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Abstract 

In performance-based seismic assessment, structural response is characterised with increasing 

seismic intensity via some form of intensity measure (IM). IMs are typically related to the 

characteristics of ground shaking and dynamic properties of the structure, with spectral 

acceleration at the first and dominant mode of vibration being a popular choice in the case of 

buildings. In bridge structures, where no single dominant mode typically exists for bridges with 

any degree of irregularity, the use of spectral acceleration at one single mode of vibration may 

be somewhat inefficient due to a more multi-modal transverse structural response. To counter 

this and also to appease the needs of bridge portfolio assessment, where a group of structures 

is assessed collectively to evaluate entire bridge networks, peak ground acceleration has 

become a popular IM, albeit its drawbacks in terms of meaning with respect to structural 

dynamics. To address these limitations, this paper explores the use of different IMs for a more 

efficient assessment of bridges. Among these, there is average spectral acceleration, whereby 

a pertinent period range is used to define the IM that could suit the needs of a bridge structure 

with multi-modal response as well as when more than one bridge structure is considered. To 

do this, a number of bridges are considered and evaluated via incremental dynamic analysis 

for different IMs. The results show that average spectral acceleration is indeed a quite efficient 

IM that can lead to a more refined quantification of bridge performance, both individually and 

also as part of a larger bridge network when conducting portfolio risk assessment. 
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1 INTRODUCTION 

One aspect that is required in the site-specific seismic hazard assessment of a structure is the 

choice of an intensity measure (IM), that is, the measure used to characterise the intensity of 

ground shaking to be linked to different levels of damage when deriving fragility curves. 

Different types of IMs exist, with each one possessing their own inherent advantages and 

disadvantages [1–5]. One aspect that is typically desirable from any IM is for it to be efficient, 

meaning that is should be a relatively accurate predictor of the structural response and 

subsequently, the damage. This characteristic typically leads IMs to be defined in terms of the 

modal properties of the structure, with the first mode spectral acceleration, Sa(T1), being a 

popular choice in building assessment, since the response of the building is generally dominated 

by the first mode response. Ground motion records can subsequently be selected and 

conditioned to that specific period using conventional tools (e.g. conditional spectrum [6–8]) 

and the numerical analysis subsequently conducted. 

In the case of bridges, there does not generally tend to be a dominant mode of transverse 

response (i.e. a mode of response where most of the mass is participating), which therefore 

makes the task of choosing a single period to characterise the IM in terms of Sa(T) more difficult. 

Furthermore, when dealing with the assessment of large numbers of bridges as part of a regional 

or portfolio assessment, it is almost certain that each bridge will possess different first mode of 

vibration periods, making the IM choice even more taxing. This is because a single period may 

be efficient for some types of bridges while not for others, resulting in increased dispersion and 

reduced IM efficiency. To avoid this issue in regional assessment, peak ground acceleration 

(PGA) has often been adopted in the past [9]. While this is a simple and convenient solution, 

PGA is widely known to be a relatively poor predictor of structural response but has been shown 

[10] to be a fair performer for bridges when compared to other types of IMs, therefore still 

having some merit. 

A further aspect regarding IM definition is that it requires some knowledge of the structure’s 

modal properties, which are often not known prior to construction of the numerical models. 

Hence, the adoption of an IM that does not require modal properties is preferred. One candidate 

that has emerged as a potential solution to the aforementioned problems is average spectral 

acceleration, AvgSa, defined as the geometric mean of N-number spectral accelerations within 

a user-specified range [Tlower, Tupper] as described by Equation (1):  

 𝐴𝑣𝑔𝑆𝑎 = [∏ 𝑆𝑎(𝑇𝑖)

𝑁

𝑖=1

]

1/𝑁

𝑓𝑜𝑟 𝑇 ∈ [𝑇𝑙𝑜𝑤𝑒𝑟 , 𝑇𝑢𝑝𝑝𝑒𝑟] (1) 

This has the benefit of being relatively simple in its definition and being relatively 

independent of modal properties. When compared to the efficiency of other more building-

specific IMs like Sa(T1), studies [11,12] have shown AvgSa to perhaps not be the outright 

winner in any specific category of response prediction (e.g. storey drift, floor acceleration or 

collapse performance) but to be the best across the board when considering all salient structural 

response parameters. It works on the basis of defining a period range of interest over which the 

hazard is conditioned, instead of a specific period. As such, the precise value of a structure’s 

period(s) is not required (as for Sa(T1)) but rather a range in which they are likely to fall. This 

is advantageous when assessing multiple structures since the modal properties of a single 

structure are not focused on and an acceptable level of efficiency is still being maintained. For 

bridge structures, where there is usually no single dominant mode of vibration, the use of a 

period range also makes more sense since the entire response cannot be adequately linked to a 

single mode of vibration as in the case of buildings. 
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This study examines the efficiency of different IMs for the assessment of bridges structures, 

particularly AvgSa. It builds on past work by Zelaschi et al. [5] and Monteiro et al. [10] by 

assessing the relative IM efficiency for a number of regular and irregular structures via 

incremental dynamic analysis (IDA) [13]. The level of damage is assessed via local member-

specific parameters and the evolution of pier damage in the bridge is characterised with 

increasing intensity. A number of IMs are considered using these analysis results, relative 

comparisons are made and conclusions are drawn. 

2 CASE STUDY 

2.1 Description of bridge structures  

To examine the impact of using different IMs for fragility assessment, a number of case 

study bridge structures were examined. These structures were previously examined by Pinho et 

al. [14] to evaluate different non-linear static analysis procedures for bridge structures. The case 

study comprised bridge structures of two lengths, with viaducts consisting of either four or eight 

50m spans. Bridges were classed as being regular or semi-irregular/irregular depending on the 

variations of bridge pier heights considered, which are illustrated in Figure 1. For each pier, the 

same cross section was assumed, whose details are given in Figure 2. This way, different bridge 

pier configurations – and therefore distributions of bridge pier stiffness and subsequent mode 

shapes – could be examined in a relatively simple manner, whilst at the same time maintaining 

a degree of realism for what concerns the general irregularity of bridges. The total number of 

bridges was seven, as implied by Figure 1, where the label numbers 1, 2, and 3 denote pier 

heights of 7m, 14m, and 21m, respectively. 

 

 

Figure 1. Illustration of the longitudinal profile of the bridge structures considered, where the different labels 

refer to the arrangement of pier heights in multiples of 7m.  

 

Figure 2. Details of the cross section utilised for each bridge pier [14], where the shorter side of the section is 

placed in the direction of the bridge deck. 
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2.2 Numerical modelling of bridge 

A numerical model of each bridge was built using OpenSees [15]. The dimensions of the 

bridge structures are as per Figure 1, with each pier cross section comprising the section 

dimensions and reinforcement layout illustrated in Figure 2. The piers were modelled as fixed 

at the base and the deck ends were supported upon pot bearings with a horizontal stiffness of 

26,329 kN/m. The deck system was modelled using a continuous elastic beam-column element 

whose section stiffness properties were modelled as reported by Pinho et al. [14].  

Pier elements were modelled using lumped plasticity elements, whose parameters were 

established from moment-curvature analysis. To do this, the Concrete01 material model 

available in OpenSees was used. The characteristic compressive strength of concrete was taken 

as 42MPa and the strain at peak stress was taken to be 0.002. Based on the layout of the concrete 

shear reinforcement in Figure 2, the confinement factor was computed as 1.2 and its impact on 

the stress-strain relationship for the confined regions of the pier cross-section was incorporated 

as per Mander et al. [16]. As such, cover concrete was modelled as unconfined, whereas the 

inner regions restrained by the stirrups were modelled as confined. Reinforcing steel was 

modelled using the Steel02 material model in OpenSees with a yield strength of 500MPa. To 

simulate the rupture of the bars, a MinMax criterion was placed on this material to simulate its 

loss of strength when a certain strain threshold was surpassed. This rupture strain was estimated 

as 0.10 based on the values given in Priestley et al. [17] for reinforcement steel used in bridges 

in Europe. Since three types of pier element were feasible (i.e. 7m, 14m or 21m), moment-

curvature was conducted for each axial load ratio resulting from the change in pier self-weight. 

Once established, the Pinching4 material model was used to capture the moment-curvature 

behaviour shown in Figure 3 and used in the lumped plasticity element model.  

All elements were modelled using the corotational geometric transformation to model 

second-order effects. Masses were modelled as distributed along both the deck and the pier 

elements. Priestley et al. [17] suggested that simply placing one-third of the pier mass at its top 

as a lumped mass may also suffice, which would result in a more efficient numerical model. 

However, this simplification assumes the formation of a plastic mechanism at the base and a 

linear displaced shape along the pier height, which would be difficult to justify for some of the 

more irregular configurations shown in Figure 1. Gravity loads were also applied and 

maintained throughout all analyses. 

 

 

Figure 3. Characterisation of each pier element’s moment-curvature behaviour and definition of the two limit 

states corresponding to section yielding and peak strength prior to the initiation of bar rupture. 
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3 RESPONSE CHARACTERISATION 

3.1 Modal analysis 

With a numerical model of each bridge structure constructed, the next step was to conduct a 

modal analysis and identify their dynamic properties. Table 1 presents the periods for the first 

three modes of vibration in the transverse direction of response. It can be seen that some of the 

periods tend to be closely spaced with none of the modes comprising the majority of the modal 

mass. This confirms how, unlike building structures, there tends not to be a predominant mode 

of response that can be used to characterise the entire structural response. It is also worth noting 

how the first three modes of the more regular bridge structures comprise most of the mass, 

whereas for the irregular cases there is an overall poor representation of modal mass. 

Table 1. Modal properties of each bridge numerical models, where periods of vibration and percentage modal 

mass for the first three modes in addition to their sum are shown. 

Bridge Configuration Type T1 [s] T2 [s] T3 [s] %M1 %M2 %M3 Sum %M 

1 123 Irregular 0.5550 0.4470 0.2770 28 9 12 48 

2 213 Irregular 0.5550 0.4740 0.2530 27 17 1 45 

3 222 Regular 0.4830 0.4750 0.2230 31 0 57 88 

4 232 Regular 0.5080 0.4750 0.3070 19 0 76 95 

5 2222222 Regular 0.4790 0.4790 0.2250 16 0 74 89 

6 2331312 Irregular 0.4940 0.4740 0.3600 4 9 29 42 

7 3332111 Irregular 0.5560 0.4360 0.3870 11 7 29 47 

3.2 Incremental dynamic analysis 

IDA was performed to characterise the response of the bridge structures with increasing 

ground motion intensity using the far-field ground motion set from the FEMA P-695 guidelines 

[18]. Analyses were conducted in the transverse direction and a 2% tangent stiffness-

proportional Rayleigh damping model was adopted. This was based on past experimental 

observations [19] because in the case of bridge structures, the lack of contribution to the energy 

dissipation typically provided by damage to non-structural elements in buildings, amongst other 

sources, is not present. 

To characterise the bridge response with increasing intensity, a single structural demand 

parameter - termed an engineering demand parameter (EDP) - was needed. In buildings, roof 

drift ratio or maximum storey drift along the building height are typical EDPs, since they 

characterise the response of these first mode dominated structures quite well. Again, in the case 

of bridges, the lack of a dominant mode or an obvious critical element in the structure makes 

the identification of a suitable EDP a non-trivial task. Global EDPs, such as peak deck 

displacement, may be used but these do not necessarily differentiate the degree of inelastic 

damage in piers of different height. As such, local element-oriented EDPs were sought here. 

Monteiro et al. [10] followed the work of Nielson [20] and HAZUS [21] by utilising the 

maximum displacement-based ductility of all piers as their EDP. A similar approach was 

adopted here: the peak transient curvature at the base of the piers was monitored during ground 

shaking to obtain the peak pier section curvature. The maximum value of peak pier section 

curvature among all piers of the bridge, φmax, was then identified as the EDP.  

Two limit states were identified, corresponding to pier section yielding and the peak strength, 

beyond which the section begins to lose its capacity due to rupturing of the reinforcement bars. 

The yield curvature was computed from Priestley et al. [22] and for peak strength, the section 

curvature was computed via the reinforcement rupture strain limit previously described in 

Section 2.2. Both limit state definitions were considered independent of pier height and 
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therefore a single set was used throughout, as illustrated in Figure 3. These two limit states – 

termed yielding and peak strength herein – correspond to 1.25mrad and 26.9mrad, respectively, 

implying a curvature-based ductility capacity of approximately 21.5 in the bridge piers. 

3.3 Intensity measure definition 

To characterise the evolution of structural damage using IDA, an IM definition was required. 

Since the purpose of this study was purely to evaluate the relative efficiency of different IMs 

in their ability to characterise bridge response, numerous IMs were considered. This was 

because different IMs could be defined using the same set of IDA results via a simple re-

processing. For example, for a single bridge model whose response to a given ground motion 

signal is a known value via non-linear dynamic analysis, its intensity can be examined in 

numerous ways (e.g. peak ground acceleration or spectral acceleration at a given period). IM is 

an interface variable used to quantify a ground motion’s shaking intensity with respect to 

structural EDP. Therefore, for a given ground motion signal, or set of signals in this study’s 

case, any number of IMs may be examined. 

As such, the IDA was conducted using PGA as the initial reference IM with a number of 

alternative IMs considered via re-processing of the IDA results. The IMs considered as part of 

this study were: 

• PGA – defined as the peak ground acceleration of a given ground motion; 

• Sa(T1) – the 2%-damped spectral acceleration at the first mode period, T1, for a given 

bridge structure; 

• Sa(Tmed) – the 2%-damped spectral acceleration at the median period of the first three 

modes, T1 – T3, for the bridges listed in Table 1; 

• PGV – defined as the peak ground velocity of a given record; 

• AvgSa – the average spectral acceleration defined in Equation (1) as the geometric 

mean of ten equally space periods spanning the range of Tlower and Tupper defined 

below. 

In the case of PGA and PGV, these quantities are self-explanatory and are simply defined as 

the absolute peak of the ground acceleration and velocity of each individual accelerogram, 

meaning that they were not in any way connected to the bridge dynamic properties. On the other 

hand, Sa(T1) and Sa(Tmed) correspond to the spectral accelerations at specified periods of the 

bridges or bridge groups, meaning that some period information was required for their 

definition. 

For AvgSa, a period range [Tlower, Tupper] needed to be defined. It did not need to be linked to 

any bridge period in particular but rather ensure sufficient coverage of the period range of 

interest. To define this range, the modal properties listed in Table 1 were used. Considering 

these modal properties, a period range spanning Tlower=0.112s and Tupper=0.833s was established 

for the case study bridges. Tlower was determined as 0.5 times the 16th percentile of the T3 values 

whereas Tupper was determined as 1.5 times the 84th percentile of the T1 values. The lower limit 

was defined as the 16th percentile value in order to cover the majority of the higher mode values 

and not be biased by any outlier period value. It was further factored down by 0.5 to anticipate 

other modal contributions since Table 1 indicated that the irregular bridge configurations tended 

to have many different modes beyond the third contributing to the dynamic response. The upper 

limit was established using the 84th percentile to cover the majority of the first mode periods 

and amplified by 1.5 to account for the effects of period elongation during non-linear response. 

A range of ten periods equally spanning this range was used to define AvgSa. In the absence of 

actual modal information for bridge groups, simple empirical relationships [23] may also be 

used to identify the likely ranges in which Tlower and Tupper should be defined. 
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4 RESULTS 

Conducting IDA for each bridge structure, their response was characterised well into the 

non-linear range of response. Each of the five aforementioned IMs were subsequently used to 

describe and examine the bridge response. Figure 4 illustrates the response of Bridge 2 for the 

Sa(T1) and AvgSa IMs, for example, where the two limit states defined in Figure 3 are also 

highlighted. The exceedance of these limit states was assumed to adequately characterised by 

a lognormal distribution, whose dispersion is defined as the standard deviation of the natural 

logarithm of the data. Considering the intersection of these vertical lines characterising the two 

limit states, the dispersion due to record-to-record variability, βRTR, of each IM could examined 

and characterised. Figure 5 illustrates the dispersions of each IM at both limit states for all seven 

bridge structures examined. Tentatively operating on the premise that lower dispersion implies 

a better or more accurate quantification of response and, in turn, risk, some initial observations 

can be made. 

 

  
(a) Sa(T1) (b) AvgSa 

Figure 4. Illustration of the IDA results obtained for Bridge when plotted for different IMs. 

From Figure 5, PGA, Sa(T1) and Sa(Tmed) are seen to be fair indicators of structural response 

at both limit states. At yielding, they all tend to produce the same level of dispersion, whereas 

for the peak strength limit state, PGA tended to produce slightly lower dispersion on average. 

This indicates that there is no clear advantage to using mode-specific IMs for bridge structures 

since the lack of a dominant mode makes one spectral definition as valid as another, roughly 

speaking. It was also interesting to note the general inefficiency of the Sa(T)-based IMs for 

regular bridges (i.e. Bridges 3, 4 and 5) at the peak strength limit state. This was a rather unusual 

observation at first but upon further inspection of the modal masses in Table 1, it can be seen 

how the more dominant modes for these bridges were in fact the third modes of response and 

not the first. Careful consideration of the modal properties could have reduced this dispersion 

by using Sa(T3) but it actually goes to show how further considerations are required to use such 

IMs for bridges. Overall, it appears that the PGV and AvgSa IMs were the best performers as 

they rendered the lower dispersions on average. PGV slightly outperforms AvgSa at the peak 

strength limit state, which resonates the findings of Monteiro et al. [10], but it is seen to report 

very high levels of dispersions at the yielding limit state. On the other hand, AvgSa was seen to 

have the lowest dispersion for most cases at both limit states. This finding also goes along with 

the conclusions of Kohrangi et al. [11] when using AvgSa for assessing existing buildings, 
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stating that AvgSa may not be the best performer in any one single category but tends to be the 

best overall IM to characterise different facets of structural performance.  

 

 

Figure 5. Relative comparison of the dispersions for each bridge structure for both yield and peak strength limit 

states along with mean dispersion for the bridge group. 

While the above comparison in terms of dispersion for different IMs is useful to gauge the 

general IM efficiency, no definitive conclusions may be drawn in terms of the ‘best’ IM since 

the dispersion in the respective ground motion prediction equations (GMPEs) must also be 

considered. That is, a very complex and detailed IM may be defined to optimise and report very 

low levels of dispersion for the structural response, but the level of uncertainty with its 

associated GMPE may be very large, meaning that the uncertainty has simply been moved from 

one part of risk assessment to another, since risk is quantified via the integration of hazard and 

vulnerability. The above comparison and comments relating to Figure 5 will only hold true if 

the GMPE uncertainty of the IMs remains similar. As such, a brief comparison of the dispersion 

associated with the GMPEs is included here to support the general findings of this study.  

For the IMs defined using spectral values or general characteristics of the ground motion 

shaking (i.e. Sa(T), PGA and PGV) the IM dispersion, βIM, is typically provided as a GMPE 

output for a given rupture scenario. For instance, GMPEs such as Campbell and Bozorgnia [24] 

provide it for each of the IMs listed previously. In the case of AvgSa, however, some further 

consideration is required since it is an IM made up of a combination of other IMs (i.e. the 

geometric mean of Sa(T) values). AvgSa dispersion for a given rupture scenario, βAvgSa|rup, has 

been shown [11,25] to be described according to Equation (2): 

 β
AvgSa|rup

2
= (

1

N
)

2

∑ ∑ ρ
ln Sa(Ti), ln Sa(Tj)

σln Sa(Ti)|rupσlnSa(Tj)|rup

N

j=1

N

i=1

 (2) 

where N is the number of spectral values being averaged (10 in this study), σ represents the 

Sa(T) dispersion for a given rupture scenario provided by GMPEs, and ρ represents the 

correlation between the spectral values at two periods, Ti and Tj, which can be computed using 

a model such as that by Baker and Jayaram [26].  

To illustrate the difference in relative GMPE dispersions between the IMs considered in 

Figure 5 and shed more light on the efficiency of these IMs, a rupture scenario was considered. 

Figure 6 shows the IM dispersions computed using the aforementioned GMPEs for a rupture 

scenario of magnitude 7.0, at a distance of 50km and on soil with Vs30=360m/s, corresponding 
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to firm ground. Overall, it can be seen from Figure 6 how the relative dispersions of the different 

IMs are relatively similar, with no single one having a markedly higher or lower dispersion than 

another. What is important to note is that, of the favourable IMs in Figure 5, there is no 

significant disadvantage to their use also from a GMPE dispersion point of view. PGA and PGV 

are seen to have slightly lower dispersion with respect to the Sa(T)-oriented counterparts. This 

goes to show how the poor predictability of structural response by these Sa(T)-oriented IMs (i.e. 

βRTR) only gets exacerbated by the relatively high variability in the GMPE. Compared to AvgSa 

at both limit states and PGV at the peak strength limit state, where the dispersion in structural 

response and in the GMPE are lower, this indicates an overall better IM performance. This 

lower GMPE dispersion was noted by Kohrangi et al. [11] to be a characteristic of AvgSa’s 

definition. With respect to the Sa(T)-oriented IMs, PGA is seen not to be a bad option, a finding 

also noted by Monteiro et al. [10], but when compared to PGV and AvgSa, is seen to be slightly 

inferior in terms of efficiency. Of course, these conclusions are based on visual inspection of 

few case studies and more thorough studies ought to be used in order to provide more definitive 

conclusions. Nevertheless, it provides useful insight into the efficiency of different IMs and 

their usability in the specific case of bridge structures, where many different dynamic properties 

often taken for granted in the case for buildings do not necessarily apply. 

 

Figure 6. Comparison of the GMPE dispersion associated with each IM. 

5 SUMMARY AND CONCLUSIONS 

This work examined the relative performance of different intensity measures (IM) for the 

assessment of bridge structures. To do this, a number of bridges, both of regular and irregular 

configuration, were modelled and analysed. Their dynamic response with respect to increasing 

ground shaking intensity was characterised and the exceedance of two limit states 

corresponding to pier section yielding and peak strength were quantified. A number of IMs 

were used to examine how efficiently each could characterise the bridge response at both limit 

states. IMs related to ground motion parameters such as peak ground acceleration (PGA) and 

peak ground velocity (PGV), in addition to others related to the bridge structures’ modal 

properties like spectral acceleration, Sa(T), were examined. Furthermore, a recently introduced 

IM termed average spectral acceleration, AvgSa, was also examined. Their efficiency was 

evaluated in terms of dispersion for each limit state. The results showed that the level of 

dispersion depended on the type of IM, the regularity of the bridge structures and the limit state 

being considered. Based on this preliminary study, the following conclusions can be noted: 

PGA Sa (T
1
) Sa (T

med
) PGV AvgSa

Intensity Measure

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

D
is

p
er

si
o
n

, 
IM



Gerard J. O’Reilly and Ricardo Monteiro 

 

• Due to the inherent nature of their dynamic properties, bridge structures are generally 

not characterised by a single dominant period of response, with numerous modes of 

response contributing depending on the bridge layout’s regularity. This can make 

Sa(T)-oriented IMs rather unfavourable; 

• PGA and PGV tend to be better predictors of structural response when compared to 

the first mode spectral acceleration, Sa(T1), as their dispersion was generally lower; 

• Considering the median period value of the bridge group’s first three periods in a 

Sa(T)-oriented IM did not offer much improvement in terms of IM efficiency; 

• PGV was seen to be one of the best predictors of bridge response for the peak strength 

limit state, which signifies extensive pier damage, but was noted to be one of the 

worst predictors of the low damage limit state related to pier section yielding; 

• Overall, AvgSa was seen to be the best predictor of bridge response. This was the 

case for both limit states and bridge configurations; 

• In terms of GMPE dispersion, the increased dispersion of the Sa(T)-oriented IMs saw 

their overall efficiency further exacerbated for risk assessment of bridges, while 

AvgSa was shown to be slightly superior to PGA and PGV in this sense. 

 

While the study presented here represents a relatively simple illustration of the potential 

benefits of using IMs such as PGV or AvgSa that are relatively independent of the bridge 

dynamic properties, further work is required to verify the observations made. Nevertheless, 

these findings are promising for what concerns the risk assessment of bridge structure groups 

as part of regional or portfolio assessment. 
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