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ABSTRACT

The objective of this study is to investigate the effects of the uncertainties of major modelling parameters on the bridge seismic response. The parameters examined include the superstructure mass, concrete compressive strength, plastic hinge length and damping. For the purpose of the evaluation, an existing 3-span reinforced concrete highway bridge located in Montreal, Canada, was selected for the analysis. A three-dimensional model of the bridge was developed using SAP2000. Nonlinear time-history analyses were conducted in order to assess the effects of the uncertainty of each of modelling parameters mentioned above. Fifteen records obtained from earthquakes around the world were used as seismic excitations in the time-history analysis. The deck displacement and the column curvature ductility were chosen to investigate the effect of the uncertainty of the modelling parameters on the seismic response of the bridge. 
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1  INTRODUCTION

Earthquakes are one of the main natural hazards that have caused devastations to bridges around the world. Given the observations from past earthquakes, substantial analytical and experimental research work related to bridges has been undertaken in Canada and other countries. The analytical research is focussed primarily on the prediction of the seismic performance of existing bridges. It includes bridge-specific investigations that are mainly conducted using deterministic approach, and investigations of bridge portfolios that are based on probabilistic approach. In both cases, nonlinear time-history analyses are extensively used. To conduct analysis on a given bridge, analytical (i.e. computa-tional) model of the bridge is required. It is known that the seismic response predictions depend greatly on the accuracy of the input of the parameters considered in the bridge model. 

A number of parametric studies were conducted in the past to evaluate the effects of modelling parameters on the seismic response of bridges in North America. Choi  et al. [1] 

conducted a study on the effects of the material properties on four typical bridges including two multi-span simply supported bridges (one is steel, the other is pre-stressed concrete), and two multi-span continuous bridges. They concluded that fixed bearings in multi-span simply supported steel girder-type bridges were more vulnerable to earthquakes than any other components. Padgett  et al. [2] performed seismic analysis on a multi-span simply supported steel girder bridge. The purpose of their study was to investigate the effects of restrainer cables; effective stiffness of elastomeric bearings; yield strength of the steel jackets; and the reinforcing of the shear keys on the bridge behaviour. They reported that the bearing stiffness, rotational stiffness of the foundation, and the gap width had significant effects on the bridge response. Some studies focussed on a specific modelling parameter on structure response, e.g. number of spans [3]; incident angle of seismic motions [4]; modelling techniques for abutments [5]; etc. 

Our study is mainly focussed on the parameters that would affect the dynamic characteristics and nonlinear behaviour of the bridge models, namely, superstructure mass, concrete 
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compressive strength, plastic hinge length, damping, yield strength of the reinforcing steel, yield displacement of the bearing and post-yield stiffness of the bearing. However, only the results for the first four modelling parameters are presented in this paper due to the page restrain. 

2  BRIDGE DESCRIPTION

A three-span continuous reinforced concrete bridge (Fig. 1) located in Montreal, Canada was selected for the study. The bridge was built in 1982. The total length is 45.5 m, which consists of two end spans of 15 m each and a middle span of 15.5 m. The overall deck width is 16.85 m. It is a straight bridge without skew angle. The bridge is considered to be representative of typical highway bridges in Québec according to Tavares [6]. 

As shown in Fig. 1, the superstructure of the bridge consists of a slab supported by seven 900 C.P.C.I girders (Canadian Precast Prestressed Concrete). The thickness of the slab is 225 mm, and the center-to-center spacing of girders is 2.4 m. The concrete deck is reinforced with 15M bars on the top and bottom. There are 6 straight tendons and 8 parabolic tendons on the bottom of each girder across each span. The cross section of the cap beam is 1 m wide, and 1.2 m deep. The multi-column bents consist of three rectangular columns. The center-to-center spacing between columns is 5.3 m. The dimensions of each column are 1 m (in the transverse direction) × 0.75 m (in the longitudinal direction). The average height of the column is 3.8 m. Each column is reinforced with 16–30M bars providing longitudinal reinforcement ratio of 1.49%. Column ties with 15M at a spacing of 300 mm were used as transverse reinforcement. The transverse reinforcement ratio is about 0.24%. Strip footing is used for the column bents. Seat-type abutments are on a pile foundation, as illustrated in Fig. 1. 

Expansion bearings are used at abutments and the pier 2, while fixed bearings are used at the pier 1. All the concrete members were designed using the compressive strength f ′ = 30 MPa c

except 35 MPa was used for the girders, while the yield strength of the reinforcing steel bars was assumed to be 400 MPa. 

Figure 1: Configuration of the examined bridge. 
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In this study, a three-dimensional finite element model of the bridge was developed using the structural analysis software SAP2000 [7]. The advantage of SAP2000 is that a number of elements (e.g. link element) are available that can be used to model the nonlinearity of different components of a bridge system during seismic excitations including bearings and plastic hinges. It is necessary to mention that another program OpenSees [8] can also be used for the nonlinear analysis of bridges. However, a study conducted by Aviram  et al. [5] showed that these two programs provided very similar results. SAP2000 was selected in this study due to its simplicity in modelling and less time consuming in the analysis compared with OpenSees. 

3.1  Superstructure

The superstructure of the bridge was modeled as one line of elastic beam elements (Fig. 2), which is referred to as spine model in SAP2000. Each span is discretized into 10 equal segments in order to achieve higher accuracy of results though only four elements per span are required for modeling the superstructure in accordance with ATC 32 [9]. The section properties, such as the cross-sectional area, moment inertia, shear area and torsional constant of the superstructure, were determined based on the geometry presented in Fig. 1. In this study, a factor of 0.75 was applied to reduce the moment of inertia of the deck section, and no reduction factor was applied for the girder’s sections according to Caltrans Seismic Design Criteria [10]. Furthermore, reduction of the torsional moment of inertia was not considered since the bridge is regular [10]. 

Figure 2: Finite element model of the bridge. 

3.2  Bearing

Figure 3 presents an idealized bilinear curve representing the behaviour of the expansion bearing in the longitudinal direction, as recommended by Kelly [11] and DesRoches et al. [12]. Parameters K  and K denote the initial shear stiffness (i.e. elastic stiffness) and 1

2 

post-yield stiffness, respectively. In this study, K was calculated using eqn (1), while K was 1 

2 

taken as one-third of K , as suggested by DesRoches  et al. [12]. Parameters D  and D  repre-1

y

u

sent the yield displacement and maximum displacement of the bearing, respectively. 

Following the recommendations made by DesRoches  et al. [12], D  was assumed to be equal u





to the height of the elastomer, while D  was taken as 10% of D . 

y
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Figure 3: Bilinear behaviour of elastomeric bearings in the longitudinal direction. 

 GA



 K 1 =

(1)

 H r



•  G = shear modulus, which is taken as 0.80 MPa based on Caltrans [10]. 



•  A = plan area of the elastomeric pad. 



•  H  = total thickness of the rubber. 

 r

3.3  Column and cap beam

Plastic hinges are expected to form on the bottom and/or the top of columns during larger earthquake events. In this study, the length of the plastic hinge was determined according to the seismic provisions of CHBDC [13]. For the purpose of defining the link element in SAP2000, which was used to simulate the behaviour of column in the plastic hinge region, moment–curvature relationships for the end sections of the column were developed using fibre analyses of the cross sections. The concrete stress–strain relationship including the effect of confinement was determined based on the model proposed by Mander  et al. [14]. 

Nominal values for the material strengths were used in the fibre analysis, i.e. concrete and reinforcement resistance factors Φ  = Φ   = 1. In addition, the axial force used to develop the c

s

moment–curvature relationship includes the force resulting from the dead load only. Based on the computed moment–curvature relationship, Multi-linear kinematic plasticity model defined in SAP2000 was selected to model the column in the plastic hinge regions. The column was assumed to behave elastically outside the plastic hinge regions. In total, each column was divided into five equal segments. 

Rigid bars were used to connect the nodes between superstructure and bearings, bearings and columns, bearings and cap beams, and cap beams and columns. The bottom of the columns was assumed to be fully fixed. 

3.4  Abutment

Model of the abutment has a significant impact on the nonlinear response of bridges during earthquake events [15, 16]. Recently Aviram  et al. [5] conducted a comprehensive 
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 Y. Gao & L. Lin, Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 5 (2018) investigation of the effect of abutment modelling on the seismic response of bridges. In their study, three abutment models were examined, which were roller model, simplified model, and spring model. It was found that the dominant periods of the examined bridges based on the three models were relatively close except that the first mode period using the spring model was significantly shorter than that using the other two models. Given this, the roller model was selected for this study due to its relatively low modelling complexity. 

4  SEISMC EXCITATIONS

Since the lack of strong ground motion records in eastern Canada, Naumoski  et al. [17, 18] 

compiled a number of records obtained from earthquakes around the world, which were considered representative of the characteristics of the ground motions in eastern Canada. These records were grouped into three ensembles, namely, high A/V, intermediate A/V, and low A/V 

according to the ratio of the peak ground acceleration A (in g) to peak ground velocity V 

(in m/s). As reported in Naumoski  et al. [17, 18], ground motions in eastern Canada were typically characterized by high frequency content and high A/V ratios. Therefore, the high A/V ensemble was selected for this study. It consists of 15 pairs of horizontal and vertical records. It is necessary to mention that the vertical records were not considered in the analysis because the vibration of the bridge model was not governed by the vertical mode. The magnitudes of the selected records were between 5.3 and 6.9, and distances from 4 km to 26 km. These ranges cover the dominant magnitude and distance ranges that have the largest contribution to the seismic hazard in Montreal [19]. 

Figure 4 presents the 5% damped response spectra of the selected records scaled to the spectral acceleration at the fundamental period T  = 0.99 s of the bridge model. For the pur-1

pose of comparison, the design spectrum for Montreal for the probability of exceedance of 10% in 50 years for soil profile type I (i.e. rock or stiff soil) is also shown in the figure. It can be seen in Fig. 4 that the mean spectrum of the selected records exceeds the design spectrum for the periods shorter than 1.0 s, and it is slightly below the design spectrum for the periods longer than 1.0 s. 

Figure 4: Scaled response spectra of the records, 5% damping. 
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5  ANALYSIS RESULTS

Nonlinear time-history analyses were conducted by subjecting the bridge model to the selected records scaled at a series of excitation levels from 0.2Sa(0.99s) (i.e. 0.048 g) to 5.0Sa(0.99s) (i.e. 1.20 g). These intensity levels were selected in order to cover a wide range of the bridge response from elastic to inelastic. The response parameters considered in the study are the deck displacement and the column curvature ductility that represent the global deformation and local deformation, respectively. Table 1 provides the nominal value of each modelling parameter under investigation along with its variation. 

For each excitation motion, the maximum value of each response parameter was computed. Given a large number of analyses conducted in the study, it is not practical to consider the response from a single time-history analysis. Therefore, the responses resulting from the set of excitations were statistically analysed to compute the mean (M) value. The use of the mean values is considered appropriate because these values are more ‘stable’ (i.e. they have smaller variations) than the mean plus one standard deviation (M+SD) values. 

5.1  Effects of the superstructure mass

Figure 5a shows the results of the deck displacement corresponding to the different superstructure mass from 70% to 130% of its nominal value, at 11 intensity levels. Each point in the figure represents the maximum mean displacement at a given excitation level. The main observation of the results is that the deck displacement increases with the increasing of the superstructure mass. It should be noted that the change of the superstructure mass by 

±30%, with respect to its nominal value, shifts the fundamental period T  of the bridge 1

slightly. However, this shifting has negligible effect on the design spectral acceleration. As a result, the inertia force is directly proportional to the superstructure mass. It can be seen in Fig. 5a that the superstructure mass does not affect the deck displacement for the excitations lower than about 0.50 g, which is equivalent to 2.0Sa(0.99s). Beyond this level, the effect becomes noticeable. Furthermore, it is found that change of the superstructure mass by 30% causes the change of the displacement by 10% at the highest intensity level 5.0Sa(0.99s). 

The results for the column curvature ductility at pier 1 (Fig. 1) are presented in Fig. 5b. It can be seen in the figure that the column behaves elastically (ductility = 1.0) for the excitations up to the design earthquake level at Sa(0.99s) = 0.24 g. Furthermore, the ductility is proportional to the ratio of the intensity level to the design spectral acceleration at Sa(0.99s). 

For example, the ductility of 3 approximately corresponds to the ground motions of three times Sa(0.99s) which is about 0.72 g. It is necessary to mention that the force reduction factor used for the design of the bridge substructure is 3 according to CHBDC [13]. The Table 1: List of nominal values and variations of uncertainties considered. 

Modelling parameters

Nominal value

Variation

Superstructure mass

100% of the mass based on the geometry

70% ~ 130% 

Concrete compressive 

30 MPa

20 MPa ~ 40 MPa 

strength

Plastic hinge length

1.0 m

1.0 m ~ 1.5 m

Damping

5%

2% ~ 8%
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 Y. Gao & L. Lin, Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 5 (2018) Figure 5:  Responses due to change of the superstructure mass, (a) deck displacement; (b) column curvature ductility. 

results in the figure clearly show that the columns on the bridge have satisfactory behaviour, i.e. they could survive in an earthquake event about 3 times the design earthquake. The acceptable performance of the substructure is mainly because the bridge was retrofitted in 1990s to improve its seismic resistance by replacing the original bearings with elastomeric bearings. Otherwise it would have sustained at least major damage under the design earthquake considering the bridge was quite old. Overall the 30% change of the superstructure mass on average leads about 5% difference on the pier ductility. 

5.2  Effects of the concrete compressive strength The uncertainty of the material property is one of the major factors that need to be taken into account in the development of the fragility curves for bridges [1, 6, 20]. It is known that the concrete compressive strength (f ′) would affect the result of the moment-curvature or c

moment-rotation relationship of a given reinforced concrete section, which represents the hysteretic behaviour of the section under seismic loading. Given this, sensitivity analyses were conducted in this study for different f ′ for the column, such as 20 MPa, 25 MPa, c

30 MPa, 35 MPa and 40 MPa. The responses corresponding to f ′ = 30 MPa were considered c

as a reference. 

The results for the deck displacement and column curvature ductility are presented in Fig. 6a and b, respectively. The results in Fig. 6a show that smaller f ′ provides larger deck c

displacement and vice verse. However the variation in the responses is quite small, i.e. less than 5% with respect to the reference at the highest intensity level of 5.0Sa(0.99s). Such 

[image: Image 6]

  

 Y. Gao & L. Lin, Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 5 (2018) 875

Figure  6:   Responses due to change of the concrete compressive strength, (a) deck displacement; (b) column curvature ductility. 

results were expected because the variation of the concrete strength mentioned above was only assigned to the column that affects the nonlinearity of the plastic hinge, and not to the deck and the girder. In addition, the superstructure should behave elastically according to the capacity design principle for bridges [13]. The small difference between the responses was due to the change of the stiffness of the substructure arising from different f ′. The results in c

Fig. 6b indicate that f ′ does not have effect on the curvature ductility of the column at pier 1, c

where fixed bearings are used. This is because the bearing carries most of the seismic force given its relatively larger lateral stiffness. 

5.3  Effects of the plastic hinge length

In order to evaluate the effect of plastic hinge length on the bridge response, the plastic hinge length (L ) was varied by a factor of 1.1 to 1.5 times its normal value of 1 m determined p

according to CHBDC, and they are 1.0 m, 1.1 m, 1.2 m, 1.3 m, 1.4 m and 1.5 m. Figure 7a shows the results for the deck displacement, while Fig. 7b for the column curvature ductility. 

It can be seen clearly in Fig. 7a that the change of the plastic hinge length does not affect the deck displacement. Such observation is not surprising due to the mechanism of a bridge system, i.e. the displacement of the superstructure should be equal to the displacement of the substructure. Another observation of the results is that the increase of the maximum mean deck displacement is almost linearly proportional to the increase of the seismic excitation level. 

As shown in Fig. 7b, the curvature ductility decreases with the increase of the plastic hinge length. For example, at the seismic excitation of 0.90 g, the column curvature ductility 

[image: Image 7]
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 Y. Gao & L. Lin, Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 5 (2018) Figure 7:  Responses due to change of the plastic hinge length, (a) deck displacement; (b) column curvature ductility. 

corresponding to L  = 1.0 m (i.e. the reference value) is about 2.8, while it is about 2.6 cor-p

responding to L  = 1.5 m, which gives a difference about 10%. It should be noted that similar p

results were observed from the results of pier 2 (under the expansion bearing) that are not presented in this paper. Furthermore, it was found in this study that the column curvature ductility of pier 1 (under the fixed bearing) was about 2.5 times larger than that of the pier 2. It indicates significant inelastic deformations occurred in pier 1 due to larger seismic force applied. 

5.4  Effects of the damping

In the bridge modelling, Rayleigh damping was selected in order to take into account the bridge stiffness degradation during nonlinear response while a constant damping was assigned to all the 12 vibration modes. For the purpose of the investigation, the variation of damping ranged from 2% to 8%, in which the 5% damping was considered as a reference to compare the analysis results, as presented in Fig. 8. 

As expected, smaller damping provides larger response, while larger damping creates smaller response. Detailed calculations showed that change of the damping by 1% would create variation on average about 3% in the deck displacement and column curvature ductility. In addition, the analysis results show that damping has significant effects on flexible columns at lower excitation levels. For example, the curvature ductility of the column at pier 2 resulting from 2% damping is about 17% larger than the reference value at the intensity level of 1.0Sa(0.99s). However, it is only 9% larger than the reference ductility at the excitation level of 5.0(0.99s). 
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Figure 8:  Responses due to change of the damping, (a) deck displacement; (b) column curvature ductility. 

6  CONCLUSIONS

In this study, effects of the uncertainties of the superstructure mass, concrete compressive strength, plastic hinge length, and damping on the bridge seismic response were investigated. 

The sensitivity analysis on each modelling parameter was conducted on a 3-span reinforced concrete highway bridge located in Montreal, Canada. In total, 15 records obtained from the earthquakes around the world were used in the nonlinear time-history analysis. The deck displacement and the column curvature ductility were selected to represent the bridge response. The main conclusions from the study are summarized as follows:

•  Changing the superstructure mass by 30% causes the deck displacement to change about 10% at the seismic excitation level five times the design earthquake while it does not have effect on the column curvature ductility. 



• Changing the concrete compressive strength does not affect the deck displacement and column curvature ductility under the fixed bearing. 



• Changing the plastic hinge length does not affect the deck displacement. However, it does affect the column curvature ductility, i.e. larger plastic hinge length provides smaller curvature ductility. Furthermore, increase in the plastic hinge length by 50% would reduce the ductility by about 10%. 



• Damping has more effects on the response at the lower excitation levels especially for the column curvature ductility. The 5% damping is appropriate for use in the analysis. 
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ABSTRACT

The objective of this study is to investigate the effects of the uncertainties of major modelling par-
ameters on the bridge seismic response. The parameters examined include the superstructure mass,
concrete compressive strength, plastic hinge length and damping. For the purpose of the evaluation, an
existing 3-span reinforced concrete highway bridge located in Montreal, Canada, was selected for the
analysis. A three-dimensional model of the bridge was developed using SAP2000. Nonlinear time-]
tory analyses were conducted in order to assess the effects of the uncertainty of each of modelling
parameters mentioned above. Fifteen records obtained from earthquakes around the world were used
as seismic excitations in the time-history analysis. The deck displacement and the column curvature
ductility were chosen to investigate the effect of the uncertainty of the modelling parameters on the
seismic response of the bridge.

Keywords: bridge, finite element, modelling, nonlinear; records, responses, seismic, uncertainty.

1 INTRODUCTION

Earthquakes are one of the main natural hazards that have caused devastations to bridges
around the world. Given the observations from past earthquakes, substantial analytical
and experimental research work related to bridges has been undertaken in Canada and
other countries. The analytical research is focussed primarily on the prediction of the
seismic performance of existing bridges. It includes bridge-specific investigations that are
mainly conducted using deterministic approach, and investigations of bridge portfolios
that are based on probabilistic approach. In both cases, nonlinear time-history analyses
are extensively used. To conduct analysis on a given bridge, analytical (i.e. computa-
tional) model of the bridge is required. It is known that the seismic response predictions
depend greatly on the accuracy of the input of the parameters considered in the bridge
model.

A number of parametric studies were conducted in the past to evaluate the effects of mod-
elling parameters on the seismic response of bridges in North America. Choi et al. [1]
conducted a study on the effects of the material properties on four typical bridges including
two multi-span simply supported bridges (one is steel, the other is pre-stressed concrete), and
two multi-span continuous bridges. They concluded that fixed bearings in multi-span simply
supported steel girder-type bridges were more vulnerable to earthquakes than any other com-
ponents. Padgett er al. [2] performed seismic analysis on a multi-span simply supported steel
girder bridge. The purpose of their study was to investigate the effects of restrainer cables;
effective stiffness of elastomeric bearings; yield strength of the steel jackets; and the reinforc-
ing of the shear keys on the bridge behaviour. They reported that the bearing stiffne:
rotational stiffness of the foundation, and the gap width had significant effects on the bridge
response. Some studies focussed on a specific modelling parameter on structure response,
e.g. number of spans [3]; incident angle of seismic motions [4]; modelling techniques for
abutments [5]; etc.

Our study is mainly focussed on the parameters that would affect the dynamic characteris-
tics and nonlinear behaviour of the bridge models, namely, superstructure mass, concrete
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