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ABSTRACT
This paper presents a method to estimate the maximum inelastic out-of-plane seismic response of
upper-deck steel arch bridges. The method employs equal energy assumption to predict the maximum
response without the need of dynamic response analysis. Firstly, applicability of equal energy assumption
to upper-deck steel arch bridges is examined numerically by performing free vibration analysis, pushover
analysis, and elastic and inelastic dynamic response analyses. The models with different arch-rise to span
ratio and arch rib spacing are generated and the influence of these parameters on the applicability of the
assumption is studied. Although the assumption resulted in conservative side estimation, in many cases the
results were too conservative to be practical for the design practice. On the other hand, some tendencies
that make it possible to develop some correction functions to improve the estimation accuracy of equal
energy assumption were found regardless any parameters. Finally, by using the proposed correction
functions and the response spectra a method that doesn’t require dynamic response analysis for the
estimation of maximum inelastic seismic demand is developed and its validity is evidenced by numerical

analyses.
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1. Introduction

The Hyogo-ken Nanbu earthquake of 17 January 1995, which was more severe earthquake than that
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considered in the design code for structures, caused destructive damage to many structures [1]. Steel

bridges were no exception. The range of damage included the collapse of steel bridge piers, as well as local
buckling of stiffened box and pipe sections. Since this devastating earthquake, many efforts to improve the
seismic performance of steel structures have been made in Japan. These efforts began with the simplest and
most common structures such as cantilevered steel piers and portal frame piers. The strength and ductility
of these structures under cyclic loading has been examined experimentally or numerically [2-5]. By the

time the trend has shifted to clarify the inelastic seismic behavior of more rare but complex structures, such
as steel truss [6], arch [7-14] and elevated bridges [15,16]. Recently, also, more interest is being given in

the development and application of vibration control devices to structures [17]. Some findings have been
introduced into the revised version of the Japanese seismic design code for highway bridges (JRA code) [18,
19]. The design ground motion was also revised and a two-level seismic design method is now specified for,
respectively, moderate (called Level-I) and extreme (called Level-II) ground motions [18, 19].

Steel arch bridges were conventionally treated as structures for which earthquake loading is not
predominant, as they are normally built in mountainous areas with little chance of major earthquakes, since
ocean-type earthquakes are common in Japan. Moreover, even if experienced, earthquake excitation was
not thought to be crucial, because arches are structures of relatively long natural period and are generally
built on rock foundations. For this reason, conventional design took into consideration only moderate
earthquakes, during which the structure should remain in the elastic range. However, the new provision for
design based on Level-II ground motions for all bridges in Japan has made it necessary also to understand
the inelastic behavior of steel arch bridges, since severe earthquake loading could put them in a critical
situation. There are some earlier papers on the seismic response of steel arch bridges [7-14]. Usami et al.
[12] investigated the inelastic seismic performance of a typical upper-deck steel arch bridge subjected to
major earthquakes. They found that seismic responses are small under longitudinal ground motion input but
severe plasticization and performance deficiencies are observed under transverse excitation. This study
proves that Level-II ground motion can be critical for upper-deck steel arch bridges.

Meanwhile, the compulsory evaluation of inelastic behavior greatly complicates the design process
compared to conventional practice. The powerful method of non-linear dynamic response (time-history)

analysis is the most rigorous way to carry out seismic response estimation. However, implementation is

Page 2 of 34



time consuming, which hampers its wide application to everyday design. There is a desire for a method of
seismic design that does not rely on dynamic response analysis. The JRA code specifies a simplified
method called the Ductility Design Method, which is based on static analysis. This is a force-based design
procedure utilizing elastic analysis in which a force reduction factor is adopted to account for inelastic
behavior. The force reduction factor is calculated using the equal energy assumption [20], which assumes
the elastic energy stored in the elastic and inelastic systems is identical. However the application of this
method is limited only to simple structures, because the applicability of the equal energy assumption is not
clear in the case of structures with complex dynamic response characteristics. In the JRA code, simple
dynamic behavior implies that the structure is a system with a predominant first vibration mode and the
possible location of the primary plastic hinge can be easily foreseen. This confines use of the method to
reinforced concrete piers and steel piers in-filled with concrete. For other structures, referred to as
'complicated structures' by the JRA code (including steel arch bridges), dynamic response analysis should
be conducted for seismic performance verification. Lu et al. [13, 14] proposed a simplified seismic design
verification procedure based on pushover analysis and dynamic response analysis of an equivalent
single-degree-of-freedom system for upper-deck steel arch bridges. Although the method is very reliable, it

is still necessary to carry out dynamic response analysis.

A displacement-based inelastic seismic response prediction procedure for upper-deck steel arch
bridges that requires no dynamic response analysis is proposed in this paper. The equal energy assumption
is adopted for the maximum response estimation. The applicability of the equal energy assumption is
investigated as a first step toward prediction of maximum inelastic out-of-plane response. The examination
is conducted numerically on six upper-deck steel arch bridge models by comparing estimation results with

the results of dynamic response analysis.

There have been some previous reports on the applicability of the equal energy assumption to steel
bridges. Usami et al. [21] examined the applicability of both equal-energy and equal-displacement
assumptions through pseudo-dynamic tests of cantilevered columns in steel bridge piers. They found that a
fairly good estimation of nonlinear response was achieved by using the equal energy assumption, while the
response predicted by the equal-displacement assumption was much smaller than in the actual tests.

Nakajima ef al. [22] investigated the applicability of the equal energy assumption to the seismic design of
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steel portal frames. The paper concludes that it gives a safe-side estimation of the maximum nonlinear
response, but the estimated maximum displacement can be much larger than that given by elasto-plastic
dynamic response analysis. Nakamura et al. [23] also investigated the applicability of the equal energy
assumption to steel portal frames. Their study showed that the equal energy assumption results in a
conservative prediction of maximum response, with the results being too conservative in many cases. They

also suggested some correction functions that improve estimation accuracy.

The upper-deck steel arch bridges studied in this paper also yield conservative estimates when the
equal energy assumption is applied, as explained in the text that follows. In fact, estimated response is
much larger than the actual response in many cases, making the accuracy of the assumption quite low.
However some solid tendencies regarding estimation accuracy are found, and this makes it possible to
develop certain correction functions that improve the accuracy. Having improved the estimates obtained
with the equal energy assumption, the correction functions are combined with the elastic response spectrum

to predict the maximum inelastic seismic response without the need of dynamic response analysis.
2. Applicability of Equal Energy Assumption
2.1 Analyzed models

The applicability of the equal energy assumption is examined numerically by studying six upper-deck
steel arch bridge models. The models differ in their arch-rise to span ratio and arch rib spacing, as shown in
Table 1. These two structural parameters are given variations over a wide coherent range in order to obtain
a pattern representing the behavior of general upper-deck steel arch bridges and also to examine their
influence on the applicability of the equal energy assumption.

Model 1 shown in Figure 1 is used as the template from which the other five parametric models are
generated. This bridge was adopted by the JSSC committee as a representative model for investigations of
nonlinear behavior during major earthquakes [24]. The parametric models are generated by using the
JSP-15 W preliminary design software for steel arch bridges [25]. Models 2-4 are generated from Model 1
by changing only the arch rise. Models 5 and 6 are generated from Model 1 by changing only the spacing
between the two arch ribs. The generation process is carried out carefully, in order to ensure that the newly

generated models remain within realistic limits. The selected arch-rise to span ratios can be found in
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existing steel arch bridges. The template Model 1 and newly generated Models 2-4 carry two-lane traffic.
The distance between the arch ribs is widened in order to carry a three-lane deck in Model 5, and a
four-lane deck in Model 6. In this way, realistic steel arch bridge models are generated for numerical
analysis. Models 1, 2, 3 and 4 constitute a pattern demonstrating the effect of arch-rise to span ratio,
whereas Models 1, 5 and 6 are a series demonstrating the effect of arch rib spacing on the applicability of
the equal energy assumption.

Figure 1 also gives the cross sections of the main structural elements of the template model. A
box-type section is used for the arch rib and side column, whereas an I-section is adopted for the stiffening
girder. The figure shows the cross section of the arch rib near the support and that of the stiffening girder in
the span center. The side columns have a uniform box section. The other five generated models have cross
sections of the same shape based on dimensions given by the preliminary design software.

The bridges are modeled and analyzed using the general purpose MARC nonlinear finite element (FE)
analysis software [26]. Three-dimensional beam elements of type 14 and 79, as provided in the MARC
element library, are employed to model the structural members. Element 14 is adopted for the box sections.
This is a closed-section straight-beam element with no warping of the section but including twist based on
Euler-Bernoulli beam theory. There are two nodes per element. The degrees of freedom associated with
each node are three global displacements and three global rotations. Element 79 is used for the I-shaped
sections. It is an open-section straight-beam element that includes warping and twisting of the section. It is
composed of two nodes with seven associated degrees of freedom, three for global displacements, three for
global rotations and one for warping of the section.

Material nonlinearity is taken into account by 3D fiber modeling. For the box sections of the arch ribs,
26 integration points are specified. There are 24 integration points for the side columns and 25 for the
I-shaped sections. Geometrical nonlinearity is also taken into account in the FE analysis. The updated
Lagrangian Formulation is employed to consider the large displacement effect.

The boundary conditions and connection types of the bridge models are shown in Figure 2. Typical
boundary conditions are used for all of the models. As for the abutments, roller bearings are assumed in the
longitudinal direction. The side pier ends consist of pivot-type bearings and the arch rib ends are pinned

bearings. All connections between the members are rigid.
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A lumped mass approach is used to model the mass of the bridges. The masses of the stiffening girder,
arch ribs and piers are lumped at their nodal points. Further, the masses of the transverse and diagonal
members are also considered; these are lumped on the nodal points of the corresponding stiffening girder,
arch rib or vertical member. No rotational inertia is associated with the nodal points.

The reinforced concrete bridge deck is not modeled, but its mass is considered and lumped at the
nodal points of the stiffening girder. Simpler models in which the deck is not modeled can be used in
studying the applicability of the equal energy assumption because the individual effect of the reinforced
concrete deck to the estimation accuracy is thought to be negligible; since the same no-deck model is used
for both the estimation procedure and the time history analysis. As will be explained later in section 2.2, the
accuracy of this assumption is assessed by comparing the estimated inelastic response using the equal
energy assumption with the calculated response obtained from inelastic dynamic response analysis.

A single type of steel, JIS-SMA490, is adopted for all of the bridge models (yield stress g,=355 MPa;
Young’s modulus, E=206GPa; Poisson’s ratio, v=0.3). A bilinear stress-strain relation with a strain
hardening slope £'=E/100 and a kinematic hardening rule is assumed, as seen in Figure 3.

The natural frequencies, modal participations and mode definitions of the first 10 modes of all the
analyzed models are listed in Table 2. Since dynamic response in the out-of plane direction is the concern
of this study, only the eigenmodes of the transverse direction are evaluated. The first and third out-of-plane
modes make the greatest contribution as they have the largest effective mass ratios. These are selected as
the predominant modes and their shapes are illustrated in Figure 4. This shows that they are symmetric
out-of-plane modes and they exhibit similar shapes for the different models, despite differences in arch rise
and deck width. Of these two modes, the contribution of the first one is much greater. When the effective
mass ratios of this mode for Models 1, 2, 3 and 4 (which differ only in arch rise) are compared, it can be
seen that the contribution increases as the arch-rise to span ratio increases. The ratio is about 60% for
Model 1, increasing to about 72% for Model 4. This suggests that a bridge will have a greater tendency to
vibrate mainly in the first out-of-plane mode as the arch-rise to span ratio increases. It can also be seen, by
comparing the effective mass ratios of Model 1, 5 and 6, that the arch rib spacing does not significantly

affect the modal contribution of the predominant modes.
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2.2 Examination procedure

The accuracy of estimations made by the equal energy assumption is assessed by comparing the
estimated inelastic maximum response with the value obtained using nonlinear dynamic response analysis.

The examination procedure is described below.

1) Free vibration analysis is carried out to obtain the principle natural frequencies and mode shapes.

2) Elasto-plastic finite displacement pushover analysis is performed in order to obtain the curve for the

relationship between total out-of-plane base shear force and displacement for each model.

3) The maximum elastic response displacement is obtained by performing elastic dynamic response
analysis. The corresponding total base shear force, which is the total out-of-plane reaction force summed
over all supports at the maximum response displacement, is also calculated. Using these two values, the

maximum strain energy stored in the structure is computed.

4) The maximum inelastic response displacement dgp is estimated by applying the equal energy assumption
to the curve of total out-of-plane base shear force versus displacement, as obtained in 2) above, and the

maximum strain energy, obtained in 3) (See Figure 5).

5) Inelastic finite displacement dynamic response analysis is used to obtain the maximum inelastic response

displacement Jpp.

6) The estimated maximum response displacement (dsp) and the calculated value (dpp) are compared in
order to evaluate the accuracy of the assumption.

For the pushover analysis, the modal force distribution from the single dominant mode in the
transverse direction (the first symmetric out-of-plane mode) is adopted as the lateral load distribution

pattern, expressed as:
{H,}=1mg} ()
in which m; is concentrated mass and ¢ is the transverse component of the eigenvector {¢} at node i.
The modal force distribution is used here as it serves as a sufficiently accurate pattern in pushover

analysis to approximate the inertia force distribution during earthquake excitations as shown by Lu et. al.

[13, 14]. In these references, the inertia force distribution, which is the lateral inertia force distribution at
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the moment of maximum displacement demand in an elastic Level-II dynamic response analysis, is
evaluated as an alternative lateral load distribution pattern, expressed as:

{Hi}z {_miai} (2)
in which H;, m; and a; are the lateral force, concentrated mass and lateral acceleration at node 7, respectively.
Although it is believed that this load distribution pattern represents the actual inertia force distribution
under earthquake excitations well, the dynamic response analysis requirement that the acceleration at each
node be obtained makes this option unsuitable in this study, remembering that the main goal is to eliminate
dynamic response analysis from seismic design.

The mid point of the stiffening girder is adopted as the reference point for pushover analysis since the
maximum transverse displacements for all models are observed at this point. Through the pushover analysis,
the displacement of this reference point is plotted against total base shear force in the out-of-plane direction
for all supports to obtain the inelastic behavior of the structure.

Six Level-II, Type-II ground motions are used for the dynamic response analysis: three for ground
condition I (stiff ground) and three for ground condition II (moderate ground). Their titles and maximum
accelerations are summarized in Table 3. These ground motions are the standard ground motions specified
in the JRA code [18, 19] for use in the seismic design of highway bridges in Japan. They were generated by
modifying the near-fault strong ground motions recorded at various locations during the Hyogo-ken Nanbu

earthquake to fit the specified response spectrum for Level-IT ground motions illustrated in Figure 6. The
response spectrum specified for the damping ratio £&=0.05 can be modified for other damping ratios by
multiplying the original spectrum by modification factor for damping constant cp, which is given by the

code as:

¢ =2 105 3)
408 +1

where & is the assumed modal damping ratio of the structure.

The above-mentioned input ground motions are applied to the structure in the out-of-plane direction.
Additionally, they are amplified by the coefficients shown in Table 3 to obtain sufficiently inelastic
response. By this method, a pattern reflecting the effects of increasing ground motion intensity can be

studied, for the evaluation of the applicability of the equal energy assumption. These ground motions are
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applied to the supports of the structure uniformly in the same phase, although there are some studies
pointing out that out-of-phase ground motion inputs may influence the response of arch bridges [27, 28].
The JRA code does not require consideration of the influence of out-of-phase ground excitations in the
seismic design of bridges shorter than 200 m in span.

Newmark's # method [29] is employed to solve the equation of motion for both elastic and inelastic
dynamic response analyses. The S value is taken as 1/4. Rayleigh damping [29] is assumed for all of the
models by considering only the predominant eigenmodes and assuming modal damping ratios of 0.03.

The whole examination procedure is carried out for the reference point mentioned before. The
equilibrium energy equation is drawn for this point on the curve of total out-of-plane base shear force
versus displacement obtained in the pushover analysis in order to estimate the maximum inelastic response.
The reference point is simply used to obtain a control value of displacement, from which the deformed
shape of the whole structure can be predicted. The total absorbed energy of the structure is already taken

into account by employing a modal force distribution pattern as a substitute for the total dynamic response.

2.3 Validity of using pushover analysis to represent dynamic behavior

It is necessary to verify that dynamic behavior is sufficiently well represented by pushover analysis in
which a modal force distribution is used as a lateral loading pattern. For this purpose, the displacement
distribution obtained by pushover analysis is compared with that obtained from the nonlinear dynamic
response. This comparison is carried out for each model using the most severe dynamic excitation. The
displacement distribution obtained in the dynamic response analysis at the time increment representing the
maximum response at the reference point is compared with the distribution given by pushover analysis at
the static force increment corresponding to the same reference point displacement. The comparisons are
given in Figure 7 for the stiffening girder and the arch rib of each model, respectively. These comparisons
demonstrate that the displacement distributions match each other quite closely (although there are some
differences in the case of Model 3). It can be concluded that pushover analysis carried out using a modal
force distribution based on the first out-of-plane vibration mode with an effective mass ratio of more than

60% suitably accounts for dynamic behavior, matching the findings of Lu et al. [14].
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2.4 Accuracy of estimation and influencing parameters

The ratio of estimated maximum inelastic response (Jsp) to the actual dynamic response calculated by
inelastic dynamic response analysis (dpp) is used as an index of estimation accuracy. The applicability of
the equal energy assumption is studied by evaluating the relationship between this estimation accuracy
index (dsp/dpp) and estimated ductility factor (uz). The estimated ductility factor is expressed as

My =0g/ 5)/ “4)
in which Jgp is the estimated maximum nonlinear response and J, is the yield displacement obtained by
pushover analysis. The ductility ratio x (#=dpp/d,) can be used instead of xx to evaluate applicability once
inelastic dynamic response analysis has been carried out. However, such an approach would not appropriate
for this study, whose objective is to find an alternative to dynamic response analysis for the prediction of
inelastic maximum response.

The dsp/dpp-piE relationships for the different models are illustrated together for various input ground
motions in Figure 8. The results on the right represent estimation accuracy for more ground motions with
greater magnification. It can be seen that the dsp/dpp ratio is greater that 1.0 in all cases. This means that the
equal energy assumption offers a safe-side estimation. However, in many cases, the estimated results are
much larger than the responses calculated by inelastic dynamic response analysis; that is, the accuracy of
the estimation is quite low. In these cases, the ductility factors may appear larger than is practical for any
actual design procedure. But it should be noted that s is not the same as the ductility ratio, £, obtained
through dynamic response analysis. The estimated ductility factor g includes estimation errors that may be
more than 300% in some cases. In the case of Models 5 and 6, however, the ductility ratios are also too
large for the ground condition I motions amplified by a factor of 5, especially with the Le2.t211 excitation.
The values of ductility ratio, £ range from 5 to 6, which are impractical for the design procedure. These
values can simply be excluded from consideration.

Observation of the dsp/dpp- 1 relationships shown in Figure 8 clearly shows that, for all input ground
motions, they exhibit a similar tendency to reduced estimation accuracy as the estimated ductility factor s

increases. The trend is almost the same for all models, despite their different structural parameters. This
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suggests that the structural parameters considered in this study, which are the ratio of arch rise to span and
the arch rib spacing, have no significant influence on the applicability of the assumption.

The JRA code recommends using at least three ground motions per dynamic analysis, taking an
average of them to evaluate response for seismic design. This means it is necessary to calculate the average
of the estimated responses for three ground motions for each ground condition, respectively. This also gives
a better understanding of the influence of the structural parameters considered in this research. In Figure 9
the relationship between dsp/opp and wg for the average estimated response displacements is shown for both
ground conditions. It is clear that there is no significant difference in estimation accuracy among the
different models and that the relationship can be roughly represented by a linear function. Further, the
overall tendency is similar for both ground conditions, suggesting that estimation accuracy is not

significantly influenced by the structural parameters and input ground conditions.

2.5 Approximation of relationship between dsp/0pp and pig

Having shown that estimation accuracy does not depend on the model or the type of ground condition,
it is possible to approximate the relationship between dsp/dpp and 4 using a single function that represents
the overall trend for different ground motions and structural parameters. This approximation is achieved by
taking into account only the average response displacement results, as recommended in the JRA code. The
average and lower bound values of dsp/dpp are marked in Figure 10 by lines. The average approximation is
the optimum line through the dsp/dpp values as calculated by the least squares method. On the other hand,
the lower bound approximation is the bottom boundary line of the dsp/dpp - 1 relationship. By the help of

these lines it is possible to predict the estimation accuracy for any given ug value.

2.6 Correction functions for equal energy assumption

Estimation accuracy can be improved by modifying the approximations in the relationship between
Jsp/0pp and . By this method, a correction function f{z4) is proposed for both the average estimation and
the lower bound estimation. The average estimation correction function (5), which is obtained by modifying
the average approximation, is proposed to give the optimum estimation results, whereas the lower bound
estimation correction function (6) is obtained from the lower bound approximation and guarantees that the

estimated maximum inelastic response is always equal to or greater than the actual inelastic response (dpp).
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Estimation results are corrected by simply multiplying the estimated maximum inelastic response by the
correction function of the desired type, as shown in equation (7).

Average Estimation

(5)
Fup)=1/(0.1843 1, +0.8159), (0< f(u,)<1)
Lower Bound Estimation

(6)
F(up)=1/0.1700u, +0.7050), (0< f(u,)<1)
Ogp = f(up)x0gp (7)

Where, f(14): correction function; ug: estimated ductility factor; & :gp: corrected value of estimated
maximum response.

A correction function should be used if its calculated value for a given ug is less than or equal to 1.
Otherwise no correction is needed and the estimated value can be used as it is. This is generally
encountered in the very small values of yz or when the response is completely elastic.

Corrected values of the estimated ductility factor, as calculated from the average response
displacements for both ground conditions, are plotted in Figure 11 against the ductility ratio (x), together
with the values without correction. It can be seen that estimation accuracy is significantly improved as the
corrected ductility factor becomes closer to the actual ductility ratio. The established correction functions
are also applied to the results for individual ground motions, as shown in Figure 12. Although the
correction functions are generated only by considering the average response displacements, it can be seen
that estimation accuracy is also improved for the individual input ground motions. The lower bound
estimation is not plotted since it is meaningful only for design procedure in which the average of three

ground motion response displacements should be taken.
3. Proposed Prediction Method
3.1 Prediction procedure

In the preceding chapter, the applicability of the equal energy assumption when used with the
proposed correction functions is verified for the estimated maximum response. During the application
procedure, the maximum elastic response, which is necessary for prediction of the maximum nonlinear

response, is obtained by performing linear dynamic response analysis in order to achieve the most accurate
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estimate possible on the basis of the assumption. However, it is desirable to carry out seismic design
without dynamic response analysis for reasons of calculation time and cost. This is possible if the elastic
response is estimated from the response spectrum.

The basic steps in the proposed method for predicting the maximum inelastic response are given in
Figure 13 and explained below.
Step 1.Establish a FE model for the upper-deck steel arch bridge under investigation.
Step 2. Perform eigenvalue analysis to acquire the predominant free vibration mode. Based on this,
calculate the force distribution to be used as the lateral force pattern in pushover analysis.
Step 3. Obtain the relationship between total out-of-plane base shear force and displacement as well as the
yield displacement &, by performing pushover analysis using the modal force distribution obtained in Step
2.
Step 4. Obtain the maximum response from the response spectrum specified in the JRA code for Level-11
ground motion depending on the corresponding ground condition and modal damping ratio. Calculate the
corresponding elastic strain energy.
Step 5. Estimate the maximum inelastic response displacement Jsp by applying the equal energy
assumption and calculate the estimated ductility factor u.
Step 6. Calculate the value of correction function f{zy) either for the average estimation or the lower bound
estimation. If f{ug) is less than 1, multiply dsp by flug) to get the final value of maximum inelastic response.

If f{ue) is greater than 1, no correction is necessary and Jsp can be used directly.
3.2 Validity of the method

In order to illustrate the accuracy of the proposed method, the estimated maximum nonlinear response
S sp it yields is compared with the actual maximum dynamic response Jpp calculated directly by nonlinear
dynamic response analysis. This comparison is shown for the average estimation in Figure 14 for ground
conditions I and II, respectively. The estimation error range is around +20% for the individual ground
motions and £15% for the average response displacements. The lower bound estimation is studied only for
average response displacements, as indicated before, and the error in this case is found to be less than 20%

as shown in Figure 15. Judging from these figures, it is considered that the proposed method is applicable

Page 13 of 34



to the preliminary design of upper-deck steel arch bridges as a simple way of predicting their maximum
response.

For further confirmation of its validity, the proposed method is applied to the same models using a
different set of ground motions. These are ground motions not considered during the development of the
correction functions. Type I ground motions for ground conditions I and II, amplified by factors of 1.5, 2
and 5, are employed as the input ground motions in this examination. The estimation obtained, dsp’, are
compared with the actual dynamic response, dpp, in Figure 16. The results for average response
displacements are within the error range of £20%. It can be also seen that fairly good estimation results are
obtained for individual ground motions. These findings verify the proposed method for type I ground
motions in addition to type II. However, it should be noted that the lower bound estimation results, which

are supposed to fall on the safe side, are given as less than the actual response in a few cases.

4. Concluding Remarks

Static pushover analysis, linear and nonlinear dynamic response analysis of six upper-deck steel arch
bridges were carried out. On the basis of the results, the applicability of the equal energy assumption for
out-of-plane response of the structures was examined, and correction functions were developed to improve
the estimation accuracy of the maximum response displacement. Based on these correction functions and
the response spectrum, a prediction method for maximum inelastic out-of-plane seismic response of
upper-deck steel arch bridges was proposed that does not rely on dynamic response analysis. The validity
of the proposed method was evaluated through numerical examples. The main findings of this research are
summarized below:

1) The predicted maximum inelastic response displacement based on the equal energy assumption is
conservative for upper-deck steel arch bridges. In many cases, though, the results may be too conservative.
2) The ground condition type and the structural parameters considered in this investigation (ratio of arch
rise to span and arch rib spacing) have no significant influence on the applicability of the equal energy
assumption.

3) The prediction accuracy of the equal energy assumption can be improved by using the proposed

correction functions.
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4) The proposed method of predicting maximum inelastic out-of-plane seismic response displacement
can be successfully applied to upper-deck steel arch bridges as shown in the numerical examples. It is
considered that this method will be useful as a simplified prediction method of maximum inelastic response
for the preliminary seismic design of upper-deck steel arch bridges.

This investigation is based on numerical studies of six representative bridges covering the realistic
range of applicability of upper-deck steel arch bridges. The authors believe that the method will give
satisfactory results if the dynamic characteristics of the bridge being designed are similar to the ones
studied here. That is, if the natural frequency is within the studied range and the modal composition is
similar in that it has one dominant out-of-plane vibration mode. Although natural frequency may be
considered an index of general structural stiffness, differences in the stiffness configuration of local
members as well as different boundary conditions may result in different plasticization behavior of the
structure, causing the accuracy of the proposed method to be reduced. However, even though extra work is
necessary to elucidate the specific limits of applicable range, it is considered that the proposed method may
prove useful as a preliminary design method for a certain range of upper-deck steel arch bridges.

In future work, a complete simplified design method based on a displacement demand and capacity
comparison will be developed by combining this seismic demand estimation method with a suitable
capacity prediction tool. The scope of the investigation will also be broadened to include the in-plane

response of the structure.
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Location Type X y z [ON ®, 0,

a Roller Bearing Free  Fixed Fixed Free Free Free
b Pivot Bearing Fixed Fixed Fixed Fixed Free Fixed
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Figure 2: Boundary and connection conditions
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Table 1: Structural parameters of the analyzed models

Arch Rise

Model No. | Span Length (m) | Arch Rise (m) m S;;Cii;(lrt;)
Model 1 114 16.87 0.15 6.0
Model 2 114 22.80 0.20 6.0
Model 3 114 34.20 0.30 6.0
Model 4 114 45.60 0.40 6.0
Model 5 114 16.87 0.15 9.5
Model 6 114 16.87 0.15 13
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Table 2: Eigenvalue analysis results

Natural Effective Mass Ratio
Model Mode Fre(qflllze)n o Longitudinal (%)  Transverse (%)  Vertical (%) Deflection Mode
1 0.788 20.03 0.00 0.00 In-plane
2 1.041 0.00 60.67 0.00 Out-of-plane
3 1.696 0.00 0.00 0.00 Out-of-plane
4 1.846 0.00 0.00 0.84 In-plane
1 5 2.590 0.00 14.19 0.00 Out-of-plane
6 2.960 6.96 0.00 0.00 In-plane
7 3.197 0.00 0.00 46.60 In-plane
8 3.356 0.00 0.00 0.00 Out-of-plane
9 3.549 0.00 5.14 0.00 In-plane
10 3.709 0.00 0.00% 21.90 Local mechanism
1 0.744 35.09 0.00 0.00 In-plane
2 0.995 0.00 67.58 0.00 Out-of-plane
3 1.502 0.00 0.00 0.00 Out-of-plane
4 1.701 0.00 0.00 0.11 In-plane
5 2.204 0.00 13.36 0.00 Out-of-plane
2 6 2.745 24.85 0.00 0.00 In-plane
7 3.026 0.00 0.00 0.00 Out-of-plane
8 3.143 17.13 0.00 0.00 Local mechanism
9 3.369 0.00 0.00 2.28 Local mechanism
10 3.657 5.51 0.00 0.00 Local mechanism
1 0.785 55.94 0.00 0.00 In-plane
2 0.824 0.00 68.93 0.00 Out-of-plane
3 1.328 0.00 0.00 0.00 Out-of-plane
4 1.884 0.00 0.00 0.17 In-plane
3 5 2.014 0.00 12.25 0.00 Out-of-plane
6 2.690 1.14 0.00 0.00 In-plane
7 2.866 0.00 0.00 0.00 Out-of-plane
8 3.262 0.00 0.00 2.06 Local mechanism
9 3.308 11.79 0.00 0.00 Local mechanism
10 3.679 0.00 1.69 0.00 Out-of-plane
1 0.580 67.68 0.00 0.00 In-plane
2 0.647 0.00 71.99 0.00 Out-of-plane
3 1.127 0.00 0.00 0.00 Out-of-plane
4 1.563 0.00 0.00 0.72 In-plane
4 5 1.839 0.00 9.58 0.00 Out-of-plane
6 1.952 2.26 0.00 0.00 Local mechanism
7 2.053 0.00 0.00 0.40 Local mechanism
8 2.460 341 0.00 0.00 In-plane
9 2.671 0.00 0.00 0.00 Out-of-plane
10 2.842 0.00 0.14 0.00 Local mechanism
1 0.811 22.16 0.00 0.00 In-plane
2 1.315 0.00 63.39 0.00 Out-of-plane
3 1.659 0.00 0.00 0.92 In-plane
4 1.905 0.00 0.00 0.00 Out-of-plane
5 5 2.447 49.95 0.00 0.00 In-plane
6 2.723 0.00 13.15 0.00 Out-of-plane
7 3.132 12.09 0.00 0.00 In-plane
8 3.267 0.00 0.00 48.42 In-plane
9 3.423 0.00 0.64 0.00 Out-of-plane
10 3.835 0.00 0.00 14.23 In-plane
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Table 2 (Continued)

Natural Effective Mass Ratio (%)
Model Mode Frequency L . Deflection Mode
(Hz) Longitudinal Transverse Vertical
1 0.777 22.62 0.00 0.00 In-plane
2 1.363 0.00 61.59 0.00 Out-of-plane
3 1.582 0.00 0.00 1.16 In-plane
4 1.739 0.00 0.00 0.00 Out-of-plane
6 5 2.238 55.26 0.00 0.00 In-plane
6 2.323 0.00 12.22 0.00 Out-of-plane
7 2.964 8.29 0.00 0.00 In-plane
8 3.012 0.00 0.00 49.94 In-plane
9 3.121 0.00 0.01 0.00 Out-of-plane
10 3.777 0.00 0.00 10.03 In-plane
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Table 3: Input ground motions for the dynamic response analysis

Ground Duration Maximum
un Name u Acceleration Amplification
Condition (sec) )
(cm/sec”)
1995 IMA Kobe OBS N-S 30 312 1.2,1.5,1.7,
(Le2.t211) 2,5
Ground I {1995 JMA Kobe OBS E-W
(Stiff) (Le2.212) 30 766 13,2,5
1995 HEPC Inagawa N-S
(Le2.2213) 30 780 1.5,2,5
1995 JR Takatori Sta. N-S
(Le2.221) 40 687 1.5,2
Ground II {1995 JR Takatori Sta. E-W
(Moderate) (Le2.t222) 40 673 15,2
1995 OGAS Fukiai N27W
(Le2.1223) 40 736 1.5,2
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