily equal to 50 ksi and 80 in. 

4. Design Considerations 

4.1 Findings based on elastic results 

The AASHTO Guide Specifications for LRFD Seismic Bridge Design [7] provides different seismic design 
procedures that can be used depending on the complexity of the bridge structure. In the case of regular bridges, 
the uniform load distribution or the simple mode method can be used, whereas for more complex structures a 
modal spectrum analysis is required. Here, the bridges under study are regular, but their desired performance 
level is higher than required by the code. The objective, in addition to avoiding collapse, is to reach a uniform 
ductility demand along the bridge; therefore, the multi modal analysis (response spectrum analysis, RSA) was 
used. Additionally, past research [8] has reported a better correlation between RSA and NL-RHA results than 
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when using the simple mode method.  With respect to modal combination, in the extreme case where piers are 
rigid, periods are close each other; thus, the complete-quadratic-combination (CQC) rule was used.  

Initially, a target reduction factor (R) was set equal to 5, independently of the period of the structure. 
The cross-section area of each BRB in each model was obtained using an optimization procedure (implemented 
in MATLAB) and considering the force in the BRB obtained from RSA to be equal to the BRB yielding force. 
Results showed that the ratio of BRB cross-section area to mass of the span was a function of ratio between 
mass of the span to pier stiffness, for models with the same number of spans.  Subsequent analysis considered 
a constant span mass equal to 1 kip s²/in and expressed results as a function of the ratio span mass (M) to pier 
stiffness (K), defined as 𝑇௣ ൌ 2𝜋ඥ𝑀/𝐾 .  

Initial results revealed that, to achieve logical results from NL-RHA, it was necessary to constrain the 
design of pairs of BRBs. Two configurations were considered: one for which BRBs connected to the same 
span have the same cross-section area, and a second for which BRBs connected to the same pier have the same 
cross-section area. However, from a capacity design point of view, the configuration where BRBs connecting 
to the same pier have the same cross-section area is the one which develops lower forces on the piers. 
Therefore, this configuration was used in all subsequent analyses.  Results were obtained only for half of the 
bridge, accounting the symmetry of the model, and in the case of BRBs connected to the same pier, only results 
for the BRB developing the greatest ductility demand was considered in all subsequent comparisons. Finally, 
results for the piers were reviewed, to confirm that the piers remained elastic as intended. 

4.2 Nonlinear verification of elastic design 

NL-RHA was performed on the models for which BRB areas were selected on the basis of the above elastic 
RSA procedure, to investigate if the objective of constant ductility demand across all BRBs was met.  The 
resulting ductility demand reported below for each BRB in a specific model was calculated as the mean of the 
maximum ductility demand obtained from each ground motion. The resulting BRB ductility demands were 
found to vary significantly along the bridge, as shown in Fig. 3 for bridges having different number of spans 
and different values of pier stiffnesses. As could logically be expected, the demand ductility of BRBs is 
uniform along the bridge when piers are relatively rigid (lower values of 𝑇௣). When piers become flexible, 
BRBs connected to the abutment and located at the mid-length of the bridge experienced higher ductility 
demands than BRBs in other locations. Similar trends were observed with different R values. 

 

Fig. 3 – Ductility demand for BRBs depending the location along the bridge 
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5. Nonlinear response history analysis based design 

In a subsequent parametric study, the BRBs cross-section area of the bridge models used in Section 4 were re-
designed, this time using NL-RHA as the engine behind the optimization procedure, such that all BRBs reached 
a target demand ductility, arbitrarily set equal to 5. The algorithm modified the cross-section area of each BRB 
until the target of equal ductility demand in all BRBs along the bridge was reached. Satisfactory results were 
obtained, but this procedure was most time consuming (in CPU time) because it required several iterations. 
Each iteration was performed using the complete set of 44 ground motions. In average, 12 iteration per BRB 
were required to achieve the target design. Results, as expected, reached the desired mean ductility along the 
bridge in all BRBs at the design level; also, in 90% of the cases, the maximum ductility reached for individual 
ground motions was less than twice the desire value. This demonstrated that reaching the same ductility 
demand along the bridge was possible, but still pointed to the need of an easier design procedure, even at the 
cost of more variability in the results. 

6. Design procedure 

A design procedure was proposed, seeking simplicity while at the same time relatively and acceptable demand 
ductilities in BRBs along the bridge. The intent was that the format of the design procedure should be similar 
in format to the equivalent lateral force (ELF) used in buildings. Note that the ELF method in building design 
is based on the dominance of first mode and an assumed possible mode shape. For reference, the distribution 
of forces along the high of a building is defined as: 

𝐹௜ ൌ
𝑊 𝑆𝑎ሺ𝑇ሻ

𝑅

𝑚௝ℎ௝
௞

∑ 𝑚௝ℎ௝
௞௡೑

௝ୀଵ

 
 

(1) 

where 𝐹௜, 𝑚௝, and ℎ௝ are the lateral force, mass and height of the 𝑖 floor; 𝑊 is the total mass; 𝑅 is the reduction 
factor; 𝑆𝑎ሺ𝑇ሻ is the spectral acceleration at the fundamental period (T); and 𝑘 is a factor that is a function of 
the period of the structure and accounts for the influence of higher order modes. The period of the structure is 
calculated based on an empirical equation developed based on field measurements of structures under small 
displacement oscillations. The reduction factor has been defined based on past practices, or, nowadays, 
conservatively following the FEMA P695 procedure for new structural systems [6].  

To apply this procedure to bridges equipped with ductile end diaphragm, the equations for the period 
and the mode shape were redefined. Some considerations were taken in account to define an equivalent mode 
shape: for the simplified bridges considered here, the mode shape is symmetric because the bridge is 
symmetric, and the highest displacement along that mode shape is located at the mid-length of the bridge.  
Note that the mode shape values should express constant displacement values along the bridge when piers are 
rigid. Moreover, the mode shape was defined by a linear piecewise function for which each vertex is located 
where masses for each span are lumped. 

The equivalent modal value for each mass span was calculated from bridges designed based on a NL_RHA 
such that all BRBs yields. Fig. 4a shows the equivalent mode shape normalized for the value at the center of 
the bridge for a structure with 11 spans, the origin was defined at mid-length of the bridge and the distance 
from the center of the bridge to any span was normalized for simplicity.  The normalized distance (x) goes 
from zero at the center of the bridge to one at the end of the bridge, and is defined by Eq.(2) where 𝑖 is the 
number of span, numbered from left to right, and 𝑁௦௣௔௡ is the total number of spans. Values of equivalent 
mode shapes were adjusted with Eq. (3) where 𝑘 accounts for the flexibility of the substructure and is defined 
by Eq. (4). The fundamental period of the structure for the optimum design was also adjusted and defined by 
Eq. (5). The R value was calculated as the ratio between the total mass of the structure times the pseudo 
acceleration obtained from the design spectrum at the predicted period to the the lateral force required to reach 
yielding in all BRBs. It was observed that the R value obtained changes as function of the period of the pier 
and the number of spans. In most cases, R is greater than 3 except when 𝑇௣ is close to 0.4, as shown in Fig. 4b. 
For simplicity, a constant R value equal to 3 was selected which implies that it is not possible to reach the same 
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ductility demand in all models considered here. Finally, forces applied at each mass are defined by Eq. (6), 
which is similar in format to Eq. (1). 

a) b)  

Fig. 4 – a) Equivalent mode shape (dashed line) and predicted mode shape (solid line) defined in each span 
(asterisk) for a model with 11 spans and different pier stiffness, b) Reduction factor for models with different 

number of spans 

 

𝑥 ൌ 1 െ 2
𝑖 െ 1

𝑁௦௣௔௡ െ 1
 

(2) 

𝜙ሺ𝑥ሻ ൌ 0.36 ൅ 0.64 ⋅ ቆ1 െ
𝑥ଵ/௞
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ቇ

௞
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𝑘 ൌ 3.5 ⋅ ൫𝑇௣ െ 0.08൯ ൏ 3 ⋅ ሺ1 െ 0.86ேೞ೛ೌ೙ିଵሻ  (4) 
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1
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ଶ ൅ 1
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(5) 

𝐹௜ ൌ
𝑊 𝑆𝑎ሺ𝑇ሻ

𝑅
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(6) 

 

The proposed design procedure was used to design the set of models used in the NL-RHA based design. Results 
are show in Fig. 5 for an R value equal to 3. It is observed that mean demand ductilities in BRB are close to 
the expected ductility of 5 except when 𝑇௣ is close to 0.4, and that in 90% of the cases, maximum ductilities 
obtained from individual ground motions are less than twice the target ductility. The upper limit of 90% is 
used here to ensure that the BRBs can reach such ductility demands of twice the target value, given that all 
BRBs must be tested to achieve twice their design ductility. The figure also shows result for R equal to 5; this 
value was used to investigate if the procedure remained valid for another R value that could equally be 
recommended for design. It is observed that demand ductilities when R is equal to 5 are close to 10 and, again, 
for most of the bridge models considered, are in 90% of cases less than twice the design ductility.  
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Fig. 5 – Equivalent mode shape (dashed line) and predicted mode shape (solid line) defined in each span 

(asterisk) for a model with 11 spans 

8. Conclusions 

Validation of the use of bidirectional ductile end diaphragms in multi-span bridge with flexible substructures 
was partially demonstrated analytically by studying the behavior of such bridges in the longitudinal direction. 
The objective to develop equal ductility demands in the BRBs along the bridge, in an average sense, is possible, 
and an optimum design can be achieved using a NL-RHA based design. However, this procedure is time 
consuming and computational demanding. Alternately, a simplified design ELF procedure was proposed which 
can be used to obtain demand ductilities close to 5 and 10 (depending on the R-factor used). Results obtained 
from the proposed ELF procedure were found to be acceptable, in spite of the method simplicity. 
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Research is ongoing to improve the design procedure and extend the proposed procedure to irregular 
bridges. Further stages expand the proposed design procedure to similarly address response in the transverse 
direction.  
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