
For Peer Review

EARTHQUAKE ENGINEERING AND STRUCTURAL DYNAMICS
Earthquake Engng Struct. Dyn. 2017; 00:1–22
Published online in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/eqe

Design of hysteretic dampers with optimal ductility for the
transverse seismic control of cable-stayed bridges

A. Camara1,⇤, R. Cristantielli2, M.A. Astiz3 and C. Málaga-Chuquitaype4

1Department of Civil Engineering. City, University of London, UK
2Department of Civil Engineering, Environmental, Land, Construction and Chemistry. Politecnico di Bari, Italy
3Department of Mechanics and Structures, School of Civil Engineering. Technical University of Madrid, Spain

4Department of Civil and Environmental Engineering. Imperial College London, UK

SUMMARY

Cable-stayed bridges require a careful consideration of the lateral force exerted by the deck on the towers
under strong earthquakes. This work explores the seismic response of cable-stayed bridges with yielding
metallic dampers composed of triangular plates (TADAS) that connect the deck with the supports in the
transverse direction. A design method based on an equivalent single-degree of freedom approximation is
proposed. This is proved valid for conventional cable-stayed bridges with 200 and 400 m main spans, but
not 600 m. The height of the plates is chosen to (1) achieve a yielding capacity that limits the maximum force
transmitted from the deck to the towers, and to (2) control the hysteretic energy that the dampers dissipate by
defining their design ductility. In order to select the optimal ductility and the damper configuration, a multi-
objective response factor that accounts for the energy dissipation, peak damper displacement and low-cycle
fatigue is introduced. The design method is applied to cable-stayed bridges with different spans and deck-
support connections. The results show that the dissipation by plastic deformation in the dampers prevents
significant damage in the towers of the short-to-medium span bridges under the extreme seismic actions.
However, the transverse response of the towers in the bridge with 600 m span is less sensitive to the TADAS
dampers.
Copyright © 2017 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The large retrofit costs of bridges and buildings after the Northridge and Kobe earthquakes in1

the 90’s unveiled the need for alternative design strategies that allow an improved control of2

the structural performance. Supplemental Damping Systems (SDS) that concentrate the seismic3

demand in auxiliary devices and reduce the damage in the main structural elements have been4

successfully employed in buildings and bridges throughout the world [1]. The implementation of5

SDS is particularly attractive in cable-stayed bridges because: (1) they can reduce the damage in6

the towers, which play a fundamental role in the global resistance of the structure, (2) auxiliary7

devices are easier to repair (if needed) than the large sections of the towers, leading to savings8

in the associated retrofit and downtime costs, (3) the possible increment of displacements induced9

by incorporating SDS can be easily accommodated by the large structural flexibility of cable-stayed10
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Table I. Application of passive SDS to important cable-supported bridges in seismic areas.

Bridge Main span SDS type References

SFOB (USA, 2013)⇤ 385 m Transverse and longitudinal shear links (MD) [5, 6]
Stonecutters (China, 2009) 1018 m Longitudinal Shock Transmission Units (VD) [4]
Sutong (China, 2008) 1088 m Longitudinal VD [7]
Rion-Antirion (Greece, 2004) 560 m Transverse VD + fuse restrainers [3, 8]
Bill Emerson (USA, 2003) 351 m Longitudinal Shock Transmission Units (VD) [9]
Tsurumi Fairway (Japan, 1994) 510 m Longitudinal Vane VD + anchor cables [10]
Yokohama Bay (Japan, 1989) 460 m Longitudinal Link Bearing Connections [11]
(*) The San Francisco-Oakland Bay (SFOB) Bridge is a self-anchored suspension bridge with SDS
distributed along the height of its single tower. The rest are cable-stayed bridges with the SDS concentrated
at the deck-tower connections.

bridges, and (4) these structures present inherently low damping values [2] and adding supplemental11

sources of energy dissipation is recommendable. Some of the most important cable-supported12

bridges recently constructed in seismic-prone areas include passive SDS, as summarised in Table13

I. The design of some of these important structures also makes allowance for structural damage in14

the towers under extreme earthquakes of very large return periods (T
R

), as is the case in the Rion-15

Antirion Bridge (T
R

= 2000 years) [3] and the Stonecutters Bridge (T
R

= 6000 years) [4]. SDS can16

be classified in terms of the mechanisms involved in the energy dissipation as: (1) rate-independent17

devices based on metal plasticity, e.g. yielding Metallic Dampers (MD), Friction Dampers (FD) and18

Lead Rubber Bearings (LRB), or (2) rate-dependent devices such as Viscous fluid Dampers (VD)19

and Visco-Elastic (VE) dampers.20

The first numerical studies on SDS applied to cable-stayed bridges isolated the deck from the21

supports with LRB, observing that the efficiency of the SDS is reduced by increasing the main span22

length of the bridge [12]. Ali and Ghaffar [13] verified that distributing several LRB along the deck-23

tower connections, and not only at the towers, is more efficient in controlling the seismic forces24

and the displacements of the deck. Soneji and Jangid [14] combined transverse and longitudinal VD25

units with sliding and elastomeric bearings (including LRB) to isolate the deck in a two-dimensional26

numerical model of the Quincy Bay-view Bridge (USA, 274 m main span). It was observed that27

the damping added by the VD significantly reduced the response of the isolated bridge, avoiding28

possible impacts between the deck and the tower in the transverse direction and reducing the length29

of the expansion joints.30

In addition to the numerical studies, it is essential to test the SDS experimentally before their31

implementation. El-Bahey and Bruneau [15, 16] conducted a detailed experimental and analytical32

programme on a bridge bent formed by two bi-steel columns connected by shear links and33

buckling restrained braces (MD) in the transverse direction. The laboratory test results demonstrated34

the increment of stiffness and strength of the bent with the incorporation of the SDS [15] and35

design expressions were proposed [16]. McDaniel et al. [5] conducted full-scale cyclic tests of36

the shear links employed in the San Francisco-Oakland Bay (SFOB) Bridge and observed their37

large overstrength. Later, these results were employed to define the nonlinear response of the links38

distributed along the tower height in a numerical model of the bridge, considering a cable-stayed39

solution and the self-anchored suspension bridge that was finally constructed [6]. It was found that40

the towers remained elastic in both configurations under the 1500- and 2500-year return period41

earthquakes owing to the dissipation of the shear links, particularly those at the tower midregion.42

More recently, Berman and Bruneau [17] tested large tubular shear links for application in bridge43

engineering and proposed design expressions for these devices.44

The location and direction of the anti-seismic devices in the bridge is an important aspect in45

their design. Table I shows that most of the bridges include the SDS at the longitudinal deck-tower46

connection. Nevertheless, the significant damage in the tower of the Chi-Lu bridge (Taiwan, 2x12047

m span) after the Chi-Chi earthquake (1999) can be attributed to the transverse seismic response48

of the bridge [18]. In effect, it is common practice to disconnect the deck from the towers in the49

longitudinal and vertical directions in order to minimise the seismic demand in the towers, but they50
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are connected in the transverse direction to control the movement of the deck under service loads51

(e.g. wind actions) [19]. Unfortunately, few research works have focused on the control of cable-52

stayed bridges in the transverse direction. Calvi et al. [20] proposed a conceptual design of VD in the53

deck-tower connection in order to control both the longitudinal and the transverse responses of the54

bridge. Camara and Astiz [21] conducted a numerical investigation on the seismic response of cable-55

stayed bridges with VD and with the Triangular-plate Added Damping And Stiffness (TADAS)56

yielding MD proposed by Tsai et al. [22]. Although the efficiency of the TADAS devices in the57

protection of the towers was comparable to the VD, the dimensions of the triangular plates (width58

and height) were fixed and, thus, the dissipation capacity of the damper was not explored. Xing et59

al. [7] performed a sensitivity study on the influence of the yielding force of MD on the seismic60

response of the Sutong bridge (China). The optimum yielding force of the dampers was defined in61

that study as 38% of the one that would start damaging the towers of the bridge. However, important62

aspects like the risk of low-cycle fatigue in the dampers under strong seismic actions [23, 24] or the63

response of these devices under service loads were not discussed.64

Research on the seismic response of cable-stayed bridges is clearly needed given the special social65

and economical importance of these structures within infrastructure networks. A survey carried out66

as part of this research revealed that in China 68% of the cable-stayed bridges have main spans67

below 500 m, and the situation is similar in other countries. Moreover, it has been recently observed68

that strong deck-tower interactions in cable-stayed bridges with main spans between 200 and 50069

m maximise their lateral response under transverse seismic actions [25], leading to potentially70

catastrophic results if the connections of the deck with the supports are not carefully designed.71

The aim of this paper is to propose a design methodology that results in TADAS dampers with72

optimal ductilities for the transverse seismic control of short-to-medium span cable-stayed bridges.73

The design method is based on an idealised Single-Degree-Of-Freedom (SDOF) response of the74

bridge in the transverse direction. The height of the triangular plates controls the damper’s ductility75

demand whilst its yielding force is fixed and satisfies the minimum stiffness requirements under76

service loads. A multi-objective evaluation is conducted to find the optimal damper ductility from77

the results of nonlinear dynamic analyses, focusing on: (1) the reduction of the energy dissipated78

by plastic deformations in the main structure, (2) the relative deck-tower displacement and the risk79

of impacts, and (3) the low-cycle fatigue failure prevention. The design method is applied to three80

cable-stayed bridges with main span lengths of 200, 400 and 600 m and different deck-support81

connections. The results show that the TADAS devices reduce the damage and the level of cracking82

in the towers of the bridges with 200 and 400 m main spans, for which the assumptions made on83

the proposed design method are validated. However, it is observed that the TADAS dampers are not84

efficient in controlling the response of the largest bridge, with 600 m span.85

2. DESIGN OF TADAS DAMPERS WITH OPTIMAL DUCTILITY

The proposed design procedure for the TADAS dampers in cable-stayed bridges, illustrated in Fig. 1,86

aims at protecting the towers whilst minimising the deformation in the deck during the earthquake.87

To this end, the elastic stiffness (K
d

) and yielding force (Rmax) of the TADAS devices at the88

abutments (A1 and A2) and at the deck-tower connections (T1 and T2) are defined so that the89

deck moves uniformly in the transverse direction after the simultaneous yielding of the dampers.90

Consequently, the transverse response of the deck can be described as an equivalent SDOF system91

composed of a vibrating mass connected to the supports by a nonlinear spring that represents each92

TADAS device (with elastic stiffness K
d,i and yielding force Rmax

i

for the damper at the i-th support)93

and by a linear spring that represents the stiffness of each support (K
s,i), as it is shown in Fig. 1(b).94

The proposed design method is built upon the work of Priestley et al. [23], but introduces new95

features in order to control the damper ductility and to account for the particular response of cable-96

stayed bridges. These innovative aspects are highlighted in Fig. 1(a) with shaded cells. The proposed97

methodology is valid for yielding MD other than TADAS devices by redefining the design of the98

damper in order to achieve the target capacity and stiffness (Step 6).99
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Figure 1. a) Damper design flowchart. b) Transverse displacement in one of the studied bridges (L
P

=200
m, bridge with TADAS devices, Record #1, t = 5.57 s from the start of the earthquake, deformation ⇥ 80)

and equivalent SDOF model adopted in the proposed design.

Step 1: Set the admissible forces100

First, the maximum forces transmitted from the deck to the i-th support are limited to Rmax

i

(where101

i = T and A refers to the dampers at the towers and the abutments, respectively). Consequently,102

Rmax

T

is the force for which the metallic dampers at the deck-tower connections yield in order to103

prevent damage of the towers. The maximum admissible force transmitted from the deck to the104

towers can be obtained from a nonlinear static (Pushover) analysis. In light of the significant post-105

cracking stiffness degradation observed in the towers of short-span bridges (Section 5), the yield106

strength of the tower dampers is set to a fraction of the force required to initiate cracking as:107

Rmax

T

= 0.85 · 0.9 · Rcrack

T

= 0.765Rcrack

T

(1)

where Rcrack

T

is the transverse reaction of the deck that induces cracking in the tower; the factor108

0.9 accounts for a 10% damper over-strength; and 0.85 is a safety factor suggested by [23]. In order109

to favour a simultaneous yielding of all the dampers along the deck, the resistance of the TADAS110

devices at the abutments is limited to a force proportional to the yielding force of the dampers at the111

towers: Rmax

A

= k
R

Rmax

T

. From purely static considerations this proportionality factor (k
R

) should112

be the ratio between the mass of the deck corresponding to the abutments and the towers. If the113

cross-section of the deck represented in Fig 1(b) is constant, the mass can be related to the length of114

the side span (L
S

) and the main span (L
P

) as: kstatic

R

= L
S

/(L
P

+ L
S

). However, the characteristic115

dynamic interaction between the deck and the towers of cable-stayed bridges in the transverse116

direction needs to be considered in order to achieve a simultaneous yielding of the dampers along117

the deck. To this end, a Modal Response Spectrum Analysis (MRSA) on the Finite Element (FE)118

model of the bridge with the deck fully fixed to the supports can be conducted in order to estimate119

the peak transverse reactions of the deck at the abutments (RMRSA
A

) and at the towers (RMRSA
T

). The120

relationship between the yielding forces at these dampers is:121

Rmax

A

= k
R

Rmax

T

=
RMRSA
A

RMRSA
T

Rmax

T

(2)
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Step 2: Calculate the vibrating mass and the spectral acceleration122

The mass of the equivalent SDOF system associated with the lateral motion of the deck during the123

earthquake (M
D

) is a combination of the mass of the deck corresponding to the abutments and the124

towers: M
A

and M
T

, respectively, as shown in Fig. 1(b). Note that M
D

refers to half of the deck125

in symmetric bridges. The side spans fully contribute to the mass affecting the TADAS dampers126

at the supports (M
D

). However, depending on the transverse flexibility of the deck, the towers and127

the cable-system, part of the mass of the deck at midspan (M
f

) moves in the transverse direction128

without affecting the TADAS devices. It is assumed that the relationship between the mass of the129

deck that corresponds to the dampers at the towers and that at the abutments is proportional to the130

deck reactions at these locations: M
T

/RMRSA
T

= M
A

/RMRSA
A

, and consequently:131

M
D

= M
A

+ M
T

= M
A

 
1 + 1

k
R

!
(3)

In the case of cable-stayed bridges in which the dynamic amplification due to the deck-tower132

interaction is not significant, the factor k
R

may be substituted by kstatic

R

= L
S

/(L
P

+ L
S

) in133

expressions (2) and (3) in order to avoid the MRSA. This is relevant to the short-span bridge134

considered in this work, with L
P

= 200 m (see Section 5). Finally, the maximum reaction in the135

equivalent SDOF system is known by assuming an elastic-perfectly plastic damper response, and136

the spectral acceleration is:137

S
a

=
Rmax

A

+ Rmax

T

M
D

(4)

Step 3: Set the target ductility of the dampers138

The ductility of the damper (µ
d

) is selected in this step from a set of trial values (outer loop in139

Fig. 1(a)). As opposed to previous design approaches in which the plate dimensions are constrained140

based on certain ‘workable’ values that indirectly limit the ductility of the damper [7, 21], in this141

study µ
d

is a design variable that will define the damper dimensions (Step 6 ).142

Step 4: Obtain the target displacement143

The vibration period (T) of the equivalent SDOF system that governs the lateral motion of the144

deck is found by entering the design spectrum with the value of S
a

obtained from Eq. (4), as it145

is represented in Fig. 1(a) - Step 4. Initially, the system is assumed to be elastic and the spectrum146

is defined from the code specifications for a damping ratio: ⇠⇤tot = ⇠el = 0.05, where the ⇤ symbol147

denotes that the damping is assumed at this stage. Once the damping ratio and the target acceleration148

spectrum are known, the displacement demand of the equivalent SDOF system can be obtained149

as S
d

= S
a

(T/2⇡)2. Subsequently, the effective ductility of the i-th damper is calculated next by150

accounting for the flexibility of the support in which it is located:151

µ
d+s,i =

µ
d

S
d

S
d

+ uy

s,i (µd � 1)
(5)

where µ
d+s,i is the effective ductility of the system composed by the i-th damper associated in series152

with the corresponding support (see Fig. 1(b)), i = A refers to the TADAS dampers at the abutments153

and i = T to those at the towers; uy

s,i = Rmax

i

/k
s,i is the elastic displacement of the support to which154

the TADAS device is connected at the instant when yielding in the damper occurs; and k
s,i is the155

transverse stiffness of the i-th support. The lateral displacement of the tower at the level of the lower156

strut due to the force introduced by the deck reduces the efficiency of the dampers in dissipating the157

seismic energy at these locations. This is not the case at the abutments, which are considered fully158

rigid in the transverse direction and therefore uy

s,A = 0 and µ
d+s,A = µd in Eq. (5).159
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Step 5: Update the total damping160

The damping factor corresponding to the i-th support depends on its effective ductility. For elastic-161

perfectly plastic systems [26]:162

⇠
d+s,i = ⇠el + C

ep

 
µ
d+s,i � 1
⇡µ

d+s,i

!
(6)

where ⇠
el

= 0.05 is the damping ratio of the structure in the elastic range; C
ep

= 0.85 if T > 1 s,163

which is usually the case in cable-stayed bridges given their large flexibility.164

The total damping of the equivalent SDOF system results from a weighted average that includes165

the vibrating mass associated with each support:166

⇠tot =
⇠
d+s,AM

A

+ ⇠
d+s,T M

T

M
D

(7)

If the difference between the assumed damping ratio (⇠⇤tot) and the calculated one (⇠tot) is larger167

than a certain tolerance that is set as 10% in this work, Steps 4-5 are repeated (inner loop in Fig. 1(a))168

by considering ⇠⇤tot = ⇠tot. The procedure converges rapidly and the tolerance criterion is usually169

satisfied in 2 or 3 iterations. At this point the design elastic stiffness in each damper is obtained as:170

K
d,i =

µ
d

Rmax

i

S
d

� uy

s,i

(8)

Step 6: Design of the dampers171

The dampers are designed to achieve the target ductility and yielding force. The height of the172

triangular plates in the i-th damper (H
p,i) is defined in terms of the required ductility (µ

d

), which173

is related to its elastic stiffness (K
d,i) in Eq. (8). The plates are fixed at the base and free at the top,174

where they receive the lateral load from the deck. This configuration, in addition to the triangular175

shape of the plates, provides a constant distribution of curvature along their height. From the analysis176

of a cantilever with a point load at the free end, the height of the plate is defined as:177

H
p,i =

s
2Rmax

i

E
s

t
p

3 f
sy

K
d,i

(9)

where f
sy

and E
s

are the yielding stress and the elastic modulus of the steel, respectively; t
p

is the178

thickness of the plates. The width and (especially) the height of the dampers may be limited for179

constructive reasons and such constraints can be introduced at this step.180

The number of plates in each damper is defined so that it yields at the required limit force:181

N
d,i =

4Rmax

i

H
p,i

f
sy

t2
p

B
p

(10)

B
p

being the width of the triangular plates. Finally, the length of the damper (for a single-row plate182

arrangement) is:183

L
d,i = t

p

(2N
d,i � 1) (11)

which is constrained by the width of the deck (B).184

Step 7: Selection of the optimal ductility185

Following the damper design of the previous step, a series of nonlinear response history analyses186

(NL-RHA) is conducted on the bridges with the range of ductility demands proposed above. The187

optimal damper configuration is selected by comparing the NL-RHA results. Large values of the188

ductility factor (µ
d

) selected by the designer in Step 3 lead to large dissipation levels of the seismic189

energy but also to a higher risk of low-cycle fatigue. A performance factor (F
Rd

) based on the190
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energy dissipation at the towers, the displacement of the dampers and their low-cycle fatigue risk is191

proposed to find the optimum TADAS devices:192

F
Rd

=

W⌦
⌦

⌦
adm

+W
u

umax

dT

umax

dT,adm

+
P
i

WPM,iPM
i

W⌦ +W
u

+
P
i

WPM,i
(12)

where W⌦, W
u

and WPM,i are weightings related to the fraction of the input seismic energy193

that is dissipated by plastic deformations in the towers (⌦ factor, Section 6.1), the peak relative194

displacement of the dampers at the towers (umax

dT

, Section 6.3) and the low-cycle fatigue factor at195

the i-th damper (PM
i

, Section 6.4), respectively. The proposed weightings may be calibrated to give196

more importance to specific response measurements or to the dampers at particular supports. In this197

study, all the weightings are considered equal to one. The sub-index ‘adm’ refers to the maximum198

value of the response measurement that is admissible considering the project requirements and199

constraints. Note that the damper displacement is limited at the towers but not at the abutments200

since there are usually less space constraints to the lateral movement of the deck at these locations.201

After the performance factor F
Rd

is obtained for the whole range of trial damper ductilities, the202

optimal value of ductility (µ
d,opt ) is selected as the one for which F

Rd

is minimised.203

3. PROPOSED BRIDGES AND NUMERICAL MODELS

In order to illustrate the proposed design method and to study the response of cable-stayed bridges204

with a conventional range of main span lengths (L
P

), three cable-stayed bridges with L
P

= 200,205

400 and 600 m are considered in this work. Each bridge has two H-shaped reinforced concrete206

towers with three transverse struts. Fig. 2 shows the elevation and plan view of the deck, the towers207

and the cable-system. Different FE models are defined parametrically in terms of L
P

according to208

[27]. The tower geometry includes a smooth transition between the lateral legs and the transverse209

struts, as shown in Fig. 2(b). The thickness of the tower cross-sections (t
c

) is selected so that: (1)210

the maximum normal stress under the self-weight and the live load is below 10 MPa, and (2) the211

maximum width-to-thickness ratio is limited to avoid instability problems as t
c

/(d
l

� 2t
c

) � 1/10212

[28], where H is the tower height above the deck and d
l

= H/13 is the size of the hollow square213

cross-section of the tower between the base and the lower strut (Fig. 2(b)). The concrete thickness214

t
c

in the towers is uniformly distributed along their height and the transverse struts.215

The reinforcement is defined to provide the tower sections with sufficient confinement and216

rotation capacity according to [29]. The ratio between the longitudinal and transverse steel217

reinforcement with respect to the gross concrete area at the tower base is 2.4 and 0.8%, respectively.218

The same reinforcement ratios are considered in all models. The details of the reinforcement in the219

inner and outer perimeters are given in Fig. 2(b).220

The FE model of the bridge accounts for the possible damage in the towers and the consequent221

loss of efficiency of the dampers. A confined concrete model with a characteristic strength ( f
ck

)222

of 40 MPa is considered in the towers, with elastic modulus of E
c

= 35 GPa. The model of the223

concrete includes softening when the normal compressive strain exceeds "
cs

= �0.13%. The model224

of Mazars and Pijaudier-Cabot [30] is employed to represent the concrete cracking in the towers. The225

stress and strain corresponding to crack initiation are f
c,crack = 3.5 MPa and "

c,crack = 0.01%,226

respectively, whereas the strength of the concrete is considered null beyond " = 0.035%. The227

model of the reinforcement in the towers is bilinear, with elastic modulus of E
s

= 210 GPa. The228

reinforcement steel is set to capture yielding when the strain reaches "
sy

= 0.26% ( f
sy

= 552 MPa)229

and failure at "
su

= 11.4% ( f
su

= 665 MPa).230

The towers are defined in the FE model by means of ‘fiber-section’ beam elements that account231

for the influence of the variable seismic axial load on the flexural response of the towers [31].232

Prior sensitivity studies carried out as part of this research have confirmed the adequacy of defining233

the element length in the towers as half of the plastic hinge length proposed for concrete piers by234

Priestley et al. [23], using linear-interpolation beam elements. The resulting element lengths in the235
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Figure 2. Schematic bridge elevation and plan view of the supports. Model without dampers.

lateral legs of the towers are 0.71, 1.21 and 1.71 m in the 200, 400 and 600 m main span bridges,236

respectively. In the transverse struts of the towers the element length is approximately 0.71 m,237

regardless of the span. Geometric nonlinearities (P � � effects) are included in all the analyses.238

The deck cross-section is composed of two longitudinal steel I-shaped girders at the edges,239

connected by a concrete slab and transverse beams at approximately 5 m intervals (Fig. 2(e)). The240

FE model of the deck is defined with linear-interpolation beam elements at the centroids of the241

steel girders that are rigidly connected to shell elements located on the mid-plane of the deck slab242

to represent the effect of the concrete in the composite section. The materials in the deck remain243

elastic during the analysis and their elastic moduli are the same as those described for the tower.244

The intermediate piers located at the side spans between the towers and the abutments (Fig. 2(a))245

exclusively constrain the vertical movement of the deck, releasing its longitudinal and transverse246

displacements in all cases. The connection between the deck and the towers is free in the longitudinal247

(X) and vertical (Z) directions. The transverse (Y ) deck-tower connection depends on the case under248

consideration, as it is illustrated in Fig. 3: (a) in the bridge with fully-rigid connection (referred to249

as ‘stiff’ connection), which is a conventional solution in the design of cable-stayed bridges in250

seismic areas, a rigid element links the deck and the towers preventing relative movements between251

them in the transverse direction (Fig. 3(a)); (b) in the structures with free deck-tower connection252

(referred to as ‘floating’ connection) the deck is released from the towers in all directions (Fig.253

3(b)); (c) in the solution with the TADAS devices (referred to as TADAS connection) the deck is254

exclusively connected to the towers in the transverse direction by means of these dampers (Fig.255

3(c)). The triangular plates in the TADAS devices are made of structural steel with f
sy

= 500 MPa256

and E
s

= 210 GPa. The slotted connection between the top of the plate and the transverse beam257

of the deck allows for free vertical (Z) and longitudinal (X) movements, making the damper active258

only in the transverse direction (Y ), as it is represented in Fig. 3(d). Note that the floating deck-tower259

connection is not normally feasible in practice due to the excessive lateral displacement of the deck260

under service loads and it is considered here for purposes of comparison only. The connection of the261

deck with the towers in the dynamic analysis (NL-RHA) of the structures with the TADAS dampers262
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Table II. PEER-NGA ground motions. ‘ID’ record sequence number; M
w

moment magnitude; Repi
epicentral distance; V

s,30 average shear-wave velocity over the uppermost 30 m; D0�100% original record
duration; D0�95% strong-shaking interval; SF scale factor.

Earthquake, year ID M
w

Repi [km] V
s,30 [m/s] D0�100% [s] D0�95% [s] SF

Imperial Valley, 1973 1 6.5 13.5 259.9 56.95 30.74 10.0
Morgan Hill, 1984 2 6.1 26.4 215.5 39.96 26.64 8.56
Landers, 1992 3 7.3 121.8 367.5 43.82 31.42 9.46
Landers, 1992 4 7.3 11.03 379.3 43.82 32.20 7.69
Big Bear, 1992 5 6.5 77.3 282.1 59.91 37.89 10.0
Big Bear, 1992 6 6.5 33.5 325.8 46.63 30.45 7.69
Big Bear, 1992 7 6.5 35.0 297.0 99.91 32.97 7.50
Manjil, 1990 8 7.4 50.0 302.6 60.35 30.19 5.92
Manjil, 1990 9 7.4 93.3 289.7 35.35 29.99 4.97
Hector Mine, 1999 10 7.1 61.2 370.1 59.82 29.78 7.69
Darfield, 2010 11 7.0 43.6 638.4 139.95 36.02 7.52
Darfield, 2010 12 7.0 9.4 295.7 59.56 38.81 5.56
Arithmetic mean 335.3 62.17 32.26 7.71

is modelled with a single transverse truss element in which the mass of the MD is lumped at the263

nodes. The nonlinear response of the dampers is simulated by means of an equivalent elastoplastic264

material with a linear kinematic hardening rule that captures the Bauschinger effect. This model265

is suited to study the global response of metals under cyclic loading conditions [32]. Increased266

values of the material hardening have been employed in previous studies on structures with yielding267

MD to represent unintentional increments in the plate thickness, the material over-strength and268

membrane effects of the steel plates at large displacements [33]. In this work, an elastoplastic269

hardening stiffness of 8% the elastic stiffness in the TADAS devices is assumed in the NL-RHA270

in line with the experimental results reported in [22].271

Hp,T

Free UX

FreeUZ

YZ

X

Bp Nd,T plates # tp

Stiff TADASFloating

Ld,T

Base plate 

Base plate 

(a) (b) (c)

(d)

Y

Z

Y

Z

Figure 3. Deck-tower connection in the three cases considered: (a) fully-rigid (‘stiff’) connection, (b) floating
connection, (c) TADAS connection, (d) detail of the TADAS connection.

A semi-harp cable-system arrangement is considered in this work (Fig. 2(a)). Each cable is272

defined in the FE models by means of a single ‘truss’ element (elastic modulus E
p

= 195 GPa),273

thus ignoring the cable-structure interaction during the earthquake. The connection of the cables274

at the towers and at the deck is solved by means of rigid links with lumped masses that simulate275

the effect of the cable anchorages. The flexibility of the tower foundation is described by means of276

translational springs of constant stiffnesses in the X , Y and Z directions and fully restrained rotation.277

4. SEISMIC ACTION

A total of twelve natural accelerograms selected from the PEER-NGA database [34] are considered278

in this study and presented in Table II. These are selected to fit the horizontal design spectrum279

given by EN1998-1 [35] for soft soil conditions (type D), moment magnitudes above 5.5 (Type 1280

spectrum), and a Peak Ground Acceleration of 0.67g. In order to keep the implications of the results281

general, no attempt has been made to relate the proposed design spectrum to any particular location.282

However, this level of demand is broadly consistent with the extreme 2500-year return period event283

considered in the design of the San Francisco-Oakland Bay (SFOB) bridge [6], both in terms of284

spectral accelerations and displacements, as shown in Figure 4.285
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Figure 4. Elastic (5%-damping) spectra and target Eurocode 8 action: (a) accelerations, (b) displacements.
T1,L

P

represents the fundamental transverse period of the bridges with rigid connection. The coloured bands
represent the range of periods of the SDOF system in the bridges with the TADAS dampers and different

µ
d

. The design spectra in the SFOB bridge are included for comparison only.

The scale factors (SF) included in Table II affect the amplitudes of the original accelerograms,286

not their frequency content. The scaled average acceleration spectrum is above 90% and below287

130% of the target design spectrum in the relevant period range [0.029;7] s. This range is selected288

after a modal analysis conducted in all the FE models, covering possible period elongations and the289

contribution of high-order modes (up to 35 Hz). SF ranging from 4.97 up to 10 were employed, the290

level of which has been found not to introduce any significant bias by other studies [36].291

The NL-RHA analyses in this work only cover the window of strong ground shaking D0�95% due292

to the large number of computationally expensive dynamic analyses that are conducted. Table II293

shows the important reduction in the analysis duration when comparing the reduced time-window294

(D0�95%) with the complete one given by the ground motion database (D0�100%). The accelerograms295

are applied synchronously to the bridge supports only in the transverse direction (Y ), ignoring spatial296

variability effects.297

5. APPLICATION OF THE PROPOSED DESIGN METHOD

The methodology presented in Section 2 is applied here to design the TADAS devices in the298

proposed bridges under the demands described previously. According to Step 1, the admissible299

damper forces are selected from the Pushover analysis of the towers. A point load is applied at the300

deck-tower connection and it is gradually increased to simulate the effect of the lateral reaction of301

the deck on the towers (R
T

). The load of the deck is equally distributed to the two connections302

between the lower strut and the legs in order to avoid introducing tensile axial loads in the concrete.303

Fig. 5 presents the transverse displacement of the lower strut versus the applied load. The points on304

the load-displacement curve that are associated with key behavioural stages (i.e. the first crack in305

the concrete and the first yielding in the reinforcement) are also included in this figure. The point306

(ucrack

T

, Rcrack

T

) marks the initial cracking of the concrete at the lower strut (section B in Fig. 5),307

and the point (uyield

T

, Ryield

T

) represents the first reinforcement bar yielding at the tower base (section308

A in Fig. 5). A significant degradation of the stiffness is observed after cracking in Fig. 5, especially309

in the bridge with the shortest main span. This highlights the importance of the damper yielding310

before cracking in the tower occurs (Eq. (1)). Consequently, the capacities of the TADAS devices311

were set to: Rmax

T

= 0.765Rcrack

T

= 8.40, 22.59 and 39.01 MN in the 200, 400 and 600 m span312

bridges, respectively.313

The yielding force of the TADAS devices at the abutments is defined by means of the314

proportionality factor k
R

= RMRSA
A

/RMRSA
T

resulting from the MRSA of the bridge. These ratios are315

Copyright © 2017 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2017)
Prepared using eqeauth.cls DOI: 10.1002/eqe

Page 10 of 22

http://mc.manuscriptcentral.com/eqe

Earthquake Engineering and Structural Dynamics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

TRANSVERSE HYSTERETIC DAMPERS FOR CABLE-STAYED BRIDGES 11

(0.04,29.53)

(0.03,10.98)

(0.06,51.00)

D
ec

k 
fo

rc
e;

T

Ks,T=366 MN/m 

Ks,T=738 MN/m 

Ks,T=850 MN/m

at position B

A

B

at position A

R

TR

T

T

T

T

T

T

Figure 5. Pushover curves describing the response of the tower in the transverse direction.

k
R

= 0.30, 0.53 and 0.46 for the proposed models with 200, 400 and 600 m main span, respectively.316

Note that from a purely static consideration this ratio is kstatic

R

= 0.29 in the studied bridges,317

regardless of the main span, because the length of the deck adjacent to the abutments is 29% of318

the length adjacent to the towers, as shown in Figs. 2(c) and (d). In the 200 m span bridge the319

MRSA can be omitted by adopting k
R

⇡ kstatic

R

= 0.29. However, the values of k
R

obtained with320

the MRSA show that for larger bridges the length of the deck affecting the towers during the ground321

shaking is not directly proportional to the length of the adjacent spans. This is attributed to the large322

transverse flexibility of the deck in long-span bridges.323

In Step 2, the vibrating mass of the deck that contributes to the response of the TADAS devices324

at the abutments is defined by considering that the dampers at these locations resist the inertia325

forces associated with half of the weight of the side spans of the bridge: M
A

= 0.5q
d

BL
S

/g, where326

q
d

= 10.29 kN/m2 is the weight per unit area of the deck (including the structural and non-structural327

mass), B = 25 m is the deck width and g = 9.81 m/s2 is the gravitational acceleration. From the328

value of M
A

, the mass of the deck corresponding to the dampers at the towers (M
T

) is obtained in329

Eq. (3). Note that these masses refer to half of the deck as shown in Fig. 1(b)330

In Step 3, the design ductility demand in the TADAS dampers of the towers and the abutments331

is selected from the range of values: µ
d

= [1, 2, 3, 4, 5, 6, 8]. After defining the damper ductility332

and target displacement (S
d

) in Step 4, their stiffness is obtained in Step 5 by accounting for333

the flexibility of the towers. The elastic stiffnesses of the towers are calculated from the load-334

displacement response in Fig. 5: k
s,T = Rcrack

T

/ucrack

T

= 366, 738 and 850 MN/m for the 200, 400335

and 600 m span bridges, respectively. The displacements of the lower strut of the tower when the336

TADAS devices yield are obtained as: uy

s,T = Rmax

T

/k
s,T = 0.023, 0.031 and 0.046 m, respectively.337

The thickness of the metallic plates is considered as t
p

= 20 mm in the design of the dampers in338

Step 6. The height of the plates (H
p,i) is obtained from Eq. (9) and it is included in Table III, along339

with other characteristic features of the dampers for bridges with different main spans. Considering340

the same bridge, the stiffness of the dampers increases by increasing the design ductility, and the341

height of the plates is reduced accordingly because the width of the plates (B
p

) is kept constant.342

The maximum height of the plates is set as 2.0 m, which is the distance between the deck and the343

lower strut in Fig. 2(b). This limit is not exceeded in the proposed dampers, as it can be observed344

from Table III. In the present study, the width of the plates (B
p

) is the same in the dampers along the345

deck and it is not constrained as there is sufficient space in the abutments and the transverse struts of346

the towers in the longitudinal direction. However, B
p

has been increased with the main span of the347

bridge in order to reduce the number of plates in the TADAS dampers (N
d,i) and their length (L

d,i).348
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Table III. Mechanical properties and dimensions of the TADAS devices. Symbols and units: L
P

main span
length [m]; µ

d

damper’s design ductility; F
Rd

damper performance factor from Eq. (12); T vibration period
(SDOF) [s]; ⇠tot damping ratio (SDOF); B

p

plate width [m]; K
d,i elastic stiffness of the i-th damper [MN/m];

H
p,i plate height of the i-th damper [m]; N

d,i number of plates in the i-th damper; L
d,i length of the i-th

damper [m]. The values corresponding to the optimal ductility µ
d,opt (minimum F

Rd

) are highlighted.

Abutment connection Tower connection
L
P

µ
d

F
Rd

T ⇠tot B
p

K
d,A H

p,A N
d,A L

d,A K
d,T H

p,T N
d,T L

d,T

200 1.0 0.37 3.3 0.05 0.6 3.7 1.84 140 5.58 12.9 1.82 461 18.42
2.0 0.26 2.7 0.18 0.6 11.4 1.06 80 3.18 39.9 1.03 262 10.46
3.0 0.25 2.6 0.23 0.6 18.7 0.82 62 2.46 65.7 0.80 204 8.14
4.0 0.23 2.5 0.25 0.6 26.1 0.70 53 2.10 91.6 0.68 172 6.86
5.0 0.22 2.5 0.27 0.6 33.4 0.62 46 1.82 117.6 0.60 152 6.06
6.0 0.25 2.5 0.28 0.6 40.9 0.56 42 1.66 143.9 0.54 137 5.46
8.0 0.31 2.4 0.30 0.6 55.9 0.48 36 1.42 197.2 0.46 117 4.66

400 1.0 0.31 2.2 0.05 1.2 17.8 1.84 332 13.26 35.4 1.80 613 24.50
2.0 0.19 1.5 0.18 0.8 70.9 0.93 250 9.98 148.7 0.88 449 17.94
3.0 0.22 1.4 0.23 0.8 129.3 0.68 185 7.38 278.1 0.64 328 13.10
4.0 0.29 1.3 0.26 0.8 192.2 0.56 152 6.06 420.0 0.52 267 10.66
5.0 0.42 1.3 0.29 0.8 260.2 0.48 130 5.18 576.0 0.45 228 9.10
6.0 0.51 1.2 0.31 0.8 334.3 0.43 115 4.58 749.3 0.39 200 7.98
8.0 1.07 1.1 0.36 0.8 503.6 0.35 93 3.70 1156.5 0.31 161 6.42

600 1.0 0.24 2.2 0.05 2.1 26.0 1.84 278 11.10 62.1 1.79 600 23.98
2.0 0.19 1.6 0.18 1.6 100.1 0.94 186 7.42 254.2 0.88 389 15.54
3.0 0.19 1.4 0.23 1.6 182.5 0.70 137 5.46 478.0 0.64 284 11.34
4.0 0.22 1.3 0.26 1.6 271.6 0.57 113 4.50 726.0 0.52 230 9.18
5.0 0.26 1.3 0.29 1.6 368.7 0.49 97 3.86 1002.4 0.44 196 7.82
6.0 0.31 1.2 0.31 1.6 475.2 0.43 85 3.38 1313.1 0.39 171 6.82
8.0 0.46 1.2 0.36 1.6 722.1 0.35 69 2.74 2063.7 0.31 136 5.42

The devices at the abutments are significantly shorter than those at the towers because the length of349

the damper is directly proportional to the yielding force, therefore: L
d,A = L

d,T · kT .350

Finally, the optimal damper ductility (µ
d,opt ) is selected in Step 7 as the value that minimises351

the performance factor F
Rd

defined in Eq. (12). In order to obtain F
Rd

, the admissible values of352

the structural response are set as follows: (1) the maximum admissible percentage of the input353

energy that is dissipated by inelastic excursions in the towers during the earthquake is considered354

25% (i.e. ⌦
adm

= 0.25) [21], and (2) the maximum admissible deck-tower relative displacement is355

set as umax

dT,adm = 1.0 m in this work, which is the distance between the deck and the tower in the356

transverse direction in the proposed bridges (Fig. 2 (e)). The performance factor F
Rd

included in357

Table III is calculated from the results of the dynamic analysis, as discussed in the next section. The358

values of F
Rd

are obtained by considering the arithmetic mean plus one standard deviation (s) of359

the results obtained from the set of 12 accelerograms. Large values of the design ductility (µ
d

> 5)360

are strongly penalised by F
Rd

due to the risk of low-cycle fatigue (Section 6.4). In the range of low361

design ductilities (µ
d

< 2) the low-cycle fatigue risk is reduced, however, the response is usually362

not optimal in terms of energy dissipation (Section 6.1) and peak damper displacement (Section363

6.3). As a result, the optimal damper ductility levels range between 2 and 5 in the three bridges.364

6. NONLINEAR RESPONSE HISTORY ANALYSIS AND DISCUSSION

The seismic response of the bridges with the dampers shown in Table III is studied in this section365

by means of the Nonlinear Response History dynamic Analysis (NL-RHA) of the complete bridge366

FE models (including the deck, the cable-system and the towers) under the 12 records described in367

Section 4. For comparison purposes, the models with stiff and floating connections are also included368

in the discussion. The Hilber-Hughes-Taylor implicit algorithm [37] implemented in ABAQUS [32]369

is used for the numerical integration, with maximum and minimum admissible time-steps of 10�2370

and 10�12 s, respectively. The inherent structural damping ratio is 5% and it is defined by means371

of a Rayleigh damping distribution in the range of relevant vibration modes mentioned previously.372
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The NL-RHA results were postprocessed to obtain the arithmetic mean and the standard deviation373

(s) of the response parameters at the towers, the deck and the TADAS devices.374

6.1. Energy balance and damage ratio375

The evolution of the energy balance during the earthquake is especially important in bridges376

equipped with dampers because these are designed to minimise the energy dissipated by inelastic377

excursions in the main structure. Fig. 6 compares the energy introduced by the ground motion (E
W

)378

with the cumulative energy dissipated through material nonlinearity in the tower legs (E
Sp,legs)379

and the TADAS dampers (E
Sp,dA at the abutments and E

Sp,dT at the towers). The case considered380

is the 200 m span bridge under Record #4 (with the largest S
a

(T1)). A strong reduction of the381

energy dissipated by the tower legs is observed when the TADAS devices (with µ
d

= µ
d,opt = 5)382

are located at the supports of the deck. At the end of the simulation, E
Sp,legs in the 200 m bridge383

equipped with these dampers is only 24% of that in the model with stiff deck-tower connection.384

This represents an important improvement in the seismic response because the tower legs carry the385

loads from the deck directly to the foundation. The dampers, in turn, dissipate a considerable part of386

the input energy, especially the ones located at the deck-tower connections. This is due to the larger387

proportion of the mass of the deck that corresponds to these dampers (M
T

> M
A

in Eq. (3)). The388

results in Fig. 6 also show that the dampers at the abutments (E
Sp,dA) and at the towers (E

Sp,dT)389

start yielding at the same instant (t = 5.2 s for Record #4). This type of response indicates that the390

yielding force of the dampers along the deck is adequately distributed by using Eq. (2).391

External work

s

Figure 6. Evolution of the energy input by the earthquake (E
W

) and the cumulative plastic energy dissipated
by the tower legs (E

Sp,legs) in the 200 m span bridge with stiff and TADAS connections. The energy
dissipated by the dampers at the abutments (E

Sp,dA) and at the towers (E
Sp,dT) is included. Record #4.

A ratio between the total energy that is dissipated by plastic deformations in the structural392

components and the energy introduced by the earthquake is defined in order to compare the results393

of different bridges [38]. The response parameter proposed in this work, referred to as damage ratio394

⌦, distinguishes the damage in different parts of the tower (E
Sp, j) and is defined as:395

⌦ =
X

j

⌦
j

=
X

j

E
Sp, j

E
W

=

P
j

D0,95%R

0

*.
,
R

V

j

�c : "̇pl dV+/
-

d⌧

D0,95%R

0

*
,

R

V

tot

(�m◆ü
g

) · v dV+
- d⌧

(13)
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where ⌦
j

is the damage ratio in the j-th structural member, with j = s1, s2, s3 and “legs”396

representing the contribution to the total energy dissipation of the lower, medium, upper struts and397

the two lateral legs of the tower, respectively, as shown in Fig. 2(b).
R
V

(·) represents the integral398

over the volume V of the portion of the structure that is under study. In the calculation of the input399

energy (E
W

), the whole bridge model is considered, hence V = V
tot

. However, in the calculation400

of the plastic dissipation at different structural members only the volume V
j

corresponding to the401

j-th member is considered (taking into account that each member is repeated in the two towers of402

the bridge). �c is the stress derived from the constitutive equations, without viscous dissipation403

effects; "̇pl is the plastic strain rate; D0,95% is the reduced duration of the earthquake (as discussed404

in Section 4); m is the mass matrix of the structure; ◆ is the influence matrix that connects the405

degrees of freedom of the structure with the directions in which the accelerograms are applied:406

üT

g

(t) = (üX

g

, üY
g

, üZ

g

), that reduces to üY
g

in this study. Note that the energy dissipated by the dampers407

is not included in ⌦ in order to quantify the fraction of the input seismic energy that is dissipated408

by the main structure. Ideally, the dampers should absorb all the energy that would be otherwise409

dissipated by inelastic excursions in the structure, in which case ⌦ = 0.410

Fig. 7 presents the damage ratio ⌦
j

for all the damper ductility values considered in the study.411

The solutions with stiff and floating connections are also included for comparison purposes. The412

different parts in each bar represent the contribution (arithmetic mean) of each component of413

the tower (⌦
j

) to the total value of ⌦. The first important remark from Fig. 7 is the significant414

dissipation by inelastic excursions that take place in the towers when the deck-tower connection is415

fully rigid. This is especially important for the shortest bridge, in which 32% of the total energy416

of the earthquake translates into tower damage. Furthermore, 12% of the input energy is dissipated417

by plastic deformations in the tower legs (⌦legs = 0.12), which could compromise the integrity of418

the whole structure. In the same bridge (L
P

= 200 m), the floating deck-tower connection reduces419

the dissipation in the tower legs down to approximately 1%. Analogous damage levels in the tower420

legs are also achieved with the TADAS connection but, in addition: (1) the lower transverse strut421

of the towers (s1) is better protected (see the negligible ⌦
s1 with the TADAS devices), and (2) the422

deformability of the deck under lateral service loads is controlled by the stiffness of the damper.423

1 2 3 4 5 6 8

TADAS

LP = 200 m

FloatingStiff

TADAS ductility
1 2 3 4 5 6 8

TADAS

LP = 400 m

FloatingStiff

TADAS ductility
1 2 3 4 5 6 8

TADAS

LP = 600 m

FloatingStiff

TADAS ductilityd d d

(a) (b) (c)

legs

legs

legs

Tower legs

Figure 7. Damage ratio ⌦
j

in bridges with (a) 200 m, (b) 400 m and (c) 600 m main span.

Fig. 7 also compares the results for different damper ductilities (µ
d

) in the three bridges. For all424

the design ductility levels the TADAS devices reduce significantly the damage of the towers in the425

200 m span bridge (Fig. 7(a)). It is observed that the towers of this particular bridge are increasingly426

better protected at larger µ
d

. A maximum reduction of the total tower damage from⌦ = 0.32 to 0.02427

(i.e. 94%) is achieved by substituting the stiff deck-tower connection with the TADAS dampers with428

µ
d

= 8 in the model with L
P

= 200 m. Likewise, the TADAS connection with µ
d

= 5 reduces the429

tower damage by 91%. In fact, the influence of the ductility of the TADAS devices on the energy430

dissipated by plastic deformations in the towers is small for µ
d

> 5, in all the bridges.431

A more modest reduction of damage with the TADAS connection is observed in the towers of432

the 400 and (especially) 600 m main span bridges in Fig. 7. Some configurations of the TADAS433

dampers lead to total tower damage levels that are similar to those with the stiff connection in these434
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structures (Figs. 7(b) and (c)). However, certain designs of the TADAS devices minimise the energy435

dissipated in the towers and improve the response.⌦ is reduced from 0.22 to 0.11 (i.e. down to 50%)436

when comparing the response of the 400 m bridge with stiff deck-tower connection and that with the437

µ
d

= 5 TADAS dampers. Nonetheless, the maximum tower damage reduction due to the TADAS438

devices is only 20% in the 600 m bridge, which is attributed to the inefficiency of the dampers439

located at the deck-tower connection in long-span bridges [12].440

The bridges with the TADAS devices that are designed to remain elastic (µ
d

= 1) performed441

better than those with fully-rigid transverse connection. This is observed for all the spans, but442

especially in the 200 m bridge, for which the tower damage is reduced down to 62% with the µ
d

= 1443

TADAS dampers. This is due to the reduction of the damage in the lower strut (s1) by transferring444

the lateral load of the deck directly to the strut-leg connections, which prevents tensile axial loads445

to be introduced in the lower strut by the fully-rigid connection (see Fig. 3). However, in the 200446

and 400 m span bridges the TADAS devices with µ
d

= 1 lead to larger structural damage than the447

connections in which the dampers are designed to dissipate (µ
d

> 1), because these absorb part448

of the energy dissipated at the intermediate strut (s2). This is observed by the reduction of ⌦
s2 in449

Figs. 7(a) and 7(b) with µ
d

> 1. Nevertheless, the damage in the strut s2 tends to be increased by450

installing the TADAS devices at the deck-tower connection. This is because the lower strut (s1) is451

kept essentially elastic during the earthquake when the dampers are installed, and the lateral drift of452

the tower is consequently shifted towards the cable-anchorage area where the strut s2 is located, as453

it will be discussed in Section 6.2.454

6.2. Response of the towers455

The damage distribution in the tower described in Fig. 7 is directly related to the peak lateral drift of456

the tower legs shown in Fig. 8. This figure presents the results in the left tower (T1 in Fig. 1(b)), the457

same are obtained in the other tower. The TADAS dampers clearly reduce the lateral displacement458

along the towers in the 200 m bridge, even below the response with floating connection. For this459

main span length the lateral drift in the bridge with the TADAS devices, or with the floating460

connection, is especially reduced below the lower strut (s1) as shown in Fig. 8(a). This is explained461

by the large force exerted by the deck into the towers in the model with stiff connection. The effect462

of the damper ductility (µ
d

) is more significant in the reduction of the tower lateral displacement463

above the deck. In the 200 m bridge, the peak drift at the tower top is reduced from 0.7 to 0.5%464

by increasing the ductility of the TADAS devices from µ
d

=1 to 8, although the influence of the465

damper ductility is not significant beyond µ
d

= 4. As the main span length increases, the peak drift466

in the towers is reduced, however, the efficiency of the TADAS connection to control the tower467

displacement is also diminished. This is more evident at the tower top due to its location further468

away from the position of the deck-tower connection in the towers of the 600 m bridge (H = 125 m469

above the deck). Indeed, Figs. 8(b) and (c) show the little influence of the deck-tower connection on470

the displacements of the 400 and 600 m bridge towers, respectively, for which the structures with471

stiff and floating connections also have a similar response.472

level s3 

level s2 

level s1 

level s2 

level s1 

level s3 

level s2 

level s1 

level s3 
LP = 200 m;(a) = 62.5 m LP = 400 m; = 125 m LP = 600 m; = 187.5 m(b) (c)

Figure 8. Peak lateral drift (mean) along the tower legs: (a) 200 m, (b) 400 m and (c) 600 m span bridges.
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Fig. 9 presents the peak normal deformation that is recorded during the earthquake along the legs473

of the towers in the bridges without dampers and with the optimal TADAS devices. The results474

include the effect of the self-weight of the structure. The compressive deformation (negative) is475

measured in the corners of the sections, whilst the tensile deformation (positive) refers to the outer476

perimeter of longitudinal reinforcement. The different dimensions of the sections and the position477

of the reinforcement along the tower are considered according to the arrangement presented in478

Fig. 2(b). The peak deformations in tension and compression shown in Fig. 9 are not concomitant479

and can be directly compared with the tensile and compressive elastic limits and strength of the480

materials. The curves refer to the arithmetic mean of the results obtained with the set of 12 records.481

The coloured bands centred on the mean response represent one standard deviation (s).482
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Figure 9. Peak normal deformation along the tower legs for the models with the optimal TADAS devices,
and without them, in bridges with (a) 200 m, (b) 400 m and (c) 600 m main span.

All the structures show a significant localisation of the inelastic demand at the strut-leg483

connections of the towers and at their base. From the design point of view, this limits the number of484

critical sections that require high quantities of reinforcement. The beneficial effect of the TADAS485

dampers is clear in the 200 m span bridge (Fig. 9(a)), in which the concrete remains virtually486

elastic in compression and the reinforcement yielding is largely prevented along the tower. The peak487

tensile deformation (arithmetic mean) in the reinforcement at the tower base of the 200 m bridge is488

reduced from "
s

= 1.46% with the stiff connection, and "
s

= 0.44% with the floating connection,489

to "
s

= 0.40% with the optimal TADAS configuration. Record #4 is largely responsible for the490

moderate yielding of the reinforcement steel ("
sy

= 0.26%) at the tower base in the model with the491

TADAS connection. In terms of deformations, the improvement in the seismic response of the 200492

m bridge tower legs with the TADAS devices is more evident above the deck, and especially at the493

level of the connection with the intermediate strut (s2). At this position, the demand of deformation494

is reduced respectively by 76% and 54% in tension and compression when comparing with the495

stiff connection. In the 400 m span bridge with optimal TADAS devices the deformation of the496

towers above the deck is significantly reduced (Fig. 9(b)), although the reinforcement yields at the497

connections of the legs with the transverse struts s2 and s3. At the tower base, the tensile deformation498

is reduced by 29% with the optimal TADAS dampers, which is below the reduction achieved in the499
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200 m bridge and it does not prevent yielding at this section. However, it should be noted that the500

damage in the towers of the structures with conventional main span lengths of 200 and 400 m is501

moderate and they remain essentially elastic thanks to the hysteretic response of the dampers under502

extreme seismic actions (especially the shortest bridge). This satisfies the design criterion in existing503

cable-supported bridges with MD located in seismic areas with design ground motions of similar504

intensity (i.e. the SFOB bridge [6]).505

Fig. 9(c) shows the peak deformations in the towers of the largest bridge. The response at the506

anchorage zone of the 600 m bridge is almost insensitive to the deck-tower connection (where the507

dampers are located) because of the large distance between both. The demand of deformation at508

the tower base is increased by 34% when the TADAS devices are equipped in the 600 m bridge,509

in comparison with the response with stiff connection. Fig. 9(c) shows the severe cracking and the510

yielding of the reinforcement in the sections at the anchorage area near the strut-leg connections,511

which is related to the large damage in the intermediate strut (⌦
s2) of the 600 m bridge towers512

observed in Fig. 7(c). However, the ultimate deformation of the concrete and the steel in the towers513

is not exceeded in any of the records, for none of the design solutions and main spans considered.514

6.3. Load-displacement response of the dampers515

Fig. 10 shows the load-displacement response of the TADAS dampers in the 200 m bridge subject516

to the ground motion Record #4, for two different ductility levels. This figure illustrates the lower517

stiffness and yielding force of the devices at the abutments (K
d,A and Rmax

A

) in comparison with518

those at the towers (Table III). It is also observed that the area enclosed by the load-displacement519

curve of the dampers at the towers is significantly larger than that at the abutments, which is directly520

related to the 85% increment in the energy dissipated at the deck-tower connections (E
Sp,dT ) when521

compared to the one dissipated at the deck-abutment connections (E
Sp,dA) in Fig. 6. The dampers522

designed to behave elastically (µ
d

= 1) dissipate some energy under the accelerograms in which523

the spectral acceleration at the fundamental period is larger than the target spectrum for which the524

dampers are designed, e.g. Record #4 in Fig. 4. However, it should be recalled that in all cases the525

average ductility demand, considering the complete set of records, is close to the target one.526

2.51 MN

0.77 m
3.45 MN

0.94 m
2.59 MN

18.75 MN

3.75 MN/m

(a)

0.74 m
11.69 MN

8.40 MN

0.91 m
8.66 MN

65.75 MN/m65.75 MN/m

=0.91 MN

12.89 MN/m

(b)

Figure 10. Load-displacement response of the TADAS devices with different design ductilities in the 200 m
bridge subject to Record #4; (a) dampers at the abutments, (b) dampers at the towers. The admissible limits

are included in the damper at the towers, as well as the force induced by the design wind action (Rwind

T

).

The dampers yield before exerting the maximum admissible force into the towers: Rmax

T

= 8.4527

MN < Rcrack

T

= 10.98 MN, as shown in Fig. 10(b). However, due to the post-yielding hardening528

of the damper, the maximum deck-tower reaction slightly exceeds the admissible limit (Rcrack

T

) for529

Record #4. This is considered acceptable because it is only observed under the strongest record530

of the set, with the average value of the peak deck-tower reaction below the maximum admissible531
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level. Fig. 10(b) shows an increment of strength of 39% in the tower damper when its displacement532

is 6 times larger than the elastic limit, which is consistent with experimental testing [22].533

In a separate static analysis, the design wind action (30 m/s basic wind speed [39]) is applied as534

a uniform lateral pressure along the entire length of the deck to obtain a conservative value of the535

service load resisted by the TADAS devices at the towers (Rwind

T

) and at the abutments. From the536

study of the 200, 400 and 600 m span bridges the wind forces are Rwind

T

= 0.91, 2.42 and 4.45 MN,537

respectively, which fall below the yielding loads of the dampers at the towers (Rmax

T

= 8.4, 22.4 and538

39.0 MN, respectively). The same is observed in the dampers at the abutments. Consequently, the539

design wind action is not able to activate the dissipation of the TADAS devices, which reduces the540

risk of fatigue and permanent displacement of the deck under wind loads or moderate earthquakes. It541

is also verified, for the particular case presented in Fig. 10, that the maximum relative displacement542

between the deck and the towers during the earthquake (umax

d,T ) is smaller than the available space543

between the girder edges and the tower legs (umax

dT,adm = 1 m).544

In order to give a broader view of the response, Fig. 11 shows the arithmetic mean of the peak545

damper displacement demand (umax

d,i , where i = A for the abutments and T for the towers) in the546

three bridges, considering the complete set of ground motions. The standard deviation of the results547

(coloured band s) is only given for the tower dampers to improve clarity but similar values are548

obtained at the abutments. By increasing the ductility of the damper, the demand of displacement at549

the deck connections is reduced, at higher rate for low ductility levels. This can be explained by the550

larger elastic stiffness that is required from the damper in order to achieve a higher ductility demand551

with the same target displacement and yielding load, which results in lower vibration periods (see552

Table III) and spectral displacements (Fig. 4(b)). For the same reason, the bridges with long spans553

(400 and 600 m) present smaller displacement demands in the dampers and the utilisation of these554

devices is reduced. The damper displacement demand at the towers decreases from 0.28 to only 0.05555

m (approximately 80%) by increasing the main span from 200 to 600 m, for µ
d

= 8. Accounting556

for one standard deviation (s), the peak deck-tower displacement is well below the 1 m transverse557

space between the edges of the deck and the legs of the towers in all cases, which prevents lateral558

impacts between both elements during the earthquake.559

The peak relative displacement between the deck and the towers in the uncontrolled bridges (with560

stiff and floating connections) and the bridges equipped with the TADAS devices is also compared561

in Fig. 11. All the solutions for the deck-tower connection satisfy the maximum displacement562

requirements. However, if the deck is disconnected from the towers in the transverse direction563

(floating solution) the response under lateral service loads (e.g. wind actions) is too flexible. For564

this reason, certain transverse stiffness is required at the deck-tower connection and this can be565

directly provided by the elastic stiffness of the TADAS devices (K
d,i). Furthermore, the optimal566

TADAS connection presents peak displacements that are smaller than those resulting from the567

floating connection, especially for the 400 m span bridge in which the reduction is down to 66%.568

The mean relative displacement demand in the dampers at the abutments is close to the target569

displacement (S
d

) resulting from the design Step 4. However, the relative displacement of the570

dampers at the towers is lower than the one at the abutments. This is partly because Fig. 11 refers to571

the peak relative displacement of the TADAS devices, measured between the top and the bottom of572

the triangular plates, and it does not account for the transverse movement of the towers when these573

dampers yield: uy

s,T = 0.023, 0.031 and 0.046 m for the 200, 400, 600 m span bridges, respectively.574

However, the lateral displacement of the tower in the 600 m span bridge cannot entirely explain575

the difference between the displacement of the dampers along the deck (up to 0.45 m). Fig. 12576

presents the transverse displacement of the deck (plan view) in the bridges with the TADAS dampers577

(µ
d

= 5) subject to Record #4. It is apparent that the 200 m bridge is dominated by the uniform578

lateral motion of the deck when the dampers yield, which is consistent with the SDOF motion579

idealisation proposed in the design method (Fig. 1(b)). Fig. 12 also shows that the displacement580

demand in the dampers along the deck is similar in the small bridge. As the main span increases581

the contribution of high-order vibration modes to the lateral response is more pronounced. This is582

partially accounted for in the distribution of the capacity of the dampers and the vibrating mass583

in the proposed method (Eqs. (2) and (3)), resulting in the simultaneous yielding of the devices.584

Copyright © 2017 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2017)
Prepared using eqeauth.cls DOI: 10.1002/eqe

Page 18 of 22

http://mc.manuscriptcentral.com/eqe

Earthquake Engineering and Structural Dynamics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

TRANSVERSE HYSTERETIC DAMPERS FOR CABLE-STAYED BRIDGES 19

However, after yielding, the lateral movement of the deck is clearly not uniform in the 600 m bridge585

(Fig. 12(c)), leading to a significant difference in the displacement demands between the dampers at586

the abutments and the towers (Fig. 11(c)). Nevertheless, the results of the simulations indicate that587

this difference is accommodated in the deck without exceeding the elastic limits of the materials588

due to its large transverse flexibility and length.589

(TADAS at abutment)
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Figure 11. Peak relative deck-support displacement: (a) 200 m, (b) 400 m and (c) 600 m span bridges.
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Figure 12. Plan view of the deck in different time-steps during the seismic response: (a) 200 m, (b) 400 m
and (c) 600 m span bridges with the TADAS dampers (µ

d

= 5). Record #4.

6.4. Low-cycle fatigue risk in the dampers590

The large inelastic excursions in the dampers during the earthquake (see Fig. 10) make these devices591

sensitive to low-cycle fatigue. In this work, a simplified approach based on the number of cycles to592

failure given by the Coffin-Manson rule (N
f

) in a steel specimen subject to a constant plastic strain593

amplitude �"p/2 [24] is adopted:594

N
f

=
1
2
*
,
�"p

2"0
f

+
-

1/c

(14)

where "0
f

is the failure strain for a single reversal (referred to as fatigue ductility coefficient)595

and it is considered equal to the ultimate plastic strain of the material in a monotonic test, i.e.596

"0
f

= "p
su

= 11.1%; c is the fatigue ductility exponent, which depends on the type of steel employed597

in the plates of the dampers, in this study c = �0.55.598

The displacement time-histories of the dampers that result from the FE model of the bridge in599

NL-RHA (u
d,i (t) in Fig. 10) need to be transformed into strain along the triangular plates ("

i

(t)) in600

order to obtain the number of cycles to failure (N
f

) from Eq. (14). The distribution of strain in the601

plates is uniform due to their triangular shape and it is related to the displacement at the top of the602

plate through its thickness (t
p

) and height (H
p,i):603
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"
i

(t) = u
d,i (t)

t
p

H2
p,i

(15)

The Palmgren-Miner index is employed to account for the non-constant plastic strain amplitude604

in the TADAS damper at the i-th support during the earthquake:605

PM
i

=

N

cX

m

1
N
f

|
m

(16)

PM
i

represents the low-cycle fatigue failure risk (PM
i

� 1 means failure) in the TADAS device at606

the i-th support, with i = A, T for the abutments and the towers, respectively; N
c

is the number of607

cycles with plasticity at the dampers; N
f

|
m

is the number of cycles to failure obtained from Eq. (14)608

if the plastic strain range amplitude of the m-th cycle (�"p
m

/2) is kept constant.609

The results of PM
i

for all the records and the complete range of damper design ductilities are610

included in Fig. 13, along with the arithmetic mean and one standard deviation. The low-cycle611

fatigue risk strongly increases with the design ductility of the damper, and it is more pronounced in612

the TADAS devices located at the abutments than those at the towers. This is attributed to the lateral613

flexibility of the towers, which reduces the relative displacement of the dampers at these locations.614

The mean value of PM
i

plus one standard deviation is below failure in all cases, but the dampers615

with large design ductilities fail due to the low-cycle fatigue under the strongest record of the set616

(Record #4), particularly in the 400 and 600 m span bridges. However, the selected TADAS devices617

with optimal ductilities (µ
d,opt ) do not fail for any of the records.618
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Figure 13. Low-cycle fatigue (Palmgren-Miner) index: (a) 200 m, (b) 400 m and (c) 600 m span bridges.

7. CONCLUSIONS

In this paper, a new method is proposed to design optimal yielding metallic dampers for the619

seismic control of short-to-medium span cable-stayed bridges in the transverse direction. Although620

this study has focused on Triangular-plate Added Damping And Stiffness (TADAS) devices, the621

method is applicable to a wide range of metallic dampers connecting the deck to the supports.622

The methodology assumes that the lateral response of the deck can be described by an equivalent623

SDOF system of uniform motion. The governing design parameter is the ductility of the TADAS624

dampers, which defines in turn the dimensions of the plates. A multi-objective response factor that625

accounts for the energy dissipation by plastic deformation in the structure, the peak displacement626

in the deck-tower connection and the low-cycle fatigue risk in the dampers is proposed to find the627

optimal damper ductility.628

The characteristic seismic response of cable-stayed bridges has been explicitly considered in629

the following aspects of the proposed methodology: (1) the TADAS devices at the deck-tower630

connections are set to yield before cracking in the tower is initiated in order to prevent the631

degradation of the tower stiffness after cracking that is observed in the nonlinear static analysis;632
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(2) the yielding force of the dampers at the abutments is obtained as a fraction (k
R

) of the capacity633

in the tower dampers in order to enforce the lateral ‘rigid body’ motion of the deck and to obtain a634

synchronous response of the dampers along its length during the earthquake; and (3) the vibrating635

mass in the design procedure accounts for the part of the deck that, due to its large transverse636

flexibility, moves without affecting the TADAS devices at the towers.637

The nonlinear static and dynamic transverse seismic responses of three cable-stayed bridges with638

200, 400 and 600 m main span lengths and different deck-support connections have been explored.639

Series of deterministic nonlinear dynamic analysis under the extreme design earthquake were run640

based on expected material properties. It was observed that the design of the TADAS devices is641

governed by the damage in the towers and the damper displacement for low ductility levels (below642

µ
d

= 2), and by the low-cycle fatigue risk for large ductility levels (above µ
d

= 5). The optimal643

design ductility of the dampers falls between these two values and the resulting TADAS connection644

can reduce the seismic energy dissipated by plastic deformation in the towers, especially along the645

legs, which have a paramount importance for the integrity of the whole structure. This is of particular646

significance in the 200 m bridge, in which the optimal TADAS dampers reduce the damage and647

the peak lateral drift in the towers by 91% and 58%, respectively, preventing significant cracking648

in these members in comparison with the conventional solution with fully-rigid transverse deck-649

tower connection. The benefits of the dampers in the 400 m span bridge are only appreciable for650

the optimal TADAS devices (50% and 3% reduction in the tower damage and peak displacement,651

respectively) which highlights the importance of including the target ductility of the damper in the652

design procedure. This response meets the performance requirements in existing cable-supported653

bridges designed to resist earthquakes with similar intensities. However, the beneficial effect of654

the TADAS dampers at the transverse deck connections in the 400 m span bridge is moderate in655

comparison with the shortest bridge, while it is completely negligible in the 600 m span bridge.656

This is due to the relatively smaller influence of the deck-tower connection on the transverse seismic657

response of the towers in longer bridges. This result suggests further research on supplemental658

damping systems for the control of the transverse seismic behaviour of large cable-stayed bridge659

towers, in which the dampers should be distributed along the height of the tower and not only at the660

deck-tower connections.661

The validity of the proposed design method for TADAS devices has been proved in conventional662

short-to-medium span bridges under the extreme ground shaking. However, the assumed uniform663

motion of the deck ignores the contribution of high-order modes that are particularly relevant for the664

600 m span bridge. The applicability of the design framework can be extended to long-span bridges665

by defining an equivalent SDOF system that accounts for the contribution of high-order vibration666

modes. It should be also noted that further reliability studies are needed to establish appropriate667

safety factors for design purposes, accounting for the uncertainties on the response of the dampers668

and their mechanical properties. These should be addressed by means of extensive experimental669

testing and detailed FE analysis of the optimal TADAS dampers resulting from the proposed design.670
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