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ABSTRACT 
 
 
 
In this study, a damping-enhanced strengthening (DES) strategy was introduced 

to retrofit bridge structures for multiple performance objectives. The main objectives of 

this study are (1) to numerically demonstrate the effectiveness of the anchoring 

mechanism of a constrained damping layer in the proposed DES system, and (2) to 

evaluate the performances of a highway bridge retrofitted with a DES retrofit technique 

of viscoelastic (VE) damping and carbon-fiber-reinforced-polymer (CFRP) strengthening 

components that are nearly independent under weak earthquakes but strongly coupled 

under strong earthquakes. 

The effects of various constrained surface damping layers on the responses of 

simply-supported beams and cantilevered columns were first investigated analytically. 

An emphasis was then placed on the development of a finite element modeling technique 

to simulate the effect of a distributed VE damping layer on the responses of columns. 

Finally, the DES strategy was applied to retrofit the Old St. Francis River Bridge 

columns. Both operational and safety performance objectives of the bridges were 

evaluated with pushover analyses under earthquakes of various magnitudes. 

An anchored constrained damping layer was found several times more effective 

than a conventional constrained layer, particularly when covering 20-80% of the column 

height. To meet the two performance objectives, the Old St. Francis River Bridge 

columns must be wrapped with three plies of CFRP sheets and one VE layer. The new 

retrofit strategy is well suited in the context of next-generation performance-based 

seismic design and retrofit of highway bridges and other structures. 
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1. INTRODUCTION 
 
 
 
1.1. OVERVIEW 

Earthquake hazards have become a matter of increased concern over the last 

several decades. In recent history, earthquakes have ravaged various countries throughout 

the world causing great damage. The survival of bridges during earthquakes is often of 

critical importance, as bridges provide a means for food and supplies to reach those 

affected in the emergency. Therefore, it is a priority of civil engineers to design bridges 

along essential transportation routes that will remain functional even after a devastating 

earthquake event. 

In the United States, efforts have been made to increase research in the area of 

seismic activities. This includes retrofitting of previously erected structures located in 

seismically vulnerable areas. The development of the Federal Highway Administration’s 

Seismic Retrofitting Manual for Highway Bridges (hence referred to as the FHWA 

Manual) in 2005 has provided engineers with a solid resource for both evaluating and 

retrofitting existing bridge structures. 

 
 
 

1.2. OBJECTIVES OF THE STUDY 

This study addresses several key issues related to the performance-based seismic 

design and retrofit of reinforced concrete (RC) structures with the recently proposed 

damping-enhanced strengthening (DES) strategy. Emphases were placed on (1) to 

quantify the effects of various constraining mechanisms of a viscoelastic (VE) layer in 

the DES strategy, and (2) to approximately investigate how effective the proposed DES 
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strategy is at the bridge system level in terms of both operational and safety performance 

objectives. Specifically, the main objectives of this study are (1) to investigate the effect 

of a distributed VE layer on the bending vibration of beams, (2) to investigate the VE 

layer damping effect on the elastic responses of bridge columns, and (3) to evaluate the 

multiple performances of bridge columns under various earthquakes of different 

magnitudes. 

The surface damping effect plays a significant role in the reduction of seismic 

responses by the DES strategy, particularly for elastic or near elastic responses. 

Therefore, it is necessary to apply suitable materials that can induce the damping effect to 

the system to reduce its responses. VE materials in distributed form were commonly used 

in mechanical and aerospace engineering to control vibration-induced fatigue in airframes 

and for general vibration suppression. In this study, VE materials in distributed form 

were used for obtaining possible damping effects since they are widely used as damping 

materials. To maximize the damping effect, however, an anchored constrained VE layer 

configuration was used in this study for both simply supported beams and cantilever 

columns. Each VE layer is constrained at one end in order to increase its shear 

deformation and thus dissipate energy. If two VE layers are considered, they are 

constrained at the two ends, respectively. 

Since the intent was to analyze the bridge based on FEM, one significant step 

towards that goal was to develop a finite element modeling technique for the 

implementation of the DES methodology in practical application. Specifically, discrete 

springs were introduced to model the effects of distributed VE damping layers on the 

response of columns and the structural system at large. The discrete spring model was 
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validated against the analytical solution. The validated model was then applied to 

investigate the effect of VE layers on the in-plane and out-of-plane motions of the three-

column bent from a three-span steel-girder bridge. 

Another component of the DES system is the strengthening of structures. To 

respond to ever-increasing retrofitting needs, several strengthening techniques, such as 

fiber-reinforced-polymer (FRP) jacketing, have been used over the past two decades. 

These techniques can be used to provide an existing reinforced concrete (RC) column 

with effective confinement so that the column will not collapse during a strong 

earthquake event. In performance-based seismic design, ductility is considered to be a 

key factor to meet the seismic demand. This is because most structures behave in-

elastically during an earthquake. Because FRP confinement makes a structure more 

ductile, in this study FRP was applied around the bridge columns to strengthen it against 

seismic loadings. 

Since the proposed DES methodology is intended to evaluate multiple 

performances of structures, it is desirable to apply the methodology to some structures 

that have deficiencies in some performance levels. With this objective, the Old St. 

Francis River Bridge was considered in this study to investigate its multiple performances 

in the context of DES methodology under different levels of earthquakes. The reason for 

considering this bridge structure was that it was built in 1977 without seismic 

considerations, and according to the detailed structural condition evaluation of this bridge 

based on capacity over demand ratio, it was found that the bridge structure has 

deficiencies in several areas, viz. bearing failure in shear and insufficient anchorage, poor 

detailing at the top and bottom of columns, moderate buckling of diaphragm/cross frame, 
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column shear failure at the operational and safety performance levels. Since the bridge 

structure has deficiencies in several areas, particularly at both operational and safety 

levels, application of DES methodology on this bridge structure may give additional 

insight regarding the proposed new retrofit technique. 

Based on the results of the evaluation of the considered bridge, the proposed DES 

methodology is intended to allow engineers to design and retrofit structures for multiple 

performance objectives simultaneously so that the designed and retrofitted structures 

have similar margins of performance under different levels of earthquake hazards. The 

DES methodology has two components, viz. damping and strengthening components. 

The damping component ensures the operational level of the structure under a small 

earthquake and the strengthening component ensures the safety level of the structure 

under a large earthquake. Therefore, depending upon the deficiency in each level, the 

engineers may be able to make their decision regarding how the structure should be 

designed and retrofitted based on the proposed DES methodology. 

 
 
 

1.3. SCOPE OF THE STUDY 

This study consisted of formulation of analytical solutions for bending vibrations 

of simply supported beams under different configurations of constrained VE layers; 

analytical derivation of the distributed VE layers damping effects on the responses of 

circular columns; modeling of the VE layers with discrete springs in a finite element 

model; and nonlinear pushover analyses of the bridge columns. This section presents the 

objectives and background information of this study and Section 2 presents a brief review 

of the related literature. 
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Paper 1 deals with the responses of a simply supported beam and a plate-strip 

with different configurations of constrained VE layers. The equation of bending vibration 

was formulated and the responses were obtained in the form of acceleration ratio based 

on steady state analysis. The responses were also obtained for different thicknesses of VE 

layers as well as different thicknesses of beams and plate-strips. 

Paper 2 deals with the responses of circular bridge columns under different 

thicknesses of VE layers. The equation of motion for circular columns with VE layer was 

formulated and the responses were obtained in a finite element model in the form of 

acceleration ratio based on steady state analysis. In the finite element model, VE layers 

were modeled as discrete springs and the discrete spring model was validated against the 

analytical solution. 

Paper 3 deals with the performance evaluation of the Old St. Francis River Bridge 

columns based on DES methodology. The bridge columns were retrofitted with FRP and 

the capacities were evaluated based on nonlinear pushover analysis. The VE layer 

damping effects were incorporated and the evaluation was done based on demand versus 

capacity ratios. Finally, Section 3 presents conclusions of the study. 
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2. REVIEW OF LITERATURE 
 
 
 
2.1. OVERVIEW 

A literature review of various vibration control publications and research reports 

was conducted with the goal of gathering information about damping materials and 

modeling techniques for vibration suppression. A literature review of various earthquake 

engineering publications and research reports was also conducted with the goal of 

gathering information about current practices regarding design and retrofit of bridge 

structures and modeling techniques for performance evaluation. 

 
 
 
2.2. DAMPING MATERIALS 

Since the middle of the 20th century, sandwich materials have been used more and 

more in industry. In 1959, Kerwin (1959) established the expression of the bending 

rigidity of a sandwich beam by adopting a linear longitudinal displacement field in each 

layer and considering the viscoelastic (VE) layer shearing effects. Mead (1962), while 

following the same approach as Kerwin (1959), generalized the result to a simply 

supported sandwich plate. Nowadays, sandwich plates and shells are very widely used in 

building and industries such as car making, sporting equipment, ship building and 

aeronautic and spacecrafts. The lightness and reduction of vibrations by energy 

dissipation contribute to the success and large use of sandwich material. 

In fact, the use of VE materials in sandwich structures increases their dissipative 

character. The energy dissipations generated mainly by shear effect are modeled by a 

hysteretic structural damping. While a significant amount of literature exists regarding 
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investigation and modeling of the vibratory behavior of sandwich beams and plates with 

VE material cores, it has been generally understood that when designing a damping 

treatment, one has to consider five key points, viz. 1) the thickness of the VE material, 2) 

the modulus of the VE material, 3) the location of the VE material, 4) the thickness of the 

constraining layer, and 5) the modulus of the constraining layer, i.e. the type of material 

(Austin 1998; Inman 2001; Wand 2001; Silva et al. 2005; Hao and Rao 2005; Hammami 

et al. 2005). The design process consists of finding the combination of the above options 

that result in the maximum damping for the vibration modes of interest. 

VE materials in distributed form were commonly used in mechanical engineering 

to control vibration-induced fatigue in airframes (Ross et al. 1959) and for general 

vibration suppression (Morgenthaler 1987: Gehling 1987). In civil engineering, however, 

VE materials were exclusively applied in VE dampers that can be installed between two 

adjacent floors in buildings. Most of the early investigations were included in Soong and 

Dargush (1997), Hanson and Soon (2001), and Soon and Spencer (2002). Original 

developments on this subject included the damper characterization (Zhang et al. 1989; 

Zhang and Soong 1992; Shen and Soon 1995), shake table tests of steel frames (Aiken et 

al. 1993; Bergman and Hanson 1993; Chang et al. 1992, 1995, 1996), laboratory tests on 

lightly-reinforced concrete frames (Foutch el al. 1993), and damper applications for 

retrofitting of buildings (Kasai et al. 1993; Chang et al. 1995). 

 
 
 
2.3. SEISMIC DESIGN AND RETROFIT 

The design concept for multiple performance objectives was introduced in FEMA 

(1997) and the recommended load and resistance factor design (LRFD) guidelines for the 



 

 

8

seismic design of highway bridges (ATC/MCEER 2008). The current practice, however, 

is to design a structure for one performance level and then to check its adequacy for other 

levels if necessary. This practice could lead to an uneconomical design with inconsistent 

margins of compliance to different performance objectives. How to design directly for 

multiple performance objectives has never before been discussed for both new design and 

retrofit projects. 

Over 50% of the bridges in the NBI database representing the 1970’s construction 

methods which incorporate no seismic design considerations are structurally deficient 

(Chen et al. 2002). To respond to ever-increasing retrofitting needs, several strengthening 

techniques, such as fiber reinforced polymer (FRP) jacketing, have been developed over 

the past two decades (FHWA 2005; MCEER 2005). These techniques can be used to 

provide an existing reinforced concrete (RC) column with effective confinement so that 

the column will not collapse during a strong earthquake event (Mander et al. 1988). 

Strengthening alone, however, is unlikely to improve the column performance under 

moderate earthquake events. This is because significant strains must be developed in the 

column before a jacketing technique is effectively engaged as part of the strengthened 

column system. It is, therefore, desirable to develop a new retrofitting technology that can 

meet multiple performance objectives in the context of performance-based design of 

structures (FEMA 1997; MCEER 2005). 

In recent years, FRP jacketing has become increasingly popular for seismic 

retrofitting of bridge columns. Due to the confinement, the concrete strength increases 

and the columns become more ductile, which can meet the seismic demand (Mander 

1998; FHWA 2005; MCEER 2005). Over the past decade, extensive research has been 
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conducted to investigate the behavior of RC columns strengthened with FRP composites 

(Matsuda et al. 1990; Priestley and Seible 1991; Saadatmanesh et al. 1994; Seible et al. 

1995; Xiao and Ma 1997; Mirmiran and Shahawy 1997; Xiao et al. 1999; Pantelides et al. 

1999; Liu et al. 2000). More recently, Chen et al. (2006) introduced a constrained VE 

layer wrapped by FRP jacketing to a rectangular RC column. They did some 

experimental studies to understand the characteristics of column responses under such a 

system (Huang 2005; Chen et al. 2006). The system consists of one or more FRP sheets 

(inner) wrapped around column, a VE layer attached on the FRP sheets, and another FRP 

sheet (outer) outside the VE layer that is anchored at one end into the connecting member 

(beam or footing) of the column. 
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Abstract: VE materials are commonly used to control vibration-induced fatigue in 

airframes and for general vibration suppression. This study investigates the effect of 

surface damping treatment on the bending vibration of simply supported beams under 

different configurations of constrained VE layers. Emphasis was given to formulating the 

analytical solution for bending vibration of a simply supported beam with VE layers 

anchored at one-end as well as at both-end. First, the equation of bending vibration of the 

beam was formulated based on analytical approach and the responses for different 

configurations of the VE layers were obtained in the form of acceleration ratio based on 

steady state analysis. It was observed that a VE layer with both-end anchorage is more 

effective than that of the other configurations. This new technique is expected to be very 

useful for vibration suppression, particularly in civil, mechanical and aerospace 

structures. 
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CE Database subject headings: VE material; Simply supported beam; Surface 

damping; Bending vibration. 

 

Introduction 

Since the middle of the 20th century, sandwich materials have been used more and more 

in the industry. In 1959, Kerwin (1959) established the expression of the bending rigidity 

of a sandwich beam by adopting a linear longitudinal displacement field in each layer and 

considering the viscoelastic (VE) layer shearing effects. Mead (1962), while following 

the same approach as Kerwin (1959), generalized the result to a simply supported 

sandwich plate. Nowadays, sandwich plates and shells are very widely used in building 

and in industries such as car making, sporting equipments, ship building and aeronautic 

and spacecrafts. The lightness and the reduction of vibrations by energy dissipation 

contribute to the success of and the large use of sandwich materials. 

In fact, the use of VE materials in sandwich structures increases their dissipative 

character. The energy dissipations generated mainly by shear effect are modeled by a 

hysteretic structural damping. While a significant amount of literature exists regarding 

the investigation and modeling of vibratory behavior of sandwich beams and plates with 

VE material cores, it has been generally understood that when designing a damping 

treatment, one has to consider five key points, viz. 1) the thickness of the VE material, 2) 

the modulus of the VE material, 3) the location of the VE material, 4) the thickness of the 

constraining layer, and 5) the modulus of the constraining layer, i.e. the type of material 

(Austin 1998; Wand 2001; Silva et al. 2005; Hao and Rao 2005; Hammami et al. 2005). 
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The design process consists of finding the combination of the above options that result in 

the maximum damping for the vibration modes of interest. 

VE materials in distributed form were commonly used in mechanical engineering 

to control vibration-induced fatigue in airframes (Ross et al. 1959) and for general 

vibration suppression (Morgenthaler 1987: Gehling 1987). In civil engineering, however, 

VE materials were exclusively applied in VE dampers that can be installed between two 

adjacent floors in buildings. Most of the early investigations were included in Soong and 

Dargush (1997), Hanson and Soon (2001), and Soon and Spencer (2002). Original 

developments on this subject included the damper characterization (Zhang et al. 1989; 

Zhang and Soong 1992; Shen and Soon 1995), shake table tests of steel frames (Aiken et 

al. 1993; Bergman and Hanson 1993; Chang et al. 1992, 1995, 1996), laboratory tests on 

lightly-reinforced concrete frames (Foutch el al. 1993), and damper applications for 

retrofitting of buildings (Kasai et al. 1993; Chang et al. 1995). Chen et al. (2006) 

introduced a constrained VE layer wrapped by FRP jacketing to a cantilever RC column 

and investigated the response reduction due to distributed damping effect. 

The focus of this study is to investigate the surface damping treatment to the 

bending vibration of a simply supported beam under different configurations of VE 

layers. Of particular interest is to formulate the analytical solution for bending vibration 

of a simply supported beam with VE layers anchored at one-end as well as at both-end. 

The effect of VE layer thickness as well as beam thickness is also investigated. Finally, 

the results are provided in the form of an acceleration ratio and compared for different 

configurations of VE layers. 
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Formulation of Equation of Motion 

Fig. 1 shows different configurations of VE layers applied to a simply supported beam. In 

order to derive the equation of motion, an infinitesimal element is considered and its free-

body-diagram (Inman 2001) is shown in Fig. 2. It should be noted that in Fig. 1, the VE 

layers are shown only at the top side of the beam. However, it should also be applied at 

the bottom side of the beam. This is due to the fact that when the beam vibrates, either the 

top or the bottom side of the beam is in tension and the VE layer is considered to be 

effective only in that tension side. 

In Fig. 2, the axial force, N(x, t), shear force, V(x, t), and bending moment, M(x, 

t), are applied at two ends of the free-body diagram of the element, following the beam 

sign convention (Chopra 2001). Both the average damping force, dxttxyc ∂∂ /),( , and the 

average shear force provided by the VE layer, dxbtx ),(τ , are also included in the free-

body diagram. When dx approaches to zero, the force equation and the moment equation 

of the free-body diagram can be respectively described by 

 ( ) ( ) ( )2

2

, , ,
( , )

V x t y x t y x t
m c p x t

x t t
∂ ∂ ∂

= − − +
∂ ∂ ∂

 (1) 

 ( )
x

txMbhtxtxV
∂

∂
+=

,
2
),(),( τ  (2) 

By substituting V(x, t) in Equation (2) into Equation (1) and introducing the moment-

curvature relation, the equation of motion to describe the transverse vibration of the beam 

can be derived as 

 ( ) ( ) ( ) ( )4 2

4 2
, , , ,

( , )
2

y x t y x t y x t x t hbEI m c p x t
t xx t

τ∂ ∂ ∂ ∂
+ + + =

∂ ∂∂ ∂
 (3) 
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in which ( )txy , is the relative transverse displacement, ( )tx,τ is the shear stress resulting 

from the shear deformation in the VE layer, EI  is the flexural rigidity of the beam, b and 

h  denote the width and depth of the beam cross section, m and c are the mass and 

damping coefficient per unit length, respectively, which are considered as constants in 

this study. 

To relate the shear stress in the VE layer to the transverse displacement of the 

beam, a particular section A-B at a distance x is considered, as shown in Fig. 3. Now, let 

us consider the both-end anchorage case. Due to the bending vibration, A-B will rotate 

and let us consider this rotation as ( )xθ . However, since both ends are anchored, there 

will be a constant rotation at both ends. Let us consider these rotations as aθ  and bθ  for 

the left-end and right-end, respectively. From Fig. 3, the shear strain for the two VE 

layers can be derived as 

 1
( , )( , )

2 a
v

h y x tx t
t x

γ θ∂⎛ ⎞= −⎜ ⎟∂⎝ ⎠
 (4) 

 ( )2 1
2 b a

v

h
t

γ θ θ
⎛ ⎞

= + −⎜ ⎟
⎝ ⎠

 (5) 

When the applied force ( , ) ( ) i t i tp x t A x e Aeω ω= = , the transverse displacement and the 

shear strain in the VE layer, Equation (4), can respectively be expressed as 

 ( ) ( ) tiextxy ωφ=,  (6) 

 ( )1
( ),

2
i t

a
v

h d xx t e
t dx

ωφγ θ⎛ ⎞= −⎜ ⎟
⎝ ⎠

 (7) 

where A is the amplitude of the applied force, ω is the excitation frequency, t denotes the 

time instance, and 1−=i represents a complex number, and ( )xφ is a displacement 
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function. Therefore, the stress in the VE layer can be expressed as (Soong and Dargush 

1997) 

 ( )1
( ),

2 cos
i i tv

a
v

Gh d xx t e e
t dx

δ ωφτ θ
δ
′ ⎛ ⎞= −⎜ ⎟

⎝ ⎠
 (8) 

in which vG′  is the shear storage modulus and δ is the loss factor of the VE material. In 

general, they are both functions of the excitation frequency as well as Durometer of the 

materials. With a known Poisson ratioμ , the shear storage modulus can be determined 

from the Young’s Modulus, )(ωvE , by ( ) 0.5 ( ) /(1 )v vG Eω ω μ′ = + . Note that the 

expression for 2τ  is not shown since it will be cancelled out in the derivative term of 

( , )x tτ  in Equation (3). 

After the harmonic base excitation and the shear stress in Equation (8) are 

introduced, Equation (3) becomes 

 
24 2 2

4 2
( ) (1 tan )( ) ( ) ( )

8 (1 )
v

v

b h E id x d x m ic Ax
t EI EI EIdx dx
ω δφ φ ω ω φ

μ
+ − +

+ + =
+

 (9) 

 

Solution Scheme 

Now, Equation (9) holds true for the all configurations of VE layers as well as without 

VE layers and the solution is obtained following the same methodology as provided by 

Chen et al. (2006). However, only the boundary conditions for each case have to be 

changed, which are given as 

Case-1: No VE layer (in this case, the second term of Equation (9) disappears) 

i) (0) ( ) 0Lφ φ= =  

ii) ''(0) ''( ) 0EI EI Lφ φ= =  
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Case-2: VE layer with no anchorage 

i) (0) ( ) 0Lφ φ= =  

ii) ''(0) ''( ) 0EI EI Lφ φ= =  

Case-3: VE layer with one-end anchorage 

i) (0) ( ) 0Lφ φ= =  

ii) '(0) aφ θ=  

iii) '( ) bLφ θ=  

iv) ''(0) aEI Mφ =  

v) ''( ) 0EI Lφ =  

where ( )2
h

a a vM F t= − + , [ ]2
0

'( )
v

L
Gbh

a atF x dxφ θ= −∫ , and ( )
( )

1 tan
2 1

vE iG δ
μ

+
+

=  

Case-4: VE layer with both-end anchorage 

i) (0) ( ) 0Lφ φ= =  

ii) '(0) aφ θ=  

iii) '( ) bLφ θ=  

iv) ''(0) aEI Mφ =  

v) ''( ) bEI L Mφ =  

where ( )( )2
h

a a b vM F F t= − + + , ( )2 2h
b b vM F t= − + , [ ]2

0
'( )

v

L
Gbh

a atF x dxφ θ= −∫ , 

( ) [ ]2
0

1
v

L
h

b b atF Gb dxθ θ= + −∫ , and ( )
( )

1 tan
2 1

vE iG δ
μ

+
+

=  
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Parametric Study 

Following the solution procedure in Chen et al. (2006) and using the boundary conditions 

for a rectangular cross section as given in the preceding section, the responses of a simply 

supported beam as well as a simply supported plate-strip under different configurations of 

VE layers were obtained. The parameters for the example beam and plate-strip are shown 

in Table 1 and the engineering parameters of VE material that were obtained by Huang 

(2005) based on experimental study were used in this study and are shown in Fig. 4. 

 

Effect of Different Configurations of Constrained VE Layer 

Fig. 5 shows the harmonic displacement responses of a simply supported beam for the 

both no-anchorage and one-end anchorage cases and the results are shown at fundamental 

frequency level with a VE layer thickness, vt  equal to 0.48 cm. It can be seen that the 

displacement response amplitude for the no-anchorage case is higher than that of the one-

end anchorage case. It should be noted that the responses were obtained from an 

externally applied harmonic excitation. 

Fig. 6 shows the shear-strain distribution of the VE layer for both the no-

anchorage and the one-end anchorage cases, and the results are shown at fundamental 

frequency level with a VE layer thickness, vt  equal to 0.48 cm. It can be seen that the 

shear strain of the VE layer for the no-anchorage case is at a maximum at the ends while 

it is zero at the mid-point. On the other hand, shear strain of the VE layer for the one-end 

anchorage case is at a minimum at the anchored point and following a cubic distribution, 

it is at a maximum at the other end. It should be noted that the shear force due to the VE 

layer for the one-end anchorage case is much higher than that of the no-anchorage case. 
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Fig. 7 shows the displacement responses of a simply supported beam for different 

configurations of VE layers and the results are shown at fundamental frequency level 

with a VE layer thickness, vt  equal to 0.48 cm. The displacement response with no VE 

layer is also shown in the same figure. It can be seen that the displacement response 

amplitude for the no VE layer case is higher when compared to the ones with VE layers. 

It can also be seen that the displacement response amplitude tends to be smaller from no 

VE layer case to VE layer with both-end anchorage. It should be noted that the responses 

were obtained from an externally applied harmonic excitation. 

Figs. 8, 9 and 10 show the acceleration ratio of a simply supported beam for 

different configurations of the VE layers. Note that the acceleration ratio is defined as the 

ratio between the response acceleration of the beam and externally applied acceleration, 

i.e. excitation, and the definition holds true for the rest of the discussion. The results are 

shown for vt  equal to 0.48 cm, 0.32 cm, and 0.24 cm, respectively, with a beam 

thickness, h  equal to 51 cm. For vt  equal to 0.48 cm, it can be seen (Fig. 8) that the 

amplitude is higher in the case of no VE layer than that of the other configurations with 

VE layers. The amplitude tends to decrease from no VE layer to VE layer with no 

anchorage to VE layer with one-end anchorage to VE layer with both-end anchorage, 

respectively. A similar trend has also been observed for vt  equal to 0.32 cm and 0.24 cm, 

respectively (Figs. 9 and 10). It suggests that a VE layer is more effective when it has 

been anchored at both ends than that of other configurations. In other words, if the VE 

layer is anchored either at one-end or at both-end, then it is more effective in comparison 

to the conventional case, i.e. VE with no anchorage. 
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Effect of Thickness of VE Layer 

Figs. 11, 12 and 13 show the acceleration ratio for a simply supported beam for different 

thicknesses of VE layers. The results are shown for no-anchorage, one-end anchorage and 

both-end anchorage cases, respectively, with a beam thickness, h  equal to 51 cm. For the 

no anchorage case, it can be seen (Fig. 11) that the amplitude is higher in the case of a 

VE layer thickness vt  equal to 0.48 cm than that of the other thickness and it tends to be 

smaller from vt  equal to 0.48 cm to vt  equal to 0.32 cm to vt  equal to 0.24 cm, 

respectively. A similar trend has also been observed for one-end anchorage and both-end 

anchorage case, respectively (Figs. 12 and 13). The effect of different thickness vt  of VE 

layer is summarized in Fig. 14 and the results are shown for a simply supported beam 

with thickness h  equal to 51 cm for a both-end anchorage case. The results are also 

shown for normalized vt , which is normalized w.r.t. h . The results clearly suggest that 

the VE layer is more effective when the thickness is less and it is less effective as the 

thickness goes higher. 

Figs. 15, 16, 17, 18, 19, and 20 show the acceleration ratio for a simply supported 

plate-strip for different configurations of VE layers with different thicknesses of the VE 

layers. The effect of different thicknesses vt  of VE layers is summarized in Fig. 21 and 

the results are shown for a simply supported palate-strip with thickness h  equal to 2 cm 

for a both-end anchorage case. The results are also shown for normalized vt , which is 

normalized w.r.t. h . For the plate-strip, the results show the same trend as observed in 

the case of a simply supported beam. In other words, the VE layer is more effective when 
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it is anchored at both ends and it is also more effective when the thickness of the VE 

layer is less. 

Although it was observed that for both the beam and the plate-strip, the VE layer 

is more effective when it is anchored at both-end and it was also observed that the VE 

layer is more effective when the thickness vt  of the VE layer is less, however, 

considering the same anchorage system, it is also necessary to investigate whether the VE 

layer is more effective for a beam or a plate-strip. With this objective, the results are 

summarized in Fig. 22 for both the beam and the plate-strip with both-end anchorage case 

and the results are shown w.r.t. VE layer thickness vt . Note that the fundamental 

frequencies for both the beam and the plate-strip are also shown in the same figure. It can 

be seen (Fig. 22) that the VE layer is more effective for the beam when compared to the 

plate-strip. 

It should be noted that the thickness of the beam was considered as 51 cm while 

the thickness of the plate-strip was considered as 2 cm. Also, as shown in Fig. 22, the 

fundamental frequency of the beam is 4.2 Hz while for the plate-strip it is 9.9 Hz. Since 

the thickness and the fundamental frequency of both the beam and the plate-strip are 

different, it is expected that either the thickness or the fundamental frequency of the beam 

and the plate-strip may have influence on the VE layer effect. Another point is, 

fundamental frequency is a function of modulus of elasticity, E, moment of inertia, I, 

mass, m and length, L. Therefore, changing the value of any parameter or changing the 

values of any combination of the parameters will directly change the fundamental 

frequency. This implies that fundamental frequency may be one of the key factors to 

influence the VE layer effect. 
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Effect of Thickness of Beam and Plate-Strip 

So far, the results for both the simply supported beam and the plate-strip with different 

configurations of VE layers as well as different thicknesses of VE layers while 

considering a constant thickness of both the beam and the plate strip have been discussed. 

As discussed earlier, however, it is also necessary to see the effect of the VE layer due to 

different thicknesses or fundamental frequencies of both the beam and plate-strip while 

considering a constant thickness of the VE layer as well as same anchorage system. With 

this objective, both the beam and the plate-strip were analyzed considering different 

thicknesses of the beam and the plate-strip; however, the analyses were restricted to only 

VE layers at both-end anchorage case with a VE layer thickness vt  of 0.24 cm. 

Fig. 23 shows the acceleration ratio for different thicknesses of a beam and the 

results are summarized in Fig. 24. Note that the acceleration ratios are also shown w.r.t. 

normalized h , which is normalized w.r.t. vt . It can be seen (Fig. 24) that as the thickness 

of the beam goes higher, the acceleration amplitude also goes higher. This implies that 

keeping the same thickness vt  of the VE layer, if the thickness of the beam is increased 

then the effect of the VE layer is less and if the thickness of the beam is decreased then 

the effect of the VE layer is more. Fig. 25 shows the acceleration ratio for different 

thicknesses of a plate-strip and the results are summarized in Fig. 26. Note that the 

acceleration ratios are also shown w.r.t. normalized h , which is normalized w.r.t. vt . It 

can be seen (Fig. 26) that as the thickness of the plate-strip goes higher, the acceleration 

amplitude also goes higher. This implies that keeping the same thickness vt  of the VE 

layer, if the thickness of the plate-strip is increased then the effect of the VE layer is less 

and if the thickness of the plate-strip is decreased then the effect of the VE layer is more. 
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With the above observations, the relationship between the acceleration ratio and 

the fundamental frequency was also obtained considering the acceleration ratios obtained 

for both the beam and the plate-strip and the relationship is shown in Fig. 27. Note that 

the relationships between the acceleration ratio and the fundamental frequency that were 

obtained separately for both the beam and the plate-strip are also shown in the same 

figure. Looking at Fig. 27, it can be seen that the acceleration ratio is related to the 

fundamental frequency irrespective of the type of beam or plate-strip analyzed and that 

the acceleration amplitude goes higher as the fundamental frequency goes higher. This 

implies that the VE layer is more effective when the fundamental frequency is less and it 

is less effective when the fundamental frequency goes higher. This is also supported from 

the observation that the VE layer was more effective for the beam in comparison with the 

plate-strip as shown in Fig. 22, where it can be seen that the fundamental frequency of the 

beam is less (4.2 Hz) than the plate-strip (9.9 Hz). It was also observed (Fig. 27) the 

relationship follow the Kasai et al. (1993) model, which was used to understand the 

characteristics of the engineering properties of the VE materials (Huang 2007). 

The observation of acceleration ratio as a function of fundamental frequency of 

the beam and the plate-strip clearly suggests that keeping the same configuration of the 

VE layer as well as the same thickness of the VE layer, the effect depends on the 

fundamental frequency of either the beam or the plate-strip under consideration. 

 

Conclusions 

In this study, the responses due to externally applied excitation of a simply supported 

beam and a plate-strip with different configurations of VE layers were investigated. First, 
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the equation of bending vibration was formulated and the responses were obtained in the 

form of acceleration ratios based on the steady state analysis. The acceleration ratio was 

defined as the ratio between response acceleration of the beam or plate-strip and 

externally applied acceleration, i.e. excitation. The responses were also obtained for 

different thicknesses of VE layers as well as different thicknesses of the beam. Based on 

the results in this study, the following conclusions can be made: 

• VE layer with both-end anchorage case is more effective than that of the other 

configurations. 

• VE layer with smaller thickness is more effective than that of the larger 

thickness. 

• With the same VE layer configuration as well as the same VE layer thickness, 

the VE layer is more effective when the fundamental frequency of the beam is 

less and it is less effective when the fundamental frequency goes higher. 

The new both-end anchored constrained VE layer technique is expected to be very 

useful in vibration suppression, particularly, in civil, mechanical and aerospace 

structures. Since the results are provided based on an analytical approach, it is also 

necessary to verify the results based on experimental testing and a further study is 

recommended in this regard. 
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Table 1. Beam and plate-strip parameters. 
 

Cross-section 

Item Length, L 
(cm) Width, b 

(cm) 
Depth, h

(cm) 

Young’s 
modulus, E

(N/cm2) 

Poisson’s 
ratio, μ 

Mass, m 
(N-s2/cm/cm) 

Damping 
coefficient, c
(N-s/cm/cm)

Beam 610 51 51 2.1E+6 0.4 0.06 0.73 

Plate-
strip 122 11 2.0 6.0E+6 0.3 0.00025 0.0023 
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Fig. 1. Arrangement of different constraining layers (left) and their shear deformation 
(right). The arrangement follows as: no anchorage (top), one-end anchorage (middle), 
and both-end anchorage (bottom). 
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Fig. 2. Free body diagram of an infinitesimal element dx . 
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Fig. 3. Deformation of beam and VE layers for calculation of shear strain. 
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Fig. 4. Engineering parameters of VE material obtained from experiments. 
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Fig. 5. Displacement functions of a simply supported beam with VE layer for both no-
anchorage and one-end anchorage cases. The results are shown at fundamental 
frequency level for a beam with 51 cm thickness with vt  equal to 0.48 cm. 
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Fig. 6. Shear-strain distribution of a simply supported beam with VE layer for both no-
anchorage and one-end anchorage cases. The results are shown at fundamental 
frequency level for a beam with 51 cm thickness with vt  equal to 0.48 cm. 
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Fig. 7. Displacement functions of a simply supported beam for different configurations 
of VE layers. The results are shown at fundamental frequency level for a beam with 51 
cm thickness with vt  equal to 0.48 cm. 
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Fig. 8. Acceleration ratio for a simply supported beam for different configurations of 
VE layers with vt  equal to 0.48 cm including no VE layer case. The results are shown 
for a beam with 51 cm thickness. 
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Fig. 9. Acceleration ratio for a simply supported beam for different configurations of 
VE layers with vt  equal to 0.32 cm including no VE layer case. The results are shown 
for a beam with 51 cm thickness. 
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Fig. 10. Acceleration ratio for a simply supported beam for different configurations of 
VE layers with vt  equal to 0.24 cm including no VE layer case. The results are shown 
for a beam with 51 cm thickness. 
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Fig. 11. Acceleration ratio for a simply supported beam with no anchorage case for 
different thickness of VE layers including no VE layer case. The results are shown for 
a beam with 51 cm thickness. 
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Fig. 12. Acceleration ratio for a simply supported beam with left-end anchorage case 
for different thickness of VE layers including no VE layer case. The results are shown 
for a beam with 51 cm thickness. 
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Fig. 13. Acceleration ratio for a simply supported beam with both-end anchorage case 
for different thickness of VE layers including no VE layer case. The results are shown 
for a beam with 51 cm thickness. 
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Fig. 14. Acceleration ratio for a simply supported beam with both-end anchorage case 
for different thickness of VE layers. The results are shown for a beam with thickness 
h  equal to 51 cm and vt  is normalized w.r.t. h . 
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Fig. 15. Acceleration ratio for a simply supported plate-strip for different 
configurations of VE layers with vt  equal to 0.48 cm including no VE layer case. The 
results are shown for a plate-strip with 2 cm thickness. 
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Fig. 16. Acceleration ratio for a simply supported plate-strip for different 
configurations of VE layers with vt  equal to 0.32 cm including no VE layer case. The 
results are shown for a plate-strip with 2 cm thickness. 
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Fig. 17. Acceleration ratio for a simply supported plate-strip for different 
configurations of VE layers with vt  equal to 0.24 cm including no VE layer case. The 
results are shown for a plate-strip with 2 cm thickness. 
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Fig. 18. Acceleration ratio for a simply supported plate-strip with no anchorage case 
for different thickness of VE layers including no VE layer case. The results are shown 
for a plate-strip with 2 cm thickness. 
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Fig. 19. Acceleration ratio for a simply supported plate-strip with left-end anchorage 
case for different thickness of VE layers including no VE layer case. The results are 
shown for a plate-strip with 2 cm thickness. 
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Fig. 20. Acceleration ratio for a simply supported plate-strip with both-end anchorage 
case for different thickness of VE layers including no VE layer case. The results are 
shown for a plate-strip with 2 cm thickness. 
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Fig. 21. Acceleration ratio for a simply supported plate-strip with both-end anchorage 
case for different thickness of VE layers. The results are shown for a plate-strip with 
thickness h  equal to 2 cm and vt  is normalized w.r.t. h . 
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Fig. 22. Acceleration ratio for both simply supported beam and plate-strip with both-
end anchorage case for different thickness of VE layers. The results are shown for a 
beam with 51 cm thickness and a plate-trip with 2 cm thickness. 
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Fig. 23. Acceleration ratio for a simply supported beam with both-end anchorage case 
for different thickness of beam. The results are shown for a vt  equal to 0.24 cm. 
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Fig. 24. Acceleration ratio for a simply supported beam with both-end anchorage case 
for different thickness of beam. The results are shown for a vt  equal to 0.24 cm and h  
is normalized w.r.t. vt . 
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Fig. 25. Acceleration ratio for a simply supported plate-strip with both-end anchorage 
case for different thickness of plate-strip. The results are shown for a vt  equal to 0.24 
cm. 
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Fig. 26. Acceleration ratio for a simply supported plate-strip with both-end anchorage 
case for different thickness of plate-strip. The results are shown for a vt  equal to 0.24 
cm and h  is normalized w.r.t. vt . 
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Fig. 27. Acceleration ratio w.r.t. fundamental frequency. The results are shown for (a) 
beam, (b) plate-strip, and (c) both beam and plate-strip for a both-end anchorage case 
with vt  equal to 0.24 cm. 
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2. Distributed Viscoelastic Layer Damping Effect on the Elastic 
Response of Highway Bridges 

 

Kazi R. Karim1 and Genda Chen2∗, F. ASCE 

 

Abstract: In this study, VE layer in distributed form was applied to the Old St. Francis 

River Bridge, located in the new Madrid Seismic Zone, and the bridge responses under 

harmonic loading were investigated based on a finite element model. An emphasis was 

placed on the analytical derivation of the VE layer effects on responses of a circular 

column and modeling of the VE layers with discrete springs in a finite element model. 

The accuracy of the complex spring model was validated with an analytical solution 

under harmonic loading. The effect of single versus double curvatures was also 

investigated using the out-of-plane and in-plane motions. It was observed that a 2.38 mm 

VE layer covering the lower 40% of the column height can reduce the out-of-plane 

acceleration and displacement by 14% and the in-plane responses by approximately 11%. 

In comparison with the retrofit scheme at both ends of the columns, it was observed that 

retrofitting of one end of the columns with the same 40% VE coverage is more efficient 

compared to retrofitting at both ends. It was also observed that the VE layer is more 

effective for a range of 20% to 80% coverage of the column height. Finally, a simple 
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approach is proposed, which is expected to be useful in estimating the elastic responses 

of the bridge columns with VE layers. 

CE Database subject headings: VE material; Highway bridge column; Elastic 

response; Surface damping. 

 

Introduction 

Over 50% of the bridges in the NBI database representing the 1970’s construction 

methods which incorporate no seismic design considerations are structurally deficient 

(Chen et al. 2002). To respond to the ever-increasing retrofitting needs, several 

strengthening techniques, such as fiber reinforced polymer (FRP) jacketing, have been 

developed over the past two decades (FHWA 2005; MCEER 2005). These techniques 

can be used to provide an existing reinforced concrete (RC) column with effective 

confinement so that the column will not collapse during a strong earthquake event. 

Strengthening alone, however, is unlikely to improve the column performance under 

moderate earthquake events. This is because significant strains must be developed in the 

column before a jacketing technique is effectively engaged as part of the strengthened 

column system. It is, therefore, desirable to develop a new retrofitting technology that can 

meet multiple performance objectives in the context of performance-based design of 

structures (FEMA 1997; MCEER 2005). 

VE materials in distributed form were commonly used in mechanical engineering 

to control vibration-introduced fatigue in airframes (Ross et al. 1959) and for general 

vibration suppression (Morgenthaler 1987; Gehling 1987; Kerwin and Ungar 1990). In 

civil engineering, however, VE materials were exclusively applied in VE dampers that 
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can be installed between two adjacent floors in buildings. Most of the early investigations 

were included in Aprile et al. (1997), Soong and Dargush (1997), Hanson and Soon 

(2001), Soon and Spencer (2002), and Lin and Chopra (2003). Original developments on 

this subject included the damper characterization (Zhang et al. 1989; Zhang and Soong 

1992; Shen and Soon 1995), shake table test of steel frames (Aiken et al. 1993; Bergman 

and Hanson 1993; Chang et al. 1992, 1995, 1996), laboratory test on lightly-reinforced 

concrete frames (Foutch et al. 1993), and damper application for retrofitting of buildings 

(Kasai et al. 1993; Chang et al. 1995). 

Chen et al. (2006) introduced a constrained VE layer wrapped by FRP jacketing 

to a cantilever RC column and investigated the response reduction due to distributed 

damping effect. The damping component of this new methodology is to reduce the bridge 

response under small to moderate earthquakes loading so that the operational 

performance level of the bridge is in compliance with design standards. Chen and Karim 

(2006) introduced an analytical derivation of the VE layer effects on circular column 

responses and modeling of the VE layers with discrete springs in a finite element model 

of a highway bridge. 

The focus of this study is to apply VE layer in distributed form to a circular bridge 

column, formulate the equation of motion for a circular column that is retrofitted with VE 

layer, develop a discrete complex spring modeling technique for the distributed VE layer 

and apply the model in the finite element analysis of a single bent of a three-span 

continuous steel girder bridge. The accuracy of the complex spring model was validated 

with an analytical solution under harmonic loading. The effect of single versus double 

curvatures on the damping effect was investigated in detail using the out-of-plane and in-
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plane motions of a three-column bent that represents a three-span regular highway bridge 

in the New Madrid Seismic Zone, Central United States. 

 

Damping-Enhanced Strengthening (DES) System 

Chen et al. (2006) introduced a constrained VE layer wrapped by FRP jacketing to a 

cantilever RC column, known as a damping-enhanced strengthening (DES) system. The 

system consists of one or more FRP sheets (inner) wrapped around the circular (or 

rectangular) RC column, a VE layer attached on the FRP sheets, and another FRP sheet 

(outer) outside the VE layer that is anchored at one end into the connecting member 

(beam or footing) of the column. The entire system is shown schematically in Fig. 1. The 

fibers of the inner FRP sheets are oriented along the perimeter of the column for 

confinement effect while those of the outer FRP sheet are oriented vertically along the 

length of the column. The VE layer is bonded to the inner and outer FRP sheets with 

epoxy. Both the inner FRP sheets and the VE layer stop approximately one inch away 

from the beam/footing. 

 

Shear Mechanism of Anchored Constrained VE Layer in a DES System 

When the column is bent to the right, the VE layer on the left side of the column 

undergoes significant shear deformation between the inner and the outer FRP sheets and 

dissipates energy while the deformation and energy dissipation of the remaining VE layer 

on the right side are small. The shear deformation may become more pronounced when 

the column starts separating from its connecting member (beam or footing) at the 

construction joint due to slippage of dowel bars as a result of debonding of the lap splices 
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or formation of a plastic hinge. The main design parameters of such an integrated system 

include the number and height of the inner FRP sheets, thickness and height of the VE 

layers, the ratio of Young’s modulus between VE material and concrete, bond strength, 

embedment length of the outer FRP sheet for anchorage, and the location of anchorage. 

 

Effect of Distributed Damping in a DES System 

The proposed DES system has an integrated VE layer as distributed damping into the 

FRP jacketing of a cantilevered RC column. In performance-based seismic design, the 

intent of providing an enhanced distributed damping component is to reduce the seismic 

responses of the column under a small earthquake event for an improved functionality 

and performance level. In this case, the inelastic deformation of the column is very 

limited and the retrofitted system basically remains elastic, which is the main reason to 

focus on the damping effect on elastic responses in this study. It is worth noting that 

adding VE layers has virtually no extra installation cost. 

 

Shear Strain Amplification Mechanism in the New Treatment 

To understand why the new constrained layer treatment is more effective than the 

conventional way, consider the partially covered column in Fig. 1 subjected to a bending 

moment at the cantilever end. Fig. 2 presents the comparison of the shear stress 

distribution between the conventional and the new treatments. Under the end moment, the 

column experiences a constant moment or curvature along its height. When the 

constraining layer is not anchored, as shown in Fig. 2(a), the induced shear stress must be 

zero and therefore changes its direction at the middle height of the VE layer in order to 
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satisfy the zero vertical force equilibrium condition at the section below the VE layer. At 

any other point, the shear stress is proportional to the distance from the middle height 

point. 

On the other hand, when the constraining layer is anchored into the column 

footing, as illustrated in Fig. 2(b), the shear stress induced linearly increases with the 

distance from the footing in the same direction. As a result, the maximum stress in the 

new treatment, shown with solid plus dotted arrows in Fig. 2(b), is more than twice that 

of the conventional way, as shown in Fig. 2(a). By superimposing the stress distribution 

in Fig. 2(a) with that in Fig. 2(b), the net stress difference gained with the anchored 

constraining layer is indicated by the solid arrows in Fig. 2(b), resulting in a three times 

more shear force counteracting the effect of the end moment. In a similar study by Karim 

and Chen (2009) for a simply supported beam, it was observed that the distributed 

damping is more effective when the VE layer is either anchored at one-end or both-end of 

the beam when compared to the conventional VE layer, i.e. VE layer with no-anchorage. 

 

Discrete Spring Modeling of Distributed VE Layers 

For simplicity of the following derivation, the neutral axis of the circular section is 

assumed to pass through the center of the section, as illustrated in Fig. 3(a). Considering 

the Euler beam theory, the longitudinal deformation at any point on the circumference of 

the cross section, as shown in Fig. 3(b), is linearly distributed with the distance from the 

neutral axis, also shown in Fig. 3(a). As a result, the shear strain in the VE layer at x 

distance from the top surface of the column footing is obtained by dividing the 
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longitudinal deformation by the thickness of the VE layer. The shear strain and its 

corresponding shear stress can be expressed as 

 max
( , )( , , ) cos ( , ) cos

2 v

d y x tx t x t
t x

γ θ θ γ θ∂
= =

∂
  and  max( , , ) ( , ) cosx t x tτ θ τ θ=  (1) 

in which d is the diameter of the column, tv is the thickness of the VE layer, θ is the angle 

over the cross section measuring from a line perpendicular to the neutral axis, ( )txy ,  is 

the relative transverse displacement with respect to the column base along the centerline 

of the column, max ( , )x tγ and ( )max ,x tτ  are the maximum shear strain and stress, 

respectively, on the cross section x distance from the footing. 

For a circular section, the moment of the shear force over the distance dx about 

the neutral axis can be determined by 

 
2 22 2 2
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2 2 2 8
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π π πτ θ θ θ τ θ θ τ= =∫ ∫  (2) 

Therefore, the equation of motion can be derived following the same procedure as used in 

Chen et al. (2006) and written as 
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in which, EI  is the flexural rigidity of the RC column, m and c are the mass and damping 

coefficients per unit length, respectively, which are considered as constants in this paper, 

and ( )0y t&&  is the ground acceleration. 

When the base excitation ( ) tieAty ω=0&& , the steady-state transverse displacement, 

the maximum shear strain and stress in the VE layer can respectively be expressed as 
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where A is the amplitude of the base acceleration, ω is the excitation frequency, t denotes 

the time instance, 1−=i represents the imaginary unit of a complex number, ( )xφ is a 

displacement function, vG′  is the shear storage modulus, and δ is the loss factor of the 

VE material. In general, they are both functions of the excitation frequency and the 

hardness of the materials. In this study, the shear storage modulus vG′  and loss factor δ  

were taken from the experimental study by Huang (2005) and are shown in Fig. 4. 

 

Spring Representation of VE Layer Effects 

The fourth term on the left side of Equation 3 represents the effect of the added VE layer. 

To facilitate the finite element analysis of a bridge structure, it is desirable to express that 

term as a function of the transverse displacement so that it can be modeled by discrete 

springs of complex coefficients. A closer examination on the fourth term in Equation 3 

and the maximum stress expression in Equation 4 indicates that the shear stress at any 

point is proportional to the curvature at that point for the steady-state responses. 

Therefore, a relation between the curvature and the displacement needs to be established. 

In this study, an approximation of the ratio between the curvature and the displacement of 

the column, r1(x), is made by using the first mode shape of the cantilever column of 

consistent mass (Chopra 2001). That is, 

 2 1 1 1 1
1 1

1 1 1 1

cosh cos (sinh sin )( )
cosh cos (sinh sin )
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β β β ββ
β β β β

+ − +
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where 1 1.8751/ Lβ = is related to the fundamental frequency of a column of uniformly 

distributed mass, and L is the total length of the cantilever column. 
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With this approximation, the fourth term on the left side of Equation 3 can be 

simplified in the steady-state of vibration into the following: 

 
2 3 2 3
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12
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The effect of the VE layer now can be approximately modeled by continuous 

springs along the portion of the column that is covered by the VE layer. The spring 

constant per linear length, ( )k x , is defined as 
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δπ ω
δ
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which is a complex function. In the finite element model of a bridge structure, the effect 

of the VE layer can be further simplified by discrete springs. When a column is equally 

divided into many finite elements of Δx in length, the spring constant of the discrete 

element at x distance from the footing is equal to k(x)Δx in force per length. The 

normalized shape function ( )xφ  and corresponding normalized curvature to 

displacement ratio r1(x) are shown in Fig. 5. It should be noted that in Fig. 5, height is 

normalized w.r.t. overall height of the column, ( )xφ  is normalized w.r.t. maximum value 

of ( )xφ , and r1(x) is normalized with respect to (w.r.t.) maximum value of r1(x) so that 

their maximum values cannot exceed 1.0 and can easily be visualized how they look like 

within the same frame. 

 

Validation of Spring Representation with a 1/5-Scale Square RC Column 

To validate the discrete spring model of VE layers, a 152.4 cm long, 20.32 cm×20.32 cm 

square column analytically studied in Chen et al. (2006) was analyzed using the finite 
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element model (FEM). When the column is evenly divided into finite elements of 2.54 

cm long, the steady-state acceleration ratio between the top of the column and the ground 

is presented in Fig. 6 over a frequency range of 6.6 to 7.2. In the figure, two solid lines 

represent the solutions obtained by the analytical and two dotted lines indicate the FEM 

results. Two cases are presented: a5=0, i.e. no VE layers, and a5=0.4, i.e. 40% coverage of 

the column height with VE layers. It can be observed that for either case, the FEM 

solution agrees well with the analytical results over the entire frequency range 

considered, particularly in the resonant range. The VE layer reduces the acceleration by 

approximately 5%. 

 

Finite Element Modeling of Bridge Columns with VE Layers 
 

Old St. Francis River Bridge over US60 in the New Madrid Seismic Zone 

To apply VE layers as discrete springs in the FEM of bridge columns, the Old St. Francis 

River Bridge was considered as an example, which is presented in the following study. 

Designed in 1977 without seismic considerations, this 7.92m high bridge consisted of 

three spans supported by steel plate girders (Chen et al. 2002). The interior diaphragms 

and the cross-frames each consisted of two diagonals L3×2½×5/16 crossed over each 

other, top and bottom horizontal members L4×4×5/16. All interior diaphragms and cross-

frames were placed parallel to the abutments of the bridge. The bridge, however, was 

skewed at a 20o angle, so the ends of the girders were offset from one another at the ends 

of the bridge. Therefore, these diaphragms and cross-frames were not perpendicular to 

the girders because of the angle of the structure. 
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The bridge superstructure is supported by two intermediate bents through one 

fixed bearing and one expansion bearing, along with two seat-type abutments at its ends.  

Each bent consisted of a RC cap beam and three RC columns. Both bents and abutments 

are supported by deep friction pile foundations. There are 12 piles, each approximately 

5.79 m in length, for each column footing and 16 piles, each about 13.72 m in length, for 

each abutment footing. Two expansion joints were constructed at the ends of the bridge. 

This bridge used 27.58 MPa concrete for the superstructure and 20.68 MPa concrete for 

the substructure. For the reinforcing steel, 275.80 MPa was used. 

The bridge was modeled with the finite element method in SAP2000. All of the 

components of the structure were included in the bridge model. Springs and dashpots 

were used at the base of each column and each abutment to model the soil and foundation 

effects. The periods for the first two vibration modes of the bridge were found to be 

1.3173s and 0.4773s, respectively (Chen et al. 2002). The elevation and vibration modes 

of the bridge are shown in Figs. 7 and 8, respectively, and cross-sectional properties of 

one of the bridge columns are shown in Fig. 9(a). 

To better understand the effect of VE layers, the bridge was first analyzed under 

two individual ground motions: along the traffic direction (longitudinal) and 

perpendicular to the traffic direction (transverse). Since the bridge is skewed to a small 

degree, the longitudinal and transverse motion can be approximately simulated by the 

out-of-plane and in-plane motion of the fixed bent as separately discussed below. 
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Single Curvatures 

The out-of-plane behavior of the fixed bent is similar to a cantilever column that was 

subjected to single curvature, the same behavior as Fig. 6 indicates except for different scale. 

The frequency response function of the absolute acceleration at the bridge deck, normalized 

by the peak ground acceleration, is shown in Fig. 10(a). It is clearly seen from Fig. 10(a) that 

a 40% VE coverage (a5=0.4) of the lower portion of the column can reduce the peak deck 

acceleration by 14%, which is significantly more effective than that presented in Fig. 6 due 

mainly to scale effect. Note that the natural frequency of the fixed bent is slightly increased 

due to the stiffening effect of the VE layer. 

 

Double Curvatures 

The in-plane motion of the fixed column involves a frame action of three columns. Each 

column is subjected a double curvature. Each column can then be modeled as illustrated 

in Fig. 9(b) with VE effects represented by continuous springs. A rigid element was 

introduced at each end of the element to facilitate the development of a spring modeling 

concept. At each end of the column, a distribution of stiff concrete was considered in the 

FEM. 

In this case, the parameter L in Equation 5 represents the distance from the point 

of inflection to the footing for the lower portion or to the cap beam for the upper portion 

of the column. From a linear analysis of the frame under a concentrated load at the cap 

beam, it was found that the point of inflection is slightly above the mid height of the 

column. For simplicity, it was considered at the mid height of the column in the 

following analysis. Fig. 10(b) presents the acceleration ratio between the deck and the 
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ground for five cases: no VE layer (a5=0), 20% coverage on the lower half ((a5=0.2 [b]) 

of the column, 20% coverage on the upper half ((a5=0.2 [t]) of the column, 20% coverage 

on the both lower and upper half of the column (a5=0.2 [t+b]), and 40% coverage on the 

lower half ((a5=0.4 [b]) of the column. In this case, it is clearly seen that the effect of VE 

layers at top or bottom of the column is the same, each resulting about 2% reduction; the 

introduction of VE layer both at the top and the bottom of the column, the total effect is 

approximately 4%. The increase of this effect is due to the accumulative effect of shear 

strain in VE layers. 

It can also be seen from Fig. 10(b) that the 40% VE coverage can reduce the peak 

acceleration by 11% when attached on the lower portion of the column, which is much 

higher compared to the acceleration reduction when VE is applied 20% both on the lower 

and upper portion of the column. These results indicate less effectiveness of VE layers 

used to mitigate the in-plane responses with VE layers applied at both ends of the 

column. Therefore, for mitigation purpose, it is better to apply VE layer only in one side 

of the column, preferably, on the bottom half of the column. 

 

Simple Expressions for Obtaining Responses in FEM 

In the discrete spring representation of the VE layer, several factors are related, viz. % 

coverage of the VE layer 5a , choice of xΔ , VE layer thickness vt , etc. While dealing with 

these parameters in FEM, it is an extremely laborious task to provide those inputs in FEM. 

Therefore, in this section, some procedures are given regarding how to use some simple 

expressions in obtaining the steady state responses in FEM. It should be noted that the 

responses considered are only the peak responses. 
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In order to do so, first, the responses were obtained w.r.t. 5a , xΔ  and vt  and they 

are shown in Figs. 11, 12, and 13, respectively. Fig. 14 summarizes the peak responses w.r.t. 

both xΔ  and vt  for 5a =0.4. Note that all values are shown w.r.t. normalized 5a , xΔ  and vt  

for simplicity, where 5a  is normalized w.r.t. column height while both xΔ  and vt  are 

normalized w.r.t. column diameter. For instance, 5a =0.4 means VE layer coverage of 0.4h, 

i.e. 3.17m (height, h =7.92m), vt =.0104 means VE layer thickness of .0104d, i.e. 9.5mm 

(diameter, d=914mm), and xΔ =0.03 means discrete element of 0.03d, i.e. 27.4mm. Another 

reason to use normalized parameters is to avoid the possible conflict of using different unit 

systems. Therefore, the users have some flexibility in choosing any preferred unit system. 

Hereafter, the term “normalize” is omitted for simplicity. 

Looking at Fig. 14, it is clear that the responses are correlated w.r.t. both xΔ  and vt . 

A similar trend was also observed w.r.t. 5a  (not shown). This means that some scale factors 

can be applied in obtaining the responses. With this view, the scale factors are obtained 

w.r.t. xΔ , vt , and 5a , respectively, and they are shown in Fig. 15. The expressions for scale 

factors are summarized below. It should be noted that it is necessary to have the initial peak 

response to apply those scale factors. For simplicity, the initial response Acco w.r.t. xΔ  is 

considered for a vt =.0026 and also shown below. It should also be noted that the subscripts 

refer to the corresponding scale factors. 

 expb xAcco a Δ=  (8) 

 expd x
xsf c Δ

Δ =  (9) 

 2
( ) sin( / 2)

1 ( ) cos( / 2)

h

h h
f g tv h
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 4 3 2 1 0
5 5 5 5 5 5asf ia ja ka la ma= + + + +  (11) 

where the regression coefficients are obtained as a=22.56, b=-0.035, c=0.999, d=-0.035, 

e=1.0, f=0.1, g=26, h=0.582, i=-4.80, j=11.27, k=-8.85, l=2.33, and m=.885, respectively. 

Finally, using Equations (8), (9), (10) and (11), respectively, the final response Acc can be 

obtained as 

 5[ ][ ][ ][ ]x tv aAcc Acco sf sf sfΔ=  (12) 

Therefore, using Equation (12), for any known values of 5a , xΔ , and vt , in other 

words, for a known combination of any values of 5a , xΔ , and vt , one can easily obtain the 

response without going for the FEM analysis where one needs to have input values for xΔ , 

5a , and vt , which is a rather laborious task. As for the demonstration purpose, the peak 

accelerations are obtained using Equation (12) and summarized in Fig. 16 for an 5a  equal to 

0.4, 0.5, 0.6 and 0.7, respectively. 

It should be noted that the % of coverage of the VE layer was found effective 

between 20 to 80%, i.e. 5a  equal to 0.2 to 0.8. Therefore, to consider scale factor w.r.t. 5a , 

the value for 5a  should be taken somewhere between 0.2 and 0.8 (Fig. 11(b)). Care should 

be taken that the simple expression as given in Equation (12) is expected to be applicable 

only for a similar kind of bridge structure, particularly, having a bridge column with circular 

cross-section. At this point, it is not understood whether this simple expression may be 

applicable for other types of bridge structures or not, for instance, bridge structures with 

square columns. However, it is expected that simple expressions for other types of bridge 

structures may be derived following the same procedures as described in this section. 
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Conceptual Design for Seismic Retrofit of Highway Bridges 

The proposed DES methodology is intended to allow engineers to design for multiple 

performance objectives simultaneously so that the designed structure has similar margins 

of performance under different earthquake hazards. The DES methodology has two 

components, viz. damping component and strengthening component. The damping 

component ensures the operational level of the bridge structure under a small earthquake 

and the strengthening component ensures the safety level of the bridge structure under a 

large earthquake. The results presented in this study are related to the effect of VE 

damping on a simplified bridge structure model, while the strengthening component is 

discussed in detail in a companion paper (Karim and Chen 2009). 

 

Conclusions 

The end goal of the proposed DES methodology is to enable engineers to retrofit a bridge 

structure for its normalized performances against multiple objectives under different levels 

of earthquake hazards. This paper presents one significant step towards that goal, developing 

a finite element modeling technique for the implementation of this methodology in practical 

application. Specifically, discrete springs were introduced to model the effects of distributed 

VE damping layers on the response of columns and the structural system at large. The 

discrete spring model was validated against the analytical solution derived from the previous 

study and found quite satisfactory. 

The validated model was then applied to investigate the effect of VE layers on the 

out-of-plane and in-plane motion of the three-column bent from a three-span steel-girder 

bridge. It was observed that the 40% coverage of a circular column by one 2.38 mm VE 
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layer can reduce the peak acceleration at the bridge deck by 14% when the column is 

subjected to a single curvature action. In the case of double curvature action, with 40% VE 

coverage applied on the lower portion of the column will reduce responses by 11%. In 

comparison with the retrofit scheme at both ends of the columns, it was observed that 

retrofitting of one end of the column with the same 40% VE coverage is more efficient 

compared to retrofitting at both ends. It was also observed that the VE layer is more 

effective for a range of 20-80% coverage; however, a range of 40-70% coverage is 

recommended for practical application. Finally, some simple expressions are derived in 

estimating the elastic responses of the bridge columns with VE layers. 
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Fig. 1. Composition of a DES system. 
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(a) Conventional constrained layer. 

(b) Anchored constrained layer. 

Fig. 2. Comparison of shear stress distributions in the conventional and the proposed 
layer treatments. 
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(a) Linear distribution of strain. (b) Circular cross section. 

Fig. 3. Strain change over cross section. 
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Fig. 4. Engineering parameters of VE material obtained from experiments. 
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Fig. 5. Normalized shape functions (φ) and corresponding curvature to displacement 
ratios (r1). 
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Fig. 6. Comparison of steady-state acceleration obtained from analytical model and 
FEM. 
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Fig. 7. Bridge elevation. 
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(a) mode 1, T=1.3173 s. (b) mode 2, T=0.4773 s. 

Fig. 8. Vibration period and mode shapes of the highway bridge. 
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(a) Bridge column. (b) Double curvature action. 

Fig. 9. Bridge column with VEM layer and modeling of VE layers for the case of 
double curvature action. The cross section of the column is also shown in the figure. 
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Fig. 11. Acceleration ratio for different level of VE coverage 5a  (normalized w.r.t. 
column height) and corresponding peak values. The results are shown for a vt =0.0026 
(normalized w.r.t. column diameter). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

86

 

5

10

15

20

25

0.50 0.52 0.54 0.56 0.58 0.60

f [Hz]

A
cc

 ra
tio

a5=0.0
a5=0.4, normalized Δx=0.03
                                     0.09
                                     0.18
                                     0.37
                                     0.73
                                     1.22
                                     3.66

19

20

21

22

23

0.01 0.10 1.00 10.00

Normalized Δx

P
ea

k 
ac

c 
ra

tio

(a) Acceleration ratio. (b) Peak values. 

Fig. 12. Acceleration ratio for different xΔ  (normalized w.r.t. column diameter) and 
corresponding peak values for 5a =0.4 (normalized w.r.t. column height). The results 
are shown for a vt =0.0026 (normalized w.r.t. column diameter). 
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Fig. 13. Acceleration ratio for different vt  (normalized w.r.t. column diameter) and 
corresponding peak values for 5a =0.4 (normalized w.r.t. column height). The results 
are shown for a xΔ =0.18 (normalized w.r.t. column diameter). 
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Fig. 14. Peak accelerations w.r.t. both xΔ  (normalized w.r.t. column diameter) and vt  
(normalized w.r.t. column diameter) for 5a =0.4 (normalized w.r.t. column height). 
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Fig. 15. Peak values w.r.t. xΔ  (normalized w.r.t. column diameter) and corresponding 
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3. Damping-Enhanced Seismic Strengthening of Highway Bridge 
Columns for Dual Performance Objectives 

 

Kazi R. Karim1 and Genda Chen2∗, F. ASCE 

 

Abstract: In this study, a damping-enhanced seismic strengthening (DES) methodology 

with an integrated viscoelastic (VE) layer used for distributed damping in FRP jacketing 

for RC bridge columns is introduced. The proposed DES methodology was applied to the 

Old St. Francis River Bridge columns located in the new Madrid Seismic Zone. The 

column responses under harmonic loading were investigated based on a finite element 

model and presented in a companion paper. This paper primarily investigates the dual 

performance of the bridge columns for both out-of-plane and in-plane motions 

considering both damping and strengthening components of the DES strategy. It was 

observed that the damping component ensures the operational level under a small 

earthquake while the strengthening component ensures the safety level under a large 

earthquake. Therefore, both damping and strengthening satisfy dual performance 

objectives under both small and large earthquakes. It was also observed that for the 

bridge column under consideration, a 3ply of CFRP with full coverage of the VE layer is 

required to satisfy dual performance for out-of-plane motion, while either a 2ply of CFRP 
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with 40% coverage of the VE layer or a 1ply of CFRP with 80% coverage of the VE 

layer is required to satisfy dual performance for in-plane motion. 

CE Database subject headings: VE layer; FRP jacketing, Bridge column; Elastic 

response; Surface damping; Seismic strengthening; Pushover Analysis; Normalized 

performance. 

 

Introduction 

The design concept of multiple performance objectives was introduced in FEMA (1997) 

and recommended load and resistance factor design (LRFD) guidelines for the seismic 

design of highway bridges (ATC/MCEER 2008). The current practice, however, is to 

design a structure for one performance level and check its adequacy for other levels if 

necessary. This practice could lead to an uneconomical design with inconsistent margins 

of compliance to different performance objectives. How to directly design for multiple 

performance objectives has never been discussed for both new design and retrofit 

projects. 

Over 50% of the bridges in the NBI database representing the 1970’s construction 

methods which incorporate no seismic design considerations are structurally deficient 

(Chen et al. 2002). To respond to ever-increasing retrofitting needs, several strengthening 

techniques, such as fiber-reinforced-polymer (FRP) jacketing, have been developed over 

the past two decades (FHWA 2005; MCEER 2005). These techniques can be used to 

provide an existing reinforced concrete (RC) column with effective confinement so that 

the column will not collapse during a strong earthquake event. Strengthening alone, 

however, is unlikely to improve the column performance under moderate earthquake 
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events. This is because significant strains must be developed in the column before a 

jacketing technique is effectively engaged as part of the strengthened column system. It 

is, therefore, desirable to develop a new retrofitting technology that can meet multiple 

performance objectives in the context of performance-based design of structures (FEMA 

1997; MCEER 2005). 

In this study, an integrated damping and strengthening methodology, called 

damping-enhanced seismic strengthening (DES), is introduced for bridge columns 

(Huang 2005; Chen et al. 2006). The proposed DES methodology is intended to allow 

engineers to design for multiple performance objectives simultaneously so that the 

designed structure has similar margins of performance under different earthquake 

hazards. The DES methodology has two components, viz. damping and strengthening 

components. The damping component ensures the operational level of a bridge structure 

under a small earthquake and the strengthening component ensures the safety level of a 

bridge structure under a large earthquake. Karim and Chen (2009) investigated the 

distributed VE layer damping effect on the elastic response of bridge columns and 

presented their findings in a companion paper. 

The focus of this paper is to investigate the dual performance objectives of the 

Old St. Francis River Bridge columns under the considerations relevant to the DES 

methodology. With this objective, the columns were wrapped by different numbers of 

carbon-fiber-reinforced-polymer (CFRP) ply with different percentages of VE layer 

coverage. Both the out-of-plane and in-plane motions were considered in investigating 

the dual performance of bridge columns in both longitudinal and transverse directions. 

The damping component was taken from the study presented in the companion paper 
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(Karim and Chen 2009), while the strengthening component is investigated in this study 

based on nonlinear pushover analysis. Finally, the normalized performance for different 

combinations of number of CFRP ply and percentage of VE layer coverage is presented 

in tabular form. The intent is to select a suitable combination of materials that satisfy dual 

performance needs of the bridge column in both longitudinal and transverse direction. 

 

The Concept of a DES Methodology 

In earthquake engineering, performance-based design for multiple performance 

objectives has recently been introduced in retrofitting provisions (FEMA 1997; 

ATC/MCEER 2008). How to directly design for multiple performance objectives, 

however, has not been discussed in regard to both new design and retrofit specifications. 

Although FRP jacketing (FHWA 2005) can effectively confine an existing reinforced 

concrete (RC) column to prevent collapsing during a strong earthquake event, 

strengthening alone is unlikely to improve the column performance under moderate 

earthquake events. A new retrofitting technology to meet the multi-objective 

requirements in the performance-based design of structures is desirable. 

 

Damping-Enhanced Strengthening (DES) System 

Chen et al. (2006) introduced a constrained VE layer wrapped by FRP jacketing to a 

cantilever RC column, known as the DES system. The system consists of one or more 

FRP sheets (inner) wrapped around the circular (or rectangular) RC column, a VE layer 

attached on the FRP sheets, and another FRP sheet (outer) outside the VE layer that is 

anchored into the connecting member (beam or footing) of the column at one end. The 
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entire system is shown schematically in Fig. 1. The fibers of the inner FRP sheets are 

oriented along the perimeter of the column for a confinement effect while those of the 

outer FRP sheet are oriented vertically along the length of the column. The VE layer is 

bonded to the inner and outer FRP sheets with epoxy. Both the inner FRP sheets and the 

VE layer stop approximately one inch away from the beam/footing. 

 

Shear Mechanism of Anchored Constrained VE Layer in a DES System 

When the column is bent to the right, the VE layer on the left side of the column 

undergoes significant shear deformation between the inner and the outer FRP sheets and 

dissipates energy while the deformation and energy dissipation of the remaining VE layer 

on the right side are small. The shear deformation may become more pronounced when 

the column starts separating from its connecting member (beam or footing) at the 

construction joint due to slippage of dowel bars as a result of debonding of the lap splices 

or formation of a plastic hinge. The main design parameters of such an integrated system 

include the number and height of the inner FRP sheets, thickness and height of the VE 

layers, the ratio of Young’s modulus between VE material and concrete, bond strength, 

embedment length of the outer FRP sheet for anchorage, and the location of anchorage. 

 

Effect of Distributed Damping in a DES System 

The proposed DES system has an integrated VE layer for distributed damping into the 

FRP jacketing of a cantilevered RC column. In performance-based seismic design, the 

intent of providing an enhanced distributed damping component is to reduce the seismic 

responses of the column for an improved functionality performance level under a small 
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earthquake event. In this case, the inelastic deformation of the column is very limited and 

the retrofitted system basically remains elastic, which is the main reason to investigate 

the damping effect on elastic responses in this study. On the other hand, the strengthening 

component is there to ensure that the column remains intact for a safety performance 

level under a strong earthquake event. It is worth noting that there is virtually no extra 

installation cost for adding VE layers. 

 

Shear Strain Amplification Mechanism in the New Treatment 

To understand why the new constrained layer treatment is more effective than the 

conventional way, consider the partially covered column in Fig. 1 subjected to a bending 

moment at the cantilever end. Fig. 2 presents the comparison of the shear stress 

distribution between the conventional and the new treatments. Under the end moment, the 

column experiences a constant moment or curvature along its height. When the 

constraining layer is not anchored, as shown in Fig. 2(a), the induced shear stress must be 

zero and changes its direction at the middle height of the VE layer in order to satisfy the 

zero vertical force equilibrium condition at the section below the VE layer. At any other 

point, the shear stress is proportional to the distance from the middle height point. 

On the other hand, when the constraining layer is anchored into the column 

footing as illustrated in Fig. 2(b), the shear stress induced linearly increases with the 

distance from the footing in the same direction. As a result, the maximum stress in the 

new treatment, shown with solid plus dotted arrows in Fig. 2(b), is more than twice that 

of the conventional way, as shown in Fig. 2(a). By superimposing the stress distribution 

in Fig. 2(a) with that in Fig. 2(b), the net stress difference gained with the anchored 
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constraining layer is indicated by the solid arrows in Fig. 2(b), resulting in a three times 

more shear force counteracting the effect of the end moment. 

 

Conceptual Design of the Seismic Retrofit of a Highway Bridge 

The proposed DES methodology is intended to allow engineers to design for multiple 

performance objectives simultaneously so that the designed structure has similar margins 

of performance under different earthquake hazards. Following is a presentation of the 

step-by-step procedure for the implementation of the proposed methodology after a 

detailed assessment of the structural condition of the existing bridge. It is assumed that 

the safety performance or collapse prevention (CP) level and the operational performance 

(OP) level corresponding to the earthquake hazards at 2% and 10% probability of 

exceedance in 50 years, respectively, are considered for the retrofit of the bridge 

structures. 

 

Structural Condition Evaluation of the Bridge 

The capacity over demand ratio method was used to evaluate the structural condition of 

the Old St. Francis River Bridge (FHWA 2005). According to a detailed analysis (Chen 

et al. 2002), the bridge structure has the following deficiencies: 

• Bearing failure in shear and insufficient anchorage 

• Poor detailing at top and bottom of columns 

• Moderate buckling of diaphragm/cross frame 

• Column shear failure 
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• At the operational performance level 

• At the safety performance level 

 

Seismic Retrofit Design Procedure 

Seismic retrofit of highway bridges using the proposed methodology can be performed 

with the following design procedure: 

• Establish multiple performance objectives, e.g., operational and safety 

performance levels of the bridge example in this study 

• Strengthen the inadequate columns for shear strength and confinement at their 

ends with FRP sheets to meet the safety performance level requirements 

• Design VE layers to significantly reduce the earthquake-induced forces on 

bearings and diaphragm/cross frames so that they meet the operational 

performance level 

• Evaluate the performance of the bridge structure retrofitted both with the 

damping layers and strengthening components. In this case, the VE layers will 

also reduce, to a certain degree, the earthquake forces on various structural 

components at the safety performance level. 

 

Application of DES Methodology to Old St. Francis River Bridge Columns 

With the above objectives, the Old St. Francis River Bridge Columns were considered to 

investigate dual performance objectives in the context of DES methodology. Designed in 

1977 without seismic considerations, this 7.92m high bridge consisted of three spans 

supported by steel plate girders (Chen et al. 2002). The interior diaphragms and the cross-
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frames each consisted of two diagonals L3×2½×5/16 crossed over each other, top and 

bottom horizontal members L4×4×5/16. All interior diaphragms and cross-frames were 

placed parallel to the abutments of the bridge. The bridge, however, was skewed at a 20o 

angle, so the ends of the girders were offset from one another at the ends of the bridge. 

Therefore, these diaphragms and cross-frames were not perpendicular to the girders 

because of the angle of the structure. 

The bridge superstructure is supported by two intermediate bents through one 

fixed bearing and one expansion bearing, along with two seat-type abutments at its ends.  

Each bent consisted of a RC cap beam and three RC columns. Both bents and abutments 

are supported by deep friction pile foundations. There are 12 piles, each approximately 

48.26 cm in length, for each column footing and 16 piles, each about 114.3 cm in length, 

for each abutment footing. Two expansion joints were constructed at the ends of the 

bridge. This bridge used 27.58 MPa concrete for the superstructure and 20.68 MPa 

concrete for the substructure. For the reinforcing steel, 275.80 MPa was used. 

The bridge was modeled with the finite element method in SAP2000. All of the 

components of the structure were included in the bridge model. Springs and dashpots 

were used at the base of each column and each abutment to model the soil and foundation 

effects. The periods for the first two vibration modes of the bridge were found to be 

1.3173s and 0.4773s, respectively (Chen et al. 2002). The elevation and vibration modes 

of the bridge are shown in Figs. 3 and 4, respectively. 
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Damping Effect on the Elastic Response of Bridge Columns 

First, a possible damping effect on the column responses due to the distributed VE layer was 

investigated based on steady-state analysis and the details are presented in the companion 

paper (Karim and Chen 2009). The effect was investigated for both longitudinal and 

transverse directions considering both out-of-plane and in-plane motions. The investigation 

of a damping effect on column responses was one significant step towards the application of 

DES methodology to bridge columns. An emphasis was placed in developing a finite 

element modeling technique for the implementation of the DES methodology in practical 

application. Specifically, discrete springs were introduced to model the effects of distributed 

VE damping layers on the response of columns and the structural system at large (Karim 

and Chen 2009). Finally, this damping component was taken into account when applying 

the DES methodology to investigate the dual performance of the bridge columns under 

seismic loading in this study. 

 

Seismic Strengthening of Bridge Columns by CFRP Jacketing 

For seismic strengthening of bridge columns, different numbers of CFRP ply were 

applied to the bridge columns. Fig. 5(a) shows the stress-strain relationship of the 

concrete without retrofitting that was originally used in designing the column and with 

CFRP along with VE layers wrapped around the column. The confined stress-strain was 

obtained from the simple relationship originally proposed by Mander et al. (1988) and 

other parameters necessary in obtaining stress-strain relationship were adopted from 

Priestley et al. (1996). The CFRP parameters were taken from the study of Silva et al. 

(2007). The moment-curvature relationships were obtained using RESPONSE-2000 and 
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are shown in Fig. 5(b). The force-displacement relationships were obtained based on 

nonlinear pushover analysis (Bentz 2000). 

 

Dual Performance of Bridge Columns in the Longitudinal Direction 

In performance-based seismic design, a minimum design standard should be that the 

columns meet the OP level for small earthquakes and the CP level for large earthquakes. 

Other performance levels can be considered, however, in this study only the OP and CP 

performance levels are considered since they are the minimum design standards. 

Hereafter it is called dual performance. 

There are two components in performance evaluation, viz. capacity and demand. 

In this study, the performance was evaluated based on the capacity and demand spectra. 

When both capacity and demand spectra meet each other, a performance point is 

obtained, and with the same token, when they do not meet each other, no performance 

point is obtained. 

The capacity spectra were obtained from the force-displacement relationships of 

the bridge column. This was done by dividing the base shear with the appropriate mass 

applied at the top of the column. In obtaining the demand spectra, the IBC (2006) 

response spectra were considered in this study, and three levels of ground motion were 

considered, viz. small, design, and large earthquake. 

While the spectrum for the design earthquake was obtained for the Old St. Francis 

River Bridge site following the same procedures given in the IBC (2006), both the small 

and the large earthquake spectra were obtained by applying some scale factors to design 

spectra to match the PGA level that were obtained from the site specific synthetic ground 
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motion of 10% and 2% probability of exceedance in 50 years, and they represent small 

and large earthquakes, respectively (Chen at el. 2002). 

The inelastic demand spectra were obtained based on the procedures given in the 

study of Fajfar (1999) and the damping effects due to the distributed VE layers were then 

incorporated (Viti et al. 2002; Lu 2007). Hereafter, the first is called demand spectra 

without damping effect and the later is called demand spectra with damping effect. Note 

that the VE layer damping component was taken from the study of Karim and Chen 

(2009) and provided in the companion paper. 

To investigate dual performance of the bridge column in the longitudinal 

direction, two cases were  considered and discussed below, viz. 1) column wrapped by 

CFRP along with VE layer for a 40% coverage, i.e. 5a =0.4, and 2) column wrapped by 

CFRP along with VE layer for a 100% coverage, i.e. 5a =1.0. 

 

Column Wrapped by CFRP along with VE Layer for 40% Coverage 

Fig. 6(a) shows the force-displacement relationships of the column for 5a =0.4 in the 

longitudinal direction and the corresponding capacity spectra in acceleration-

displacement-response-spectra (ADRS) format are shown in Fig. 6(b). The response 

spectra used in this study are shown in Fig. 7(a) and the spectra in ADRS format are 

shown in Fig. 7(b). Hereafter, ADRS spectra are called spectra for simplicity. 

Fig. 8(a) shows the capacity-demand spectra without FRP and without damping 

while Fig. 8(b) shows the capacity-demand spectra without FRP and with damping effect 

for 5a =0.4. Note that both OP and CP levels are also shown in the same figures and they 

are defined as dy and du, respectively, where dy is the displacement at yield point and du 
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is the displacement at ultimate point. In Fig. 8(a), it is clearly seen that the column 

without FRP wrapping does not satisfy the OP level performance for any level of 

earthquakes if the damping effect is not considered; the same column satisfies CP level 

performance only for a small earthquake. It is also clearly seen (Fig. 8(b)) that the 

column without FRP wrapping does not satisfy the OP level performance for any level of 

earthquakes even after considering the damping effect, although it may survive during the 

small earthquake. 

Therefore, it can be concluded that with the original capacity of the column, even 

after considering the damping effect, it does not meet the OP level for any level of 

earthquakes and it meets the CP level only for a small earthquake. Therefore, it is 

necessary to go forward with retrofitting of this column, which is done by applying VE 

layer around the column and wrapping with FRP sheets. It should be noted that the VE 

layer provides the damping effect and the FRP layer provides the strengthening effect. 

In order to understand both the damping and strengthening effects, in this study, 

the column was retrofitted by applying 1ply, 2ply, 3ply, 4ply, 5ply and 6ply  of CFRP 

along with VE layer around the column; the corresponding capacity-demand spectra for 

both with and without damping effects are shown in Figs. 9 to 14, respectively. Note that 

the explanation for the retrofitted column for all cases remains the same as discussed 

earlier for the case without FRP wrapping. 

Now, following the same explanation and looking at Figs. 9 to 14, it can be seen 

that the retrofitted column with 5ply FRP (Fig. 13 (b)) satisfies the CP level for all level 

of earthquakes when damping effect is considered. However, the same retrofitted column 

still does not satisfy the OP level for any level of earthquake even though the damping 



 

 

104

effect has been considered. Perhaps, the same column satisfies the CP level even without 

considering damping effect when it is wrapped by 6ply of CFRP (Fig. 14(a)). 

 

Normalized Performance for 40% Coverage 

Thus far, the performance was evaluated based on the actual displacements that were 

obtained for all cases. However, the capacity-demand spectra were also normalized w.r.t. 

OP. This was done in order to get the ductility of the bridge column, which is well known 

in the context of performance-based seismic design of structures. As an example, the 

normalized capacity-demand spectra are shown in Fig. 15 for the case of 40% coverage 

with 5ply FRP. 

In the capacity-demand spectra, there are two components, viz. demand and 

capacity. After obtaining both demand and capacity displacements, they were normalized 

w.r.t. OP to get both demand and capacity ductility. Both the demand and capacity 

ductility for all cases considered were then summarized in a tabular form which is shown 

in Table 1. Note that the demand ductility was obtained based on performance point. 

Therefore, in Table 1, ductility demands are shown only for those cases that have 

performance points. Finally, the demand versus capacity ratios were obtained for all cases 

to see which case in the proposed DES methodology satisfy both OP and CP 

performance. 

The idea of using demand versus capacity ratio is that it gives a better picture in 

understanding whether demand is more or less than the capacity. For instance, if the ratio 

falls below 1.0, it indicates that the demand is less than the capacity and if it falls above 

1.0, it indicates that the demand is more than the capacity. The first one means that the 
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column capacity is insufficient to meet the demand while the later means that the column 

has sufficient capacity to meet the demand. 

Looking at Table 1, it can be seen that none of the cases satisfy the OP level 

performance since the demand versus capacity ratios fall above 1.0. However, it can be 

seen that the CP level performance is satisfied for the case when only strengthening 

scheme is considered and a 6ply FRP is required in that case. With the same token, when 

the DES scheme is considered, the CP performance is satisfied for the case with 5ply 

FRP. 

As explained earlier, the minimum design standard should be such that the 

column should meet the OP level for small earthquakes and it should meet the CP level 

for large earthquakes. Since the column only meets the CP level under large earthquakes 

(for 5ply of CFRP with DES scheme as shown in Fig. 13(b) or 6ply of CFRP with 

strengthening scheme as shown in Fig. 14(a)) but it still does not meet the OP level for 

any level of earthquakes. This means that 40% coverage is not sufficient to meet both OP 

and CP performance criteria, in other words, the dual performance is not satisfied for the 

case when the column is retrofitted by CFRP along with VE layer with 40% coverage in 

the longitudinal direction. 

 

Column Wrapped by CFRP along with VE Layer for 100% Coverage 

Fig. 16(a) shows the force-displacement relationships of the column for 5a =1.0 in the 

longitudinal direction and the corresponding capacity spectra are shown in Fig. 16(b). 

Fig. 17(a) shows the capacity-demand spectra without FRP and without damping while 

Fig. 17(b) shows the capacity-demand spectra without FRP and with damping effect for 
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5a =1.0. It is clearly seen (Fig. 17(a)) that the column without FRP wrapping does not 

satisfy the OP level performance for any level of earthquake if damping effect is not 

considered and the same column satisfies CP level performance only for a small 

earthquake, but it does not satisfy CP level for the both design and large earthquakes. It is 

also clearly seen (Fig. 17(b)) that the column without FRP wrapping satisfies the OP 

level performance for a small earthquake when damping effect is considered, but it still 

does not satisfy CP level for the both design and large earthquakes even though the 

damping effect is considered. 

Therefore, it can be concluded that with the original capacity of the column and 

with the consideration of damping effect, it meets the OP level for a small earthquake, 

but it does not meet the CP level for both design and large earthquakes even though the 

damping effect has been taken into account. Therefore, it is necessary to go forward with 

retrofitting of this column, which is done by applying VE layer around the column and 

wrapping with FRP sheets. The retrofitting was done by applying 1ply, 2ply, 3ply, 4ply, 

5ply and 6ply of CFRP along with VE layer around the column, and the corresponding 

capacity-demand spectra for both without and with damping effects are shown in Figs. 18 

to 23, respectively. 

Looking at Figs. 18 to 23, it can be seen that the retrofitted column with 3ply of 

FRP and with consideration of damping effect (Fig. 20(b)), it satisfies OP level for a 

small earthquake and with the same token, it satisfies CP level for all level of 

earthquakes. Perhaps, the same column satisfies the CP level even without considering 

damping effect when it is wrapped by 5ply of CFRP (Fig. 22 (a)). 
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Normalized Performance for 100% Coverage 

The capacity-demand spectra were normalized w.r.t. OP level for all cases following the 

same procedures as explained earlier and Fig. 24 shows the normalized capacity-demand 

spectra only for the case with 3ply of FRP. Both demand ductility and capacity ductility 

for all cases considered were summarized in a tabular form which is shown in Table 2. 

As explained earlier, in Table 2, ductility demands are shown only for those cases that 

have performance points. Finally, the demand versus capacity ratios were obtained for all 

cases to see which case in the proposed DES methodology satisfy both OP and CP 

performance. 

Looking at Table 2, it can be seen that when the DES scheme is considered, both 

OP and CP level performance are satisfied for the cases when the column is retrofitted 

with 3 to 6ply of FRP, shown in the shaded area in the table. As explained earlier, the 

minimum design standard should be such that the column should meet the OP level for 

small earthquakes and it should meet the CP level for large earthquakes. Since the 

column meets the OP level under a small earthquake and the CP level under a large 

earthquake for 3 to 6ply of CFRP with DES scheme, as shown in the shaded area in Table 

2, this implies that the dual performance is satisfied for the case when the column is 

wrapped by at least 3ply of CFRP along with VE layer with a 100% coverage in the 

longitudinal direction. 

 

Comparison of Normalized Performance for 40% and 100% coverage 

In order to compare the normalized performance for 40% and 100% coverage in the 

longitudinal direction, the relationship between normalized performance and number of 
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CFRP ply in the DES scheme were obtained for both cases, shown in Fig. 25. Note that 

the relationships for both cases are shown at CP level. It can be seen (Fig. 25) that at CP 

level the performance of the column is much better when it is retrofitted with 100% 

coverage than that of the 40% coverage. Perhaps, to meet the CP level, the column is 

required to be retrofitted with at least 5ply of CFRP when 40% coverage is considered. 

With the same token, the column is required to be retrofitted with at least 3ply of CFRP 

when 100% coverage is considered. At this point, and considering only CP level, either 

option can be considered in retrofitting the column. However, when dual performance is 

considered, i.e. when both OP and CP level are considered, then the column has to be 

retrofitted with 3ply of CFRP along with VE layer with full coverage. 

 

Dual Performance of Bridge Columns in the Transverse Direction 

To investigate the dual performance in the transverse direction, two cases are considered 

and discussed below, viz. 1) column wrapped by CFRP along with VE layer for a 40% 

coverage, i.e. 5a =0.4, and 2) column wrapped by CFRP along with VE layer for a 80% 

coverage, i.e. 5a =0.8. 

 

Column Wrapped by CFRP along with VE Layer for 40% Coverage 

Fig. 26(a) shows the force-displacement relationships of the column for 5a =0.4 in the 

transverse direction and the corresponding capacity spectra are shown in Fig. 26(b). Fig. 

27(a) shows the capacity-demand spectra without FRP and without damping while Fig. 

27(b) shows the capacity-demand spectra without FRP and with damping effect for 

5a =0.4. It is clearly seen (Fig. 27(a)) that the column without FRP wrapping satisfies the 
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OP level performance for a small earthquake even without damping effect, however, the 

same column does not satisfy CP level when damping effect is not considered, although it 

satisfies the CP level for a design earthquake. It is also clearly seen (Fig. 27(b)) that the 

column without FRP wrapping satisfies the OP level for both small and design 

earthquakes with damping effect, however, it still does not satisfy the CP level for a large 

earthquake, even when damping effect is taken into account. 

Therefore, it can be concluded that with the original capacity of the column, even 

after considering the damping effect, it does not meet the CP level for a large earthquake 

although it does satisfy the OP level for both small and design earthquakes. Therefore, it 

is necessary to go forward with retrofitting of this column, which is done by applying VE 

layer around the column and wrapping with FRP sheets. In this study, the column was 

retrofitted by applying 1ply, 2ply and 3ply of CFRP along with VE layer around the 

column, and the corresponding capacity-demand spectra for both with and without 

damping effects are shown in Figs. 28 to 30, respectively. 

Note that explanation for the retrofitted column for all cases remains the same, as 

discussed earlier for the case without FRP wrapping. Now, following the same 

explanation and looking at Figs. 28 to 30, it can be seen that the retrofitted column with 

1ply of FRP (Fig. 28 (b)) satisfies the OP level for both small and design earthquakes and 

it also satisfies the CP level for a large earthquake when damping effect is considered. 

Perhaps, the same column satisfies the CP level even without considering damping effect 

when it is wrapped by 2ply of CFRP (Fig. 29(a)). 
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Normalized Performance for 40% Coverage 

The capacity-demand spectra were normalized w.r.t. OP level for all cases following the 

same procedures as explained earlier; Fig. 31 shows the normalized capacity-demand 

spectra only for the case with 1ply of FRP. Both demand ductility and capacity ductility 

for all cases considered were summarized in a tabular form which is shown in Table 3. 

As explained earlier, in Table 3, ductility demands are shown only for those cases that 

have performance points. Finally, the demand versus capacity ratios were obtained for all 

cases to see which case in the proposed DES methodology satisfy both OP and CP 

performance. 

Looking at Table 3, it can be seen that when the DES scheme is considered, both 

OP and CP level performance are satisfied for the cases when the column is retrofitted 

with 1 to 3ply of FRP, shown in the shaded area in the table. Perhaps, the same column 

also satisfies both OP and CP levels when it is retrofitted with 2ply of FRP without 

considering damping effect. As explained earlier, the minimum design standard should be 

such that the column should meet the OP level for small earthquakes and it should meet 

the CP level for large earthquakes. Since the column meets the OP level under a small 

earthquake and CP level under a large earthquake for 1 to 3ply of CFRP with DES 

scheme, as shown in the shaded area in Table 3, this implies that the dual performance is 

satisfied for the case when the column is wrapped at least by 1ply of CFRP along with 

VE layer with a 40% coverage in the transverse direction. 
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Column Wrapped by CFRP along with VE Layer for 80% Coverage 

Fig. 32(a) shows the force-displacement relationships of the column for 5a =0.8 in the 

transverse direction and the corresponding capacity spectra are shown in Fig. 32(b). Fig. 

33(a) shows the capacity-demand spectra without FRP and without damping while Fig. 

33(b) shows the capacity-demand spectra without FRP and with damping effect for 

5a =0.8. It is clearly seen (Fig. 33(a)) that the column without FRP wrapping satisfies the 

OP level performance for a small earthquake even without damping effect, however, the 

same column does not satisfy the CP level when damping effect is not considered, 

although it satisfies the CP level for a design earthquake. It is also clearly seen (Fig. 

33(b)) that the column without FRP wrapping satisfies the OP level for both small and 

design earthquakes with damping effect, however, it still does not satisfy the CP level for 

a large earthquake, even when damping effect is taken into account. 

Therefore, it can be concluded that with the original capacity of the column, even 

after considering the damping effect, it does not meet the CP level for a large earthquake, 

although it does satisfy the OP level for both small and design earthquakes. Therefore, it 

is necessary to go forward with retrofitting of this column, which is done by applying VE 

layer around the column and wrapping with FRP sheets. In this study, the column was 

retrofitted by applying 1ply, 2ply and 3ply of CFRP along with VE layer around the 

column; the corresponding capacity-demand spectra for both with and without damping 

effects are shown in Figs. 34 to 36, respectively. Note that the explanation for the 

retrofitted column for all cases remains the same as discussed earlier for the case without 

FRP wrapping. Now, following the same explanation and looking at Figs. 34 to 36, it can 

be seen that the retrofitted column with 1ply of FRP (Fig. 34 (b)) satisfies the OP level 
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for both small and design earthquakes and it also satisfies the CP level for a large 

earthquake when damping effect is considered. Perhaps, the same column satisfies the OP 

and the CP level for a small and a large earthquake, respectively, even without 

considering damping effect when it is wrapped by 1ply of CFRP (Fig. 34(a)). 

 

Normalized Performance for 80% Coverage 

The capacity-demand spectra were normalized w.r.t. OP level for all cases following the 

same procedures as explained earlier; Fig. 37 shows the normalized capacity-demand 

spectra only for the case with 1ply of FRP. Both demand ductility and capacity ductility 

for all cases considered were summarized in a tabular form, which is shown in Table 4. 

As explained earlier, in Table 4, ductility demands are shown only for those cases that 

have performance points. Finally, the demand versus capacity ratios were obtained for all 

cases to see which case in the proposed DES methodology satisfy both the OP and CP 

performance. 

Looking at Table 4, it can be seen that when the DES scheme is considered, both 

OP and CP level performance are satisfied for the cases when the column is retrofitted 

with 1 to 3ply of FRP, shown in the shaded area in the table. Perhaps, the same column 

also satisfies both the OP and CP level when it is retrofitted with both 1ply and 2ply of 

FRP without considering damping effect. As explained earlier, the minimum design 

standard should be such that the column should meet the OP level for small earthquakes 

and it should meet the CP level for large earthquakes. Since the column meets the OP 

level under a small earthquake and the CP level under a large earthquake for 1 to 3ply of 

CFRP with DES scheme, as shown in the shaded area in Table 4, this implies that the 
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dual performance is satisfied for the case when the column is wrapped at least by 1ply of 

CFRP along with VE layer with a 80% coverage in the transverse direction. 

 

Comparison of Normalized Performance for 40% and 80% coverage 

In order to compare the normalized performance for 40% and 80% coverage in the 

transverse direction, the relationship between normalized performance and number of 

CFRP ply in the DES scheme were obtained for both cases, shown in Fig. 38. Note that 

the relationships for both cases are shown at the CP level. It can be seen (Fig. 38) that at 

CP level the performance of the column is much better when it is retrofitted with 80% 

coverage than that of 40% coverage. Perhaps, to meet the CP level, the column is 

required to be retrofitted with at least 1ply of CFRP with 40% coverage, and in this case, 

it also meets the dual performance levels. 

 

Conclusions 

In this study, the DES methodology was applied to Old St. Francis River Bridge columns. 

The DES methodology consists of two components, viz. damping component and 

strengthening component. The damping component was obtained based on steady state 

analysis, which is presented in the companion paper, and the strengthening component 

was obtained in this study by retrofitting the columns with CFRP and performing 

nonlinear pushover analysis. Two performance levels were considered, viz. OP and CP 

levels since they are considered to be the minimum design standard in the context of 

performance-based seismic design. The performance was evaluated in both longitudinal 
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and transverse directions considering both out-of-plane and in-plane motions. Based on 

the results in this study, the following conclusions can be made: 

• When the column is retrofitted with 5ply of CFRP along with VE layer with 

40% coverage in the longitudinal direction, it does not satisfy the OP level 

under a small earthquake; however, it does satisfy the CP level under a large 

earthquake. This implies that the column does not meet dual performance 

objectives for 40% coverage in the longitudinal direction. 

• When the column is retrofitted with 3ply of CFRP along with VE layer with 

100% coverage in the longitudinal direction, it does satisfy the OP level under 

a small earthquake and it also satisfies the CP level under a large earthquake. 

This implies that the column meets dual performance objectives for 100% 

coverage in the longitudinal direction. 

• When the column is retrofitted with 1ply of CFRP along with VE layer with 

40% coverage in the transverse direction, it satisfies the OP level under a 

small earthquake and it also satisfies the CP level under a large earthquake. 

This implies that the column meets dual performance objectives for 40% 

coverage in the transverse direction. 

• In order to meet dual performance objectives in both the longitudinal and 

transverse directions, the column is required to be retrofitted with 3ply of 

CFRP along with VE layer with full coverage. In that case, the damping 

component ensures the operational level under a small earthquake and the 

strengthening component ensures the safety level under a large earthquake in 

the both directions. 
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The proposed DES technique is expected to be very useful in performance-based 

seismic design and retrofit of highway bridges. 
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Table 1. Normalized performance with different retrofit scheme for 5a =0.4 in the 
longitudinal direction. 
 

Retrofit Scheme Ductility Demand5 Ductility Capacity Demand/Capacity 
Case 

VE CFRP OP1 CP2 OP3 CP4 OP CP 

No Retrofit No No 1.24 - 1.00 1.46 >1.00 - 

Damping Yes No 1.10 - 1.00 1.46 >1.00 - 

No 1ply 1.24 - 1.00 1.87 >1.00 - 

No 2ply 1.24 - 1.00 2.32 >1.00 - 

No 3ply 1.24 - 1.00 2.68 >1.00 - 

No 4ply 1.24 - 1.00 3.13 >1.00 - 

No 5ply 1.24 - 1.00 3.53 >1.00 - 

Strengthening 

No 6ply 1.24 3.47 1.00 3.83 >1.00 0.91 

Yes 1ply 1.10 - 1.00 1.87 >1.00 - 

Yes 2ply 1.10 - 1.00 2.32 >1.00 - 

Yes 3ply 1.10 - 1.00 2.68 >1.00 - 

Yes 4ply 1.10 - 1.00 3.13 >1.00 - 

Yes 5ply 1.10 3.27 1.00 3.53 >1.00 0.93 

Proposed 

DES 

Yes 6ply 1.10 3.04 1.00 3.83 >1.00 0.79 
1Seismic demand under small earthquakes, i.e. 10% probability of exceedance in 50 years; 2Seismic demand under 
large earthquakes, i.e. 2% probability of exceedance in 50 years; 3Ductiltiy at yield point; 4Ductility at ultimate point; 
5Demand ductility is obtained based on performance point. 
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Table 2. Normalized performance with different retrofit scheme for 5a =1.0 in the 
longitudinal direction. 
 

Retrofit Scheme Ductility Demand5 Ductility Capacity Demand/Capacity 
Case 

VE CFRP OP1 CP2 OP3 CP4 OP CP 

No Retrofit No No 1.24 - 1.00 1.46 >1.00 - 

Damping Yes No 0.92 - 1.00 1.46 0.92 - 

No 1ply 1.24 - 1.00 1.99 >1.00 - 

No 2ply 1.24 - 1.00 2.49 >1.00 - 

No 3ply 1.24 - 1.00 3.00 >1.00 - 

No 4ply 1.24 - 1.00 3.51 >1.00 - 

No 5ply 1.24 3.28 1.00 4.02 >1.00 0.82 

Strengthening 

No 6ply 1.24 3.26 1.00 4.53 >1.00 0.72 

Yes 1ply 0.92 - 1.00 1.99 0.92 - 

Yes 2ply 0.92 - 1.00 2.49 0.92 - 

Yes 3ply 0.92 2.87 1.00 3.00 0.92 0.96 

Yes 4ply 0.92 2.51 1.00 3.51 0.92 0.71 

Yes 5ply 0.92 2.29 1.00 4.02 0.92 0.57 

Proposed 

DES 

Yes 6ply 0.92 2.27 1.00 4.53 0.92 0.50 
1Seismic demand under small earthquakes, i.e. 10% probability of exceedance in 50 years; 2Seismic demand under 
large earthquakes, i.e. 2% probability of exceedance in 50 years; 3Ductiltiy at yield point; 4Ductility at ultimate point; 
5Ductility demand based on performance point; Shaded area indicates retrofit scheme that satisfies both OP and CP
criteria.  
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Table 3. Normalized performance with different retrofit scheme for 5a =0.4 in the 
transverse direction. 
 

Retrofit Scheme Ductility Demand5 Ductility Capacity Demand/Capacity 
Case 

VE CFRP OP1 CP2 OP3 CP4 OP CP 

No Retrofit No No 0.57 - 1.00 1.48 0.57 - 

Damping Yes No 0.50 - 1.00 1.48 0.50 - 

No 1ply 0.57 - 1.00 1.87 0.57 - 
Strengthening 

No 2ply 0.57 1.78 1.00 2.27 0.57 0.79 

Yes 1ply 0.50 1.57 1.00 1.87 0.50 0.84 

Yes 2ply 0.50 1.45 1.00 2.27 0.50 0.64 
Proposed 

DES 
Yes 2ply 0.50 1.45 1.00 2.73 0.50 0.53 

1Seismic demand under small earthquakes, i.e. 10% probability of exceedance in 50 years; 2Seismic demand under 
large earthquakes, i.e. 2% probability of exceedance in 50 years; 3Ductiltiy at yield point; 4Ductility at ultimate point; 
5Ductility demand based on performance point; Shaded area indicates retrofit scheme that satisfies both OP and CP
criteria.  
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Table 4. Normalized performance with different retrofit scheme for 5a =0.8 in the 
transverse direction. 
 

Retrofit Scheme Ductility Demand5 Ductility Capacity Demand/Capacity 
Case 

VE CFRP OP1 CP2 OP3 CP4 OP CP 

No Retrofit No No 0.57 - 1.00 1.48 0.57 - 

Damping Yes No 0.43 - 1.00 1.48 0.43 - 

No 1ply 0.57 1.75 1.00 2.00 0.57 0.88 
Strengthening 

No 2ply 0.57 1.75 1.00 2.50 0.57 0.70 

Yes 1ply 0.43 1.05 1.00 2.00 0.43 0.53 

Yes 2ply 0.43 1.05 1.00 2.50 0.43 0.42 
Proposed 

DES 
Yes 3ply 0.43 1.05 1.00 3.00 0.43 0.35 

1Seismic demand under small earthquakes, i.e. 10% probability of exceedance in 50 years; 2Seismic demand under 
large earthquakes, i.e. 2% probability of exceedance in 50 years; 3Ductiltiy at yield point; 4Ductility at ultimate point; 
5Ductility demand based on performance point; Shaded area indicates retrofit scheme that satisfies both OP and CP 
criteria.  
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Fig. 1. Composition of a DES system. 
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(a) Conventional constrained layer. 

(b) Anchored constrained layer. 

Fig. 2. Comparison of shear stress distributions in the conventional and the proposed 
layer treatments. 
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Fig. 3. Bridge elevation. 
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(a) mode 1, T=1.3173 s. (b) mode 2, T=0.4773 s. 

Fig. 4. Vibration period and mode shapes of the highway bridge. 
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(a) Stress-strain relationship. (b) Moment-curvature relationship. 

Fig. 5. Concrete properties and corresponding moment-curvature relationship. 
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(a) Shear force-displacement relationship. (b) Capacity spectrum. 

Fig.6. Force-displacement and capacity spectrum obtained from pushover analysis for 
5a =0.4 in the longitudinal direction. 
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(a) Acceleration response spectra. (b) Acceleration-displacement response 
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Fig. 7. IBC (2006) response spectra. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 8. Capacity-demand spectra without FRP for 5a =0.4 in the longitudinal direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 9. Capacity-demand spectra with 1ply FRP for 5a =0.4 in the longitudinal 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 10. Capacity-demand spectra with 2ply FRP for 5a =0.4 in the longitudinal 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 11. Capacity-demand spectra with 3ply FRP for 5a =0.4 in the longitudinal 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 12. Capacity-demand spectra with 4ply FRP for 5a =0.4 in the longitudinal 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 13. Capacity-demand spectra with 5ply FRP for 5a =0.4 in the longitudinal 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 14. Capacity-demand spectra with 6ply FRP for 5a =0.4 in the longitudinal 
direction. 
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(a) Normalized capacity-demand spectra 
without damping effect. 

(b) Normalized capacity-demand spectra 
with damping effect. 

Fig. 15. Normalized capacity-demand spectra with 5ply FRP for 5a =0.4 in the 
longitudinal direction. Note that both capacity and demand spectra are normalized 
with respect to OP, which is defined as displacement at yield point. 
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(a) Shear force-displacement relationship. (b) Capacity spectrum. 

Fig. 16. Force-displacement and capacity spectrum obtained from pushover analysis 
for 5a =1.0 in the longitudinal direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 17. Capacity-demand spectra without FRP for 5a =1.0 in the longitudinal 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 18. Capacity-demand spectra with 1ply FRP for 5a =1.0 in the longitudinal 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 19. Capacity-demand spectra with 2ply FRP for 5a =1.0 in the longitudinal 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 20. Capacity-demand spectra with 3ply FRP for 5a =1.0 in the longitudinal 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 21. Capacity-demand spectra with 4ply FRP for 5a =1.0 in the longitudinal 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 22. Capacity-demand spectra with 5ply FRP for 5a =1.0 in the longitudinal 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 23. Capacity-demand spectra with 6ply FRP for 5a =1.0 in the longitudinal 
direction. 
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(a) Normalized capacity-demand spectra 
without damping effect. 

(b) Normalized capacity-demand spectra 
with damping effect. 

Fig. 24. Normalized capacity-demand spectra with 3ply FRP for 5a =1.0 in the 
longitudinal direction. Note that both capacity and demand spectra are normalized 
with respect to OP, which is defined as displacement at yield point. 
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Fig. 25. Normalized performance (demand versus capacity ratio) in the longitudinal 
direction at CP level for a 40% ( 5a =0.4) and 100% ( 5a =1.0) coverage of CFRP ply 
around the bridge column for the proposed DES methodology that takes into account 
both damping and strengthening components. 
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(a) Shear force-displacement relationship. (b) Capacity spectrum. 

Fig. 26. Force-displacement and capacity spectrum obtained from pushover analysis 
for 5a =0.4 in the transverse direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 27. Capacity-demand spectra without FRP for 5a =0.4 in the transverse direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 28. Capacity-demand spectra with 1ply FRP for 5a =0.4 in the transverse 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 29. Capacity-demand spectra with 2ply FRP for 5a =0.4 in the transverse 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 30. Capacity-demand spectra with 3ply FRP for 5a =0.4 in the transverse 
direction. 
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(a) Normalized capacity-demand spectra 
without damping effect. 

(b) Normalized capacity-demand spectra 
with damping effect. 

Fig. 31. Normalized capacity-demand spectra with 1ply FRP for 5a =0.4 in the 
transverse direction. Note that both capacity and demand spectra are normalized with 
respect to OP, which is defined as displacement at yield point. 
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(a) Shear force-displacement relationship. (b) Capacity spectrum. 

Fig. 32. Force-displacement and capacity spectrum obtained from pushover analysis 
for 5a =0.8 in the transverse direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

155

 

0 50 100 150 200 250
0

0.2

0.4

0.6

0.8

1

1.2

Sd [mm]

S
a 

[g
]

←OP ←CP

w/o FRP
small
design
large

0 50 100 150 200 250
0

0.2

0.4

0.6

0.8

1

1.2

Sd [mm]

S
a 

[g
]

←OP ←CP

w/o FRP
small
design
large

(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 33. Capacity-demand spectra without FRP for 5a =0.8 in the transverse direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 34. Capacity-demand spectra with 1ply FRP for 5a =0.8 in the transverse 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 35. Capacity-demand spectra with 2ply FRP for 5a =0.8 in the transverse 
direction. 
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(a) Capacity-demand spectra without 
damping effect. 

(b) Capacity-demand spectra with damping 
effect. 

Fig. 36. Capacity-demand spectra with 3ply FRP for 5a =0.8 in the transverse 
direction. 
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(a) Normalized capacity-demand spectra 
without  damping effect. 

(b) Normalized capacity-demand spectra 
with damping effect. 

Fig. 37. Normalized capacity-demand spectra with 1ply FRP for 5a =0.8 in the 
transverse direction. Note that both capacity and demand spectra are normalized with 
respect to OP, which is defined as displacement at yield point. 
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Fig. 38. Normalized performance (demand versus capacity ratio) in the transverse 
direction at CP level for a 40% ( 5a =0.4) and 80% ( 5a =0.8) coverage of CFRP ply 
around the bridge column for the proposed DES methodology that takes into account 
both damping and strengthening components. 
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3. CONCLUSIONS 
 
 
 
In this study, the responses of a simply supported beam and a plate-strip with 

different configurations of constrained VE layers were investigated. First, the equation of 

bending vibration of the beam was formulated and the responses were obtained in the 

form of acceleration ratio based on steady state analysis. The responses were also 

obtained for different thicknesses of VE layer as well as different thicknesses of beam. 

Then, a new damping-enhanced strengthening (DES) strategy was introduced to 

enable engineers to retrofit a bridge structure for its normalized performances against 

multiple objectives under different levels of earthquake hazards. One significant step in 

achieving this goal was to develop a finite element modeling technique for the 

implementation of this strategy in practical application. 

Specifically, discrete springs were introduced to model the effects of distributed 

VE damping layers on the response of columns and the structural system at large. The 

discrete spring model was validated against the analytical solution. The validated model 

was then applied to investigate the effect of VE layers on the out-of-plane and in-plane 

motions of the three-column bent from a three-span steel-girder bridge. 

The DES methodology was then applied to Old St. Francis River Bridge columns 

to investigate dual performance objectives. The dual performance levels were considered 

as OP and CP levels since they are considered to be the minimum design standard in the 

context of performance-based seismic design. This was done by retrofitting the bridge 

columns with CFRP along with VE layer for different percentage coverage of the bridge 

columns. 
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The DES methodology consists of two components, viz. damping and 

strengthening component. The damping component was obtained based on steady state 

analysis and the strengthening component was obtained by performing nonlinear 

pushover analysis. The dual performance of the bridge column was then evaluated in both 

longitudinal and transverse directions based on demand versus capacity ratios. Based on 

the results of this study, the following conclusions can be made: 

• VE layer with both-end anchorage case is more effective than that of the other 

configurations. 

• VE layer with smaller thickness is more effective than that of the larger 

thickness. 

• With the same VE layer configuration as well as the same VE layer thickness, 

the VE layer is more effective when the fundamental frequency of the beam is 

less and it is less effective when the fundamental frequency goes higher. 

• It was observed that the 40% coverage of a circular column by one 2.38 mm 

VE layer can reduce the peak acceleration at the bridge deck by 14% when the 

column is subjected to a single curvature action. The same percentage 

coverage at the lower portion of the column can reduce the responses by 11% 

when the column is subjected to double curvature action. 

• In comparison with the retrofit scheme at both ends of the columns, it was 

observed that retrofitting of one end of the columns with the same 40% VE 

coverage is more efficient compared to retrofitting at both ends. It was also 

observed that the VE layer is more effective for a range of 20-80% coverage. 
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• When the column is retrofitted with 5ply of CFRP along with VE layer with 

40% coverage in the longitudinal direction, it does not satisfy the OP level 

under a small earthquake; however, it satisfies the CP level under a large 

earthquake. This implies that the column does not meet dual performance 

objectives for 40% coverage in the longitudinal direction. 

• When the column is retrofitted with 3ply of CFRP along with VE layer with 

100% coverage in the longitudinal direction, it satisfies the OP level under a 

small earthquake and it also satisfies the CP level under a large earthquake. This 

implies that the column meets dual performance objectives for 100% coverage in 

the longitudinal direction. 

• When the column is retrofitted with 1ply of CFRP along with VE layer with 

40% coverage in the transverse direction, it satisfies the OP level under a small 

earthquake and it also satisfies the CP level under a large earthquake. This 

implies that the column meets dual performance objectives for 40% coverage in 

the transverse direction. 

• In order to meet dual performance objectives in the both longitudinal and 

transverse directions, the column is required to be retrofitted with 3ply of CFRP 

along with VE layer with full coverage. In that case, the damping component 

ensures the operational level under a small earthquake and the strengthening 

component ensures the safety level under a large earthquake in the both 

directions. 
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