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Abstract 

Hybrid rocking columns, also known as dissipative controlled rocking columns or jointed systems, are gaining 

popularities in the bridge industry thanks to the development in accelerated bridge constructions. Hybrid rocking columns 

are usually composed of precast concrete columns post-tensioned to the foundations and cap beams with supplemental 

energy dissipating devices or bars at the rocking interface. The tendons are unbonded to the column and the energy 

dissipating bars are unbonded near the rocking interface to avoid strain concentration. The seismic design of such a system 

is different from traditional cast-in-place concrete structures. The design philosophy is that the tendon provides re-

centering forces that reduce permanent deformation and the energy dissipating bars reach yielding to improve energy-

dissipating capacity.  

Currently, there are very limited design guidelines regarding the performance-based design of such a system for practicing 

engineers, although extensive research has been done by researchers. This paper aims at providing simplified design 

procedures and equations without requiring engineers performing complex finite element analysis. This study adopts a 

displacement-based design procedure following performance-based design philosophy. Each component of the 

displacement-based design such as yielding displacement and equivalent damping is discussed considering the special 

characteristics of the hybrid rocking column such as different ratios of energy dissipating bars. To apply the design 

methodology, the hysteresis of hybrid rocking columns will be investigated considering parameters of energy dissipating 

bars, tendons, and column aspect ratios. A case study will be presented illustrating the seismic design procedures of 

bridges supported on hybrid rocking columns.  

Keywords: hybrid rocking column, performance-based design, precast concrete, earthquakes, bridges. 
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1. Introduction 

As critical components of transportation infrastructures, bridges can be vulnerable to earthquakes. To improve 

the resilience of infrastructures, the seismic design of bridges is shifting from a simple ductility factor-based 

design to sophisticated performance-based design, which aims at not only preventing collapses but also 

providing continuous service to the public after earthquakes. Under the performance-based design framework, 

the post-earthquake performance of bridges becomes more important than ever. To meet this challenge, hybrid 

rocking columns were proposed by researchers which are expected to experience less permanent damage 

compared to that of the traditional cast in place (CIP) monolithic columns. Hybrid rocking columns, also 

known as dissipative controlled rocking columns or jointed systems, are usually composed of precast concrete 

columns post-tensioned to the foundations and cap beams, with supplemental energy dissipating devices or 

bars at the rocking interface. Numerous tests have been conducted by researchers and results show that hybrid 

rocking columns are able to provide satisfactory damping and have less permanent deformation compared to 

the monolithic columns (Marriott, et al., 2008, Moustafa and ElGawady, 2018, Ou, et al., 2007, Wang, et al., 

2018). 

Despite extensive laboratory and analytical research efforts on hybrid rocking columns, its practical modeling 

methods and design guidelines are limited. Modeling of the hybrid rocking column was studied by a number 

of researchers using various methods. Nonlinearity inherent in the rocking columns can be captured by refined 

finite element models or simplified nonlinear links. In a refined finite element model, the gap opening resulted 

from rocking is explicitly modeled (Dawood, et al., 2011, Zhang and Alam, 2015). However, such a model 

would be time-consuming to build and analyze, which is not practical in the current consulting industry. Some 

more practical ways of modeling were proposed by other researchers. Trono (2014) presented an example of 

a hybrid rocking column that has distributed springs to simulate the rocking surface. Salehi and Sideris (2016) 

used finite length two-node special joint elements to model rocking and sliding behavior. In both studies, 

OpenSees was used for modeling.  

In this study, two simplified methods of modeling hybrid rocking columns are presented, namely the 

distributed spring method and the lumped hinge method. The modeling can be achieved in many commercially 

available software such as CSiBridge. The models are validated against experimental results under reversed 

cyclic loading. Then, a parametric study is conducted to propose parameters of the simplified lumped hinge 

model. At the end, a case study of a three-span bridge is performed. Its seismic performance is compared with 

a comparable bridge with CIP monolithic columns. 

2. Numerical modeling  

Researchers have developed refined finite element models to capture detailed responses of the hybrid rocking 

column using general-purpose finite element (FE) software such as Abaqus (Zhang and Alam, 2015). The 

detailed responses include the stress and strain of each component, as well as the opening and closing of 

rocking gaps. In general-purpose FE software, concrete elements are frequently modeled using solid elements 

where the reinforcement and tendons are modeled using truss elements. When steel casings are used to confine 

the column concrete, steel casings are modeled as shell elements. In a refined FE model, the gap opening at 

the rocking interfaces, interactions between different components and materials are explicitly modeled. 

However, such refined models are computationally expensive and are not used in the practicing industry. The 

use of refined FE models is generally limited to research communities, whereas the consulting industry uses 

more simplified and efficient models for the purpose of the structural design. 

This study is focused on simplified models of hybrid rocking columns that can be achieved by practicing 

engineers, which are mainly based on frame and link elements. Two modeling methods are covered in this 

study: the first method explicitly simulates nonlinearity of energy dissipating bars and concrete using link 

elements and the other method simulates the rocking behavior using an equivalent lumped plastic hinge. The 

prior method is referred to distributed spring method and the latter is referred to lumped hinge method. 
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Figure 1 illustrates a model built with the distributed spring method. The concrete column is modeled using 

elastic frame elements. At the rocking interface, energy dissipating bars and concrete are modeled using 

nonlinear plastic link elements connected to the bottom of the column. Tendons are modeled using frame or 

truss elements connecting the top of the column and the foundation. In such a model, the plasticity is captured 

in nonlinear link elements. Figure 2 illustrates a model using a lumped plastic hinge to simulate the rocking 

response. An equivalent plastic hinge is assigned to the column at the location corresponding to a monolithic 

column hinge location. The parameters of the hinge would be calibrated to capture the hysteresis of hybrid 

rocking columns. The global force and displacement relation can be captured by such a model but the gap 

opening and closing are not explicitly modeled.  

In the first model (distributed spring method), the hysteresis of ED bars is based on Kinematic Hysteresis 

Model and the hysteresis of concrete is based on the Pivot Hysteresis Model (Dowell, et al., 1998). The pivot 

model is set such that the concrete material alone does not cause meaningful residual deformation. The energy 

dissipation and residual deformation are contributed from the ED bars. In the second model (lumped hinge 

method), the hysteresis of the hinge is directly based on the Pivot Model. The intent is to produce simple 

hysteresis that can aid in the design process. The Pivot Model parameters are a function of axial load ratio and 

reinforcement ratio. Kinematic and Pivot Model hysteresis are presented in Figure 3 and Figure 4. 

      

Fig. 1 – Distributed Spring Method  Fig. 2 – Lumped Hinge Method 

    

Fig. 3 – Kinematic Model hysteresis   Fig. 4 – Pivot Model hysteresis 

3. Validation of the proposed models 

The prior sections propose two methods using distributed link elements and lumped hinges to model hybrid 

rocking columns. The two methods are validated against testing results by Cohagen, et al. (2008). The tested 
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columns are precast concrete columns connected to cap beams or footings using a few large-diameter steel 

bars. The bars are extruded from the column and grouted into adjacent members. Major testing parameters are 

presented in Table 1 and Table 2. 

Table 1 – Column design parameters (Cohagen, et al., 2008) 

Specimen 

name 

Column 

diameter, 

mm 

Column 

height, 

mm 

Dead load 

ratio 

ED bar 

ratio 

ED bar 

size, 

mm 

ED bar 

unbonded 

length, mm 

PT load 

ratio 

PT bar 

size, 

mm 

LB6-PT 508 1524 5% 0.84% 19 203 5% 35 

LB7-PT 508 1524 5% 1.15% 22 203 5% 35 

Table 2 – Material properties (Cohagen, et al., 2008) 

Specimen Concrete strength, 

MPa 

ED bar yield strength, 

MPa 

Tendon yield strength, 

MPa 

LB6-PT 44.8 474 890 

LB7-PT 42.3 448 890 

 

Figure 5 and Figure 6 show the simulation results using the distributed spring method and 

experimental results. The validation is limited to a drift of approximately 4% before significant rebar 

fracture and buckling occur. It can be seen that the model is able to capture the loading and unloading 

stiffness as well as the strength of the specimen.  

 

  

Fig. 5 – Validation of LB6 Distributed Spring Model   Fig. 6 – Validation of LB7 Distributed Spring Model 

The validations of the lumped hinge model using pivot hysteresis are presented in Figure 7 and Figure 8. It 

should be noted that this approach is more efficient in terms of computing time compared with models that 

include multiple links. However, the energy dissipation in the hinge models is smaller than actual values, which 

generate slightly more conservative results. The major disadvantage of the pivot model is that the model 

parameters are not known before conducting the experimental tests or a detailed model such as the distributed 

spring model. In the next section, a preliminary parametric study is performed to propose pivot model 

parameter values that can be used to capture various hybrid rocking column designs. 
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Fig. 7 – Validation of LB6 Hinge Model  Fig. 8 – Validation of LB7 Hinge Model 

4. Pivot hysteresis model parameters 

The previous section demonstrates that the lumped hinge is capable of simulating the cyclic behavior of hybrid 

rocking columns. The lumped hinge method is widely used by practicing engineers due to its computing 

efficiency. This section further investigates the parameters describing the hysteresis of hybrid rocking columns. 

In the pivot hysteresis model, three parameters are used to define the degrading hysteresis loops. The first 

parameter is α, which locates the pivot point for the unloading line direction. When the cyclic responses are 

non-symmetric, two α values can be defined for positive and negative loadings separately. The second 

parameter is β, which locates the pivot point for reverse loading from zero to positive or negative forces. 

Similar to α value, there can be two different β values for each of the loading direction. The third parameter is 

which determines the degradation of the elastic slope after plastic deformation (Dowell, et al., 1998). In 

this study, only the first two parameters α and β are used and they are illustrated in Figure 4. The hinge length 

is assumed to be the same as that for an equivalent monolithic column. The purpose of this section is to 

investigate what α and β values should be used for different axial load ratios and ED bar ratios.  

In the parametric study, different axial load ratio and ED bar ratios are considered. The ranges of axial load 

ratios are 5%, 10%, and 15%, which accounts for both dead load and prestressing force. These ratios represent 

typical axial load ratios used in seismic regions. In this study, the amount of prestressing force is set to be 

equal to the dead load. ED bar ratios are 1% and 2% of the gross concrete section area. The minimum ratio of 

1% is selected as it is required in most design codes. To consider the above-mentioned parameter ranges, there 

are 6 simulations covering all combinations of the two parameters (Table 3). The prototype model is the 

validated model in Section 3 of this paper and a typical distributed spring model is shown in Figure 9. In the 

parametric study, columns are pushed to a displacement of 0.075m, which is corresponding to a drift of 5%.  

To propose the pivot hysteresis model parameters for the hinge method, a number of hybrid columns are 

simulated using the distributed spring element method. In the distributed spring method, the residual 

displacement is controlled by ED bars, which is modeled using Kinematic Model hysteresis. The concrete 

material is simulated by pivot hysteresis, where α and β are calibrated such that the residual displacement is 

very small since concrete damage does not cause residual displacement if all other components remain elastic 

in the case of a hybrid rocking column. Throughout the studies, α is taken as 0.1 and β is taken as 0.005 in 

simulating concrete material in the distributed spring element method.  
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Fig. 9 Distributed Spring Model 

After running the distributed spring models, models with lumped plastic hinges are developed with calibrated 

α and β values. The comparisons between distributed spring element model and lumped hinge model are 

presented in Figure 10. The calibrated α and β values are presented in Table 4. In this limited parametric study, 

the prestressing force is set to be equal to dead load in all cases. It is assumed that the concrete is well confined 

by lateral reinforcement and compression failure does not occur. Based on these conditions, the two parameters 

are more sensitive to ED bar ratios than the axial load ratio. The reason is that the compression failure does 

not govern, and the prestressing force cancels out the P-Delta effect from the dead load. As expected, the 

residual displacement increases with the increase in the ED bar ratio. More studies are needed to propose α 

and β values for design scenarios when prestressing force is different from the dead load, sections with different 

confinement reinforcement and parameters range outside of this study. 

Table 3. Specimen in parametric study 

Specimen A5R1 A5R2 A10R1 A10R2 A15R1 A15R2 

Axial load ratio 5% 5% 10% 10% 15% 15% 

ED bar ratio 1% 2% 1% 2% 1% 2% 

 

Table 4. Pivot parameters for different design parameters 

Specimen A5R1 A5R2 A10R1 A10R2 A15R1 A15R2 

α 1 5 1 5 1 5 

β 0.2 0.3 0.2 0.3 0.2 0.3 

 

 

2d-0001 The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 2d-0001 -



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan - September 13th to 18th 2020 

  

7 

 

 

     

Fig. 10 – Comparison between link element and lumped hinge models 

5. Case study 

In this section, a design example using the displacement-based design method is presented. Following the 

design example, the bridge is evaluated and compared with a bridge with CIP monolithic column using 

nonlinear pushover analysis and time history analysis. It is assumed that the bridge is located in Vancouver, 

BC, Canada with a site condition of Class E Soil as defined in the Canadian Highway Bridge Design Code 

(CSA, 2014). The acceleration response spectra are downloaded from Natural Resources Canada, which is 

shown in Figure 11 (with 5% damping). Acceleration response spectra are converted to displacement response 

spectra using Equation 1 and the displacement response spectra are shown in Figure 12.  

The bridge is 11 m wide and 145 m long with three continuous spans. The span lengths are 30 m, 70 m and 45 

m. The superstructure is composed of concrete deck and three lines of steel plate girders. The weight of the 

superstructure is approximately 80 kN/m. Bridge bearings are used at piers to release rotations and at abutments 

to release rotations and longitudinal translation. Two 9.5 m tall columns will be designed to support the bridge 

under seismic loadings. The columns provide both longitudinal and transverse seismic load paths and the 

abutments only provide transverse seismic load paths. The design criterion is to limit the longitudinal and 

transverse column drifts to 3% at 2475-year earthquake. A screenshot of the bridge model is shown in Figure 

13. 
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Fig. 11 – Acceleration spectra (Class C, 5% damping)  Fig. 12 – Displacement spectra (Class C, 5% damping) 

 Sd(T)= 250×S(T)×T2 (1) 

 

Fig. 13 – Three-span bridge 

Based on the design criterion of 3% drift, the column maximum displacement limit is about 0.285 m in both 

longitudinal and transverse directions. In displacement-based design, the bridge system is simplified to an 

equivalent single degree of freedom system. In the longitudinal direction, the system displacement is equal to 

the column displacement as the two columns deform simultaneously. The effective mass in the longitudinal 

direction is equal to the total mass of the bridge. In the transverse direction, a parabolic deformed shape is 

assumed, therefore, it is likely that Pier 2 governs the design. When Pier 2 deforms 0.285 m, the corresponding 

Pier 1 displacement is about 0.22 m. In the preliminary design, it is assumed that the abutments are relatively 

stiff and the displacement at the maximum design earthquake is 0.01 m. Meanwhile, as suggested by (Chen 

and Duan, 2014), it is assumed that the abutments take about 50% of the total transverse seismic forces in the 

first iteration. The effective design displacement of the system can be calculated using Equation 2 and the 

effective mass can be calculated using Equation 3. In the bridge transverse direction, the effective displacement 

is 0.26 m and the effective mass is 886,900 kg. 

 Δd= 
∑ (𝑚𝑖Δ𝑖

2)𝑛
𝑖=1

∑ (𝑚𝑖Δ𝑖 )𝑛
𝑖=1

 (2) 

 me= 
∑ (𝑚𝑖Δ𝑖 )𝑛

𝑖=1

Δ𝑑
 (3) 

In displacement-based design, equivalent viscous damping is incorporated so that the design displacement is 

smaller than that corresponding to 5% damping. The equivalent viscous damping is usually calculated as a 

function of displacement ductility demand. However, for hybrid rocking columns, it is more complicated to 

determine the ductility demand as it is related to a number of variables such as ED bar strength, ED bar 

debonding length, PT strand design and so on. Based on the study by Zhang and Alam (2019), it may be 

appropriate to assume that yielding occurs at 1.0% drift in preliminary design. Therefore, the design 
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displacement ductility corresponding to 3% would be a displacement ductility factor of 3. The equivalent 

viscous damping can be estimated using Equation 4 as proposed by Zhang and Alam (2019). In this equation, 

the equivalent viscous damping is a function of ductility and recentering ratio. Recentering ratio is defined in 

Equation 5, which describes the relative magnitude of dead load, the strength of PT and ED bars. The higher 

the ratio is, the less permanent deformation there would be. In the calculation of equivalent viscous damping, 

the recentering factor is assumed to be 1.3, which is equal to the overstrength factor in the Canadian Highway 

Bridge Design Code (CSA, 2014). Thus, Equation 4 yields viscous damping of 10%. The displacement 

response spectra for 5% damping can be reduced to spectra for 10% damping using Equation 6 (Chen and 

Duan, 2014), which is shown in Figure 14.  

 𝜗 = 0.05 +
0.16

λre
× (1 −

1

√R
) (4) 

 𝜆𝑟𝑒 =
𝐷+𝐴𝑝𝑓𝑝𝑖

𝐴𝑠𝑓𝑦
 (5) 

 𝑅 = (
0.07

0.02+𝜗
)  (6) 

 

where 𝜗 is the equivalent viscous damping ratio, 𝜆𝑟𝑒 is the recentering ratio, R is the displacement ductility, D 

is dead load, Ap is tendon area; fpi is tendon initial stress, As is ED bar area, fy is the yield strength of ED bar. 

By entering the displacement response spectra with 0.285 m and 0.260 m in Figure 14, the corresponding 

longitudinal and transverse structural periods are 1.70 s and 1.55 s. Based on the effective period, transverse 

and longitudinal stiffnesses can be calculated using Equation 7. In the longitudinal direction, the two piers take 

50% of seismic forces each since they have the same height, and abutments do not participate in the 

longitudinal seismic load path. In the transverse direction, it is assumed that the two piers take 50% of overall 

seismic force and the abutments take the rest of 50% seismic force. The two piers would take a different amount 

of force due to unequal span arrangement. However, in the first iteration, it is simply assumed that each pier 

takes 25% of the total seismic forces. The transverse and longitudinal shear demands of each pier are 

approximately 900 kN and 2100 kN, respectively. A summary of the calculation results is shown in Table 5 

for the convenience of readers. 

 

Fig. 14 – Displacement spectra for Class C soil (10% damping) 

 𝐾𝑒 =
4𝜋2𝑚𝑒

𝑇𝑒
2  (7) 

In seismic regions, columns are generally sized such that the axial dead load to capacity ratio is about 10%. 

Based on a static analysis of dead load, Pier 1 takes 4611 kN vertical dead load and Pier 2 takes 5062 kN dead 

load. Considering a concrete strength of 35 MPa, the approximate circular column size is 1.5 m, which results 

in axial load ratios of 7% and 8% for Pier 1 and Pier 2, respectively.  
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Table 5 – Displacement-based design calculation summary 
 

Transverse Longitudinal 

Effective design displacement, m 0.260 0.285 

Effective mass, kg 886,908 1,183,673 

Effective stiffness, kN/m 3,886 3,811 

Total seismic force, kN 993 1,086 

Column shear demand, kN     250 550 

 

In terms of the reinforcement design, the prestressing force after losses should be large enough to generate a 

re-centering factor greater than 1.3. In the meantime, it should not be excessive to cause high axial force which 

would reduce the post-elastic stiffness under seismic events. In this design example, the longitudinal ED bars 

are set to 1% of the column section area, which is to meet the minimum rebar requirement from most design 

codes. Then, based on 1% ED bar which yields at 400 MPa, the prestressing force is set to be 4050 kN such 

that the recentering factor is 1.3. The prestressing force is provided by two tendons with 19-15mm strands and 

1860 MPa ultimate strength. A simplified equation (Equation 8) can be used to calculate the tendon elongation 

caused by the rocking response. For a drift of 3%, the corresponding tendon strain is 0.002, conservatively 

assuming c is 0. The total tendon stress is the prestressing stress plus the additional stress caused by rocking. 

The prestressing force of 4050 kN corresponds to a stress of 760 MPa. Therefore, the total tendon stress is 

about 1235 MPa, which is 67% of tendon ultimate strength. 

 ∆𝑝𝑡=  𝜃 (
ℎ

2
− 𝑐)  (8) 

where ∆𝑝𝑡 is tendon elongation due to rotation (θ), h is the total depth of the section and c is the neutral axis 

depth. 

To do a comparative study, a monolithic column that has similar strength with the hybrid column is also 

included in this study. The monolithic column has 48-35M rebar and no tendons. Figure 15 shows the cyclic 

loading results of the hybrid and monolithic columns. The distinct features of the hybrid rocking column are 

obvious: less energy dissipation and less residual deformation.  

 

Fig. 15 – Comparison between hybrid and monolithic columns 

To further compare the two columns under seismic loadings, time-history analyses were performed in global 

bridge models. A set of near-fault ground motion was applied in the longitudinal and transverse direction of 

the bridge. The ground motions were scaled to the response spectrum for 2475-year return period. The 

longitudinal displacements at top of Pier 2 versus column shear force are plotted. Fig. 16 shows the bridge 

longitudinal response under Imperial Valley 1979 earthquake motions. In the transverse direction, the bridge 

shows minimal displacement due to the restraining effects of abutments. The maximum drifts are about 3% 

and 2%, which caused about 1.2% and 0.7% residual drift for monolithic and hybrid columns respectively.  
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Fig. 16 – Imperial Valley 1979 earthquake 

6. Summary 

Bridges with hybrid rocking columns are more complex than traditional monolithic structures. Hybrid rocking 

columns have more components that need to be carefully designed by engineers. In the meantime, engineers 

have more control through several parameters (e.g. tendon, ED bar) over the performance of the structure (e.g. 

re-centering capacity, energy dissipation capacity). 

Two modeling approaches for hybrid rocking columns are presented and validated against experimental results. 

The first approach, distributed spring method, explicitly models various components of the hybrid rocking 

column. The second approach, lumped hinge method, uses a pivot hysteresis hinge to simulate the global 

behavior of hybrid rocking column. To use the second approach, a number of modeling parameters are required 

to be calibrated for various characteristics of columns (e.g. axial load ratio, reinforcement ratio), which is a 

major limitation. This paper covers a few example cases and found that α value of 1 and β value of 0.2 for an 

ED bar ratio of 1%, and α value of 5 and β value of 0.3 for an ED bar ratio of 2%. In this study the total axial 

load does not seem to affect the hysteresis behavior significantly, partially because PT force is set to equal to 

dead load, thus canceling out the P-Delta effect using the re-centering force. In the future, more parametric 

studies are to be performed to propose parameters that models pivot hysteresis of hybrid rocking columns. 

Following the discussion of modeling, a design and analysis example is presented. The case study is a three-

span bridge supported on two single columns. The process of sizing the columns, determining tendon size and 

prestressing force is illustrated. A simplified equation is used to estimate the equivalent damping used in the 

displacement-based design. Upon completing the design, pushover analysis and nonlinear time history analysis 

are performed. For the purpose of comparison, the same bridge supported on comparable monolithic columns 

is also analyzed. It is shown that the hybrid column has less energy dissipation capacity and suffers less 

permanent deformation as expected. 
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