
  

 

Article 

Application of the incremental modal analysis for 

bridges (IMPAb) subjected to near-fault ground 

motions 

Alessandro Vittorio Bergami1,*, Gabriele Fiorentino1, Davide Lavorato1, Bruno Briseghella2 and 

Camillo Nuti 1,2 

1 Department of Architecture, Roma Tre University, 00152 Rome, Italy; alessandro.bergami@uniroma3.it 

(A.V.B.); gabriele .fiorentino@uniroma3.it (G.F.); camillo.nuti@uniroma3.it (C.N.); 

davide.lavorato@uniroma3.it (D.L.);  
2 College of Civil Engineering, Fuzhou University; bruno@fzu.edu.cn  

* Correspondence: alessandro.bergami@uniroma3.it; Tel.: +39-(06)-57332907 

 

Abstract: Near-fault ground motions can cause severe damage to civil structures, including bridges. 

Safety assessment of these structures for near fault ground motion is usually performed through 

Non-Linear Dynamic Analyses, while faster methods are often used. IMPAb (Incremental Modal 

Pushover Analysis for Bridges) permits to investigate the seismic response of a bridge by 

considering the effects of higher modes, which are often relevant for bridges. In this work, IMPAb  

is applied to a bridge case study considering near-fault pulse-like ground motion records. The 

records were analyzed and selected from the European Strong Motion Database and the pulse 

parameters were evaluated. In the paper results from standard pushover  procedures and IMPAb 

are compared with nonlinear Response-History Analysis (NRHA), considering also the vertical 

component of the motion, as benchmark solutions and incremental dynamic analysis (IDA). Results 

from the case study demonstrate that the vertical seismic action has a minor influence on the 

structural response of the bridge. Therefore IMPAbremains very effective conserving the original 

formulation of the procedure, and can be considered a well performing procedure also for near-

fault events. 

Keywords: near field, pulse like ground motions, bridge, non-linear static analysis, non-linear 

dynamic analysis  

 

1. Introduction 

Near-field ground motions (NF) are different from ordinary (far field) ground motions as the 

proximity to the fault renders the effect of the global displacements and the mutual displacements of 

the opposite sides of the fault very evident in the records: i) the vertical motion component maximum 

values often exceeds the horizontal component [1]; ii) long period velocity pulses can be generated 

by earthquake directivity and iii) long period velocity pulsescan be generated by earthquake fling-

step [2], iv) differential input displacements at the base of the piers [3].    

For i), in structures sensible to axial force variation, the combined effect of horizontal and vertical 

motions can bring to severe structural demand [4].  

Case ii) happens due to the focusing of wave energy along the fault in the direction of rupture, 

when the fault rupture propagates towards the site (forward directivity) and when the velocity of 

propagation is slightly slower than the shear wave velocity, causing the seismic energy to arrive in a 

large pulse of motion [5]. In this case the pulses in the velocity time series are generally double-sided, 

and they are stronger on the component of motion normal to the fault strike. 

Case iii) (Fling-step) occurs when the earthquake causes major surface rupture. In this case, there 

is a slow build-up of stresses in the earth’s crust over long periods of time, that then are quickly 
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released causing a permanent offset in the displacement time series [ 6]. Fling-step effects produce 

single-sided pulses. For dip-slip faults, also these effects are observed in the component of motion 

normal to the fault strike.  

Case iv), differential displacements, will not be treated here even though the authors discussed 

possible input generations and relative effects in various publications [7, 30]. 

Near Fault effect on Bridges are usually investigated by means of Non-Linear Response History 

Analyses (NRHA) [8-11]. Consequently, a method frequently used to assess the response of structures 

to NF is the Incremental Dynamic Analysis (IDA) [12], which uses a set of ground motion records 

and requires to execute several NRHA. NRHA allows to properly estimate the seismic demand and 

capacity of structures considering each component of the seismic action: horizontal and vertical (the 

vertical component is relevant for NF events).  

Due to the long analysis time and complexity required to perform several NRHA and to the 

specific complexity of the dynamic method, it is useful to investigate alternative static methods which 

can provide results with lower computational effort . For the previous reasons, some authors 

proposed the use of pushover analyses to investigate the response of bridge structures under near 

fault seismic input [13,14]. 

In [15-17], the authors of this paper proposed an incremental (in terms of seismic intensity) 

pushover-based procedure (specifically developed for bridges) named IMPAb, and discussed the 

validity in case of far field accelerograms (FF). The procedure employs the envelope of a single-run 

conventional uniform pushover analysis (UPA) and modal pushover analyses (MPA),  to determine 

the seismic demands for each intensity level considered,.  

In case of NF ground motions the vertical action becomes relevant, therefore its consideration or 

neglection should be discussed. In this work this issue has b een considered and the necessity of 

performing vertical and horizontal pushover has been evaluated testing the IMPAb procedure 

substituting MPA with the Extended Modal Pushover Analysis (EMPA) [19], which considers the 3D 

components of the accelerograms. Nonetheless, the prediction of the structural response of the bridge 

with EMPA, also for NF events, is close to MPA (the same conclusion is discussed in [19] for the case 

study performed) and therefore the original version of IMPAb, developed and tested considering far-

field ground motions (FF), was tested and discussed herein and validated in case of NF. 

The main task of this work is to apply IMPAb procedure using a set of near-fault ground motion 

records as input. In the present paper the same case study of irregular bridge selected in [17] was 

analyzed.  

In the paper the seismic demands resulting from IMPAb are compared to those predicted from 

incremental dynamic analysis (IDA) as a benchmark solution. Therefore, according to IDA, several 

nonlinear time-history analysis have been performed considering a set of near -fault ground motions 

(both horizonal and vertical components have been considered) whereas, performing IMPAb, the 

response spectra of those ground motions have been used for the seismic demand. Several pushover 

analyses were performed for the bridge and then, a comparison was made between the results 

obtained according to the single pushover procedure and to the IMPAb with reference to NRHA and 

IDA. It is worth noting that the spatial variation of motion on the different bridge piers are not taken 

into account in this work. For this issue, it is possible to make reference to other literature studies 

[18]. 

After a short description of IMPAb procedure (§2), the case study of the selected bridge will be 

introduced (§3.1), then the selection of the near-fault seismic input will be described (§3.2) and the 

numerical model will be displayed (§3.3). The execution and results of non-linear analyses are given 

in §4, while §5 and §6 provide discussion of the results and conclusions. 

 

2. Short description of IMPAb procedure 

It is assumed that NRHA represents the “correct” response evaluation, even for NF input. The 

incremental modal pushover analysis for bridges (IMPAb) [17] is carried out and results compared 

to IDA’s. IMPAb requires the execution of several pushover analyses according to two different load 
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patterns: a uniform loading profile (UPA) and a modal pushover analysis (MPA) according to the 

procedure presented in [15,16]. As previously mentioned, the use of EMPA (which includes vertical 

action) instead of MPA was tested and verified as irrelevant for the scope of the analysis. The 

irrelevance of the vertical input performing the pushover analys is, according to the scope and the 

results of this paper, is discussed in section 4.  

In addition, in this work a standard pushover (SPA), with a load pattern proportional to the 

dominant modal shape, has been performed to compare results from different pushover procedures 

with NRHA. The IMPAb procedure can be summarized in the following main steps: 

 

 Definition of the seismic demand in terms of response spectra (RS) for a defined range of 

intensity levels; 

 Discretization of the intensities range and definition of a set of intensity level I; 

 Execution of a traditional pushover analysis adopting a uniform loading profile (UPA); 

 Evaluation of the natural frequencies, wn and modes, n for the linear elastic vibration of the 

bridge. The modal properties of the bridge model are obtained from the linear dynamic modal 

analysis in which the relevant modes of the bridge are selected;  

 Execution of a modal pushover analysis for each intensity level. For the intensity level i, the 

performance point (P.P.) for the selected (predominant) modes can be determined and, using a 

combination rule, the P.P. corresponding to each mode for each intensity i can be combined to 

derive the “multimodal performance point” (P.P.m,i). The P.P.m,i is expressed in terms of 

monitoring point displacement urmmi, and corresponding global base shear Vb,i, for each intensity 

level considered: being urni the modal displacements of the monitoring point , in this paper the 

transverse direction has been considered. 

 

Therefore IMPAb requires to perform an incremental modal pushover analysis (IMPA) and an 

incremental UPA (IUPA). Afterwards to derive an univocal capacity curve from an envelope, in 

IMPAb the capacity curve is defined connecting, for each intensity step i, the performance point 

Pi,IMPAb defined in (1) and described in Figure 1. 

 

Pi,IMPAb = (max (ur,i,MPA;ur,i,UPA); max (Vb,i,MPA;Vb,i,UPA))  (1) 

 

being (ur,i,MPA; Vb,i,MPA) and (ur,i,UPA; Vb,i,UPA) the coordinates of the performance point for the 

intensity “i” obtained performing MPA or UPA. The seismic demand is expressed in terms of 

Response Spectrum (RS): a RS can be selected and scaled according to different criteria. In the 

application discussed herein the RS have been derived from the set of near -fault ground motion 

records selected (§ 3.2). The RS have been linearly scaled to match the desired intensity range.  

 

 

 
(a) (b) 

 

 

Figure 1. (a) Degrees of freedom of the bridge: performing a pushover analysis the displacement ur of 

the monitoring point is controlled. In this work ur is the transversal displacement. (b) Evaluation of 

the IMPAb capacity curve: envelope of IUPA and IMPA. 
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3. Case study 

3.1. The case study 

The case study selected is a straight bridge with four equal 50 m spans for a total length of 200m 

(Figure 2), already used by many authors in previous comparison works since 1990s [ 21] and also to 

explain the IMPAb in [17]. The deck of the bridge consists of 14m wide pre-cast concrete box girder 

supported by piers through bearings locked in the transverse direction and, at the abutments, 

through elastomeric bearings (movement in the longitudinal direction is allowed at the abutments, 

but transverse displacements are restrained). 

The piers, all consisting of circular cross-section with a 2.5m diameter, have variable heights. 

The concrete class used was C20/25 (characteristic compressive cylindric strength fck=20 MPa) while 

B450C steel (characteristic yield strength fyk = 450MPa) reinforcement was used throughout the 

structure. The bridge was designed according to Eurocode 8 using a design peak ground acceleration 

of 0.35g and a behavior factor (coefficient q) of 3.0; the design loads are summarized in Table 1. 

 

 
(a) 

 

  

(b) (c) (d) 

 

Figure 2. Selected bridge case study: (a) longitudinal view; (b) Bridge Pier elevation view; (c) and (d) 

Bridge pier sections. 

Table 1. Loads and actions. 

Load kN/m kN 

Dead Self-weight 200 - 

Live Vehicle loads (Qik) - 1200 

Live Distributed load (qik) 54.5 - 

 

The response of the bridge model was estimated through the employment of non-linear static and 

dynamic analyses. The dynamic analyses were performed adopting a set of ground motions (GM) 

selected according to the criteria described in §3.2; from the set of ground motions a median response 

spectra (RSm) was defined. The GMs were used to perform the NRHAs as well as their mean 

spectrum (RSm) was used for the purpose of evaluating the pushover -based procedure (the 

performance point is evaluated, for each intensity level, adopting RSm for the seismic demand). 
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In the paper (§4) analysis results are presented in terms of deformed shape of the bridge in 

transverse direction and plotting the bridge capacity curve (i.e. monitoring point displacement versus 

seismic intensity). 

3.2. Selection of Near Fault Records 

The seismic events which hit Italy in 2016 and 2017, known as Central Italy earthquakes, had 

been a series of four seismic events occurred in Italy between August  and October 2016 [22] with 

minor events in January 2017. The two major earthquakes were those occurred on August 24 and 

October 30, 2016 with magnitudes Mw = 6 and 6.5, respectively. In both cases, many seismic stations 

close to the epicenters recorded the strong ground motion. In some cases, the records presented 

typical near-fault pulse-like behavior, as highlighted both in the joint report written by the ReLUIS-

INGV Workgroup [23] and reported in the European Strong Motion Database [24]. Table 2 reports 

the ground motion parameters of the selected records for August 24. The Joyner and Boore distance 

(Rjb) is the distance from the fault surface projection, and it is reported together with the epicentral 

distance (Repi).  

 

Table 2. Ground motion parameters of August 24, 2016 records. Accelerations and velocities are 

expressed in g and cm/s, respectively. PGA = Peak Ground Acceleration; PGV = Peak Ground 

Velocity;  

Station Repi (km) RJB (km) PGA_EW PGA_NS PGA_Z PGV_EW PGV_NS PGV_Z 

AMT 8.5 1.4 0.87 0.38 0.40 43.5 41.5 33.7 

FEMA 32.9 13.9 0.25 0.19 0.08 14.6 9.2 6.3 

MNF 40.3 20.4 0.07 0.04 0.06 4.8 2.9 4.6 

NOR 15.6 2.3 0.20 0.18 0.25 27.1 21.1 11.5 

NRC 15.3 2.0 0.36 0.37 0.22 29.8 23.7 11.6 

RM33 21.1 13.0 0.10 0.10 0.04 9.3 6.2 5.0 

 

The characteristics of the main events were reported by a number of authors. The study by Luzi 

et al. [25] reports, among the other pieces of information, a strike of the causative fault of 156 degrees 

with respect to the North-South direction for the event of August 24. According to these indications, 

the horizontal records were rotated in order to obtain the Fault Normal and Fault Parallel 

components of the ground motion. Figure 3 reports the Fault Normal components of the acceleration 

time series of the selected near-fault ground motion records. 
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Figure 3. Fault Normal components of the acceleration time series of the selected near-fault ground 

motion records. 

Figure 4 reports the velocity time series (black plots) of the FN components of the 6 seismic 

stations selected among those which recorded the strong ground motion on August 24, 2016. For each 

time series, the pulses (red plots) were extracted using the procedure provided by Baker [ 26]. This 

method allows to also evaluate the period Tp of the pulse. In addition, the Peak-to-Peak Velocity, 

given by the difference between the two peaks in one cycle of motion, was evaluated and reported 

for each record. This parameter can be more useful than PGV, because generally the pulses generated 

during near-fault strong motion are double-sided [27]. 
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Figure 4. Velocity time series (black plots) and extracted pulses (red plots) of the FN components of 

the 6 seismic stations selected among those which recorded the strong ground motion on August 24, 

2016 

3.3. Modeling 

The bridge was modelled using the finite element (FE) software SAP2000 NL, v. 21 [ 28] 

according to the structural scheme already used in previous studies [29].  

The model, displayed in Figure 5, ideally represents the mass distribution, strength, stiffness 

and deformability of the real bridge; piers and girders supporting the deck were modelled by frame 

elements with cross section modelled according to the real geometry. The connection between the 

superstructure and the abutment was modeled as a rigid connection in the transversal direction. All 

the pier elements were modelled with nonlinear properties at the possible yield locations, i.e. plastic 

regions according to Eurocode 8. The plastic hinges were modelled with the fiber (P-M2-M3) hinges 

available in SAP2000 as suggested in [30].  

 

 

 

 

Figure 5. Bridge structural model 

Unconfined and confined concrete were assigned for the concrete cover and confined for the rest of 

the section; the Mander’s [31] concrete model was used to model confined and unconfined concrete 

stress-strain relationships whereas the constitutive model of the reinforcing steel was intended 

consistently with the design parameters of the B450C (Fy=450 Mpa, Es=210000 Mpa, Fu=540 Mpa).  

The fiber hinges were defined by moment-rotation curves calculated using a fiber-based model of the 

cross-section according to the reinforcement details at the hinge locations.  

3.4 Modal properties 

Modal properties of the bridge model were obtained from the linear dynamic modal analysis. 

Table 3 reports the parameters of the relevant modes in transverse direction. Figure 6 shows the 

bridge modal shapes in the same direction. In this work, according to what discussed in [ 32] only 

modes with a mass ratio ≥3% are considered, the others can be neglected. The participating mass ratio 

P1 P3 P2 
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of the first three relevant modes were respectively 16.9%, 71.3% and 4.5% (mode 4 was therefore 

almost insignificant in the elastic phase but this condition, as discussed later, changed in the nonlinear 

phase); the cumulative mass participating ratio for the first three modes was 92.7% (the participating 

mass ratio of the other modes was less than 1%). The first three mode shapes in the transverse 

direction have been adopted performing the MPA and mode 3 (T3=0.53s) is the dominant one.  

Table 3: Bridge modal properties. 

Mode Period Participating Mass 

N° Sec % 

1 0,65 16,9 

3 0,53 71,3 

4 0,13 
4,5 

 

 

 

 

 

 

 

Figure 6: Bridge modal shapes (transverse direction). 

4. Non-linear analyses 

The bridge was analyzed at several seismic intensity levels: considering a scale factor from 0 .5 

to 2.0 being the average PGA of the GM selected 0.32g and being PGA=0.35g the design value of the 

bridge analyzed. 

The dynamic analysis was performed in two steps. In the first step, a nonlinear static analysis 

was carried out by applying the gravity loads. The second step consisted in performing a nonlinear 

Response-History Analysis (NRHA) of the bridge (using time increments of 0.1 s) when subjected to 

all scaled ground motion records applied considering both the vertical and the transverse component 

of the ground motion (applied transversal to the bridge direction). All relevant modes (mode 1, 3 and 

4) were taken into account [33] performing the proposed procedure. In the nonlinear direct-

integration time history analysis, both material and geometric (la rge displacement effects) 

nonlinearities were considered. Among the common methods provided by SAP2000 software for 

conducting direct-integration time history analysis, the Hibler -Hughes-Tylor alpha (HHT) technique 

[34] was used in this study. 

In order to enhance the accuracy, the smallest possible time-steps and alpha values close to zero 

were applied along with Rayleigh damping, a function of the mass and stiffness of the structure.  

From Figures 7-9 the structural response to each GM is plotted in terms of deck displacement 

(transversal displacement of the deck at Pier 1, Pier 2 and Pier 3) and the variation of the axial load 

on each pier. The axial load variation is useful to evaluate the relevance of the vertical component of 

the GM in terms of axial load-bending moment interaction (the hinge of the piers are PM being 

P=axial load and M=bending moment) and therefore for the structural response; in a pushover 

analysis this loading variation cannot be considered adopting procedures such as SPA, UPA or MPA; 

all the cited pushover methods the analysis is performed starting from a preliminary non -linear step 

in which the vertical static loads are imposed. As already discussed in the introduction , in a 

preliminary phase of this work the use of EMPA (a modal pushover that includes also the vertical 

component of the seismic action) as an alternative to MPA was evaluated. This modification of the 

IMPAb was discarded because the results, using MPA or EMPA were very similar as discussed 

below. 
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As one can observe from Figures 7-9 (only the scale factor SF=1.0 is plotted for the sake of 

brevity), the response to AMT record is characterized by the highest variation of the piers axial load 

(about ±40% of variation from the static load determined in seismic condition and used for the 

pushover analyses). This condition may suggest that the vertical action is relevant and therefore it 

can compromise results in a static pushover analysis. However this remark, that is true only for some 

typologies of structures and in particular only for some specific typologies of bridges (e.g. cable-

stayed bridges [19]), cannot be applied to bridges, like the case study of this work, since the gravity 

loads influenced the design of the deck but not the pile one. In fact, the piers are usually designed 

with the bending action and ductility requirements (Eurocode 8 in this case [ 35]). Moreover, the axial 

load capacity is determined considering loading conditions (e.g. traffic load) that are strongly higher 

than the seismic vertical action. The case study analyzed is an example of this condition; Figure 10 

demonstrate that even a variation of axial load of about ±40% (that is the highest of the set of time 

histories selected) doesn’t influence the cross section plastic behavior and therefore the capacity of 

the piers. This condition encourages the development and testing of pushover-based procedures also 

for bridges under near-fault seismic events and it justifies the good performance of IMPAb described 

in (§5). 

 

  

 

AMT FEMA 

Figure 7: NRHA with scale  factor 1.0 (considering both vertical and transversal components): top) 

Variation of the axial load (from the static load) on piers during the seismic event; bottom) Deck 

displacements 
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MNF NOR 

Figure 8: NRHA with scale  factor 1.0 (considering both vertical and transversal components): top) 

Variation of the axial load (from the static load) on piers during the seismic event; bottom) Deck 

displacements 

  

 

NRC RM33 

Figure 9: NRHA with scale  factor 1.0 (considering both vertical and transversal components): top) 

Variation of the axial load (from the static load) on piers during the seismic event; bottom) Deck 

displacements 
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Figure 10: Axial load – bending moment @ yielding compared with a variation of axial load of ±40%. 

From the top: Pier 1, Pier 2 and Pier 3 

In Figure 11-13 are displayed the deformed shapes of the deck when the maximum displacement 

of the monitoring point (P1) has been recorded. From the analysis conducted emerged that, 

differently to what usually happen performing NRHA with FF ground motions, with the NF events 

considered the structural response was characterized by a contemporary achievement of the 

maximum displacement of the monitoring point and the maximum global base shear . Comparing 

Figures 11-13 and observing Figure 14 is clear how the inelastic response, for scale factor s greater 

than 1.0, modifies the response and the deformed shape changes becoming more uniform and less 

similar to a modal shape. 

 

 

Figure 11: NRHA with scale  factor 0.5 - Deck displacements 

 

 

Figure 12: NRHA with scale  factor 1.0 - Deck displacements 
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Figure 13: NRHA with scale  factor 2.0 - Deck displacements 

 

 

Figure 14: NRHA average response compared with displacements corresponding to plastic hinges 

yielding  

From Figure 15 it can be observed that the results of the “standard” pushover methods (SPA and 

UPA) differ, even qualitatively for high intensities (SF=2.0), from the results of the NRHA and the 

envelope of MPA and UPA emerge as the best approach that, for an intensity level corresponding to 

a scale factor 1.0 and therefore to a PGA=0.32g that is very close to the bridge design intensity 

(PGA=0.35g), giving results similar to NRHA. In general, every pushover procedure considered 

underestimates the response at the center (Pier 2) and at the flexible side (Pier 3). This result is 

consistent to what was obtained in [17], applying IMPAb to the same case study for far field events 

(FF). 

According to the results presented in other works considering FF events (Kappos et al. [ 36-37]), 

the application with NF events confirmed that for bridges with asymmetric modes (Mode 1 and 4) 

and other relevant translational modes (mode 3, the most relevant one) it is crucial the occurrence of 

the first plastic hinges shown in Figure 16. When the first hinge occurred in the central column the 

mode shape drastically changed and it should be recognized that even the multimodal method 

cannot reflect these sudden and substantial changes in the dynamic properties of the structure. The 

MPA worked relatively well also in the case of the design earthquake, when the hinge in the central 

column occurs. This, however, was not surprising, since the response was predominantly influenced 

by one mode dictated by the superstructure. All relevant modes (mode 1, 3 and 4) were taken into 

account performing each MPA. As it can be observed in Figure 17 (for each intensity step, the curves 

MPA-UPAenv are compared with the NRHA results), MPA coincided quite well with the results of 

NRHA up to the real average event intensity (from PGA 0.16g to PGA 0.32g) but the envelope of MPA  

and UPA should be considered (MPA_UPAenv) to achieve a better estimation.  

For higher intensities (scale factor 2.0: PGA=0.64g) a good estimation of displacement was only 

observed at Pier 1, according to the experience from FF events; Figure 14 and 16 illustrates that the 
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first plastic hinges were in Pier 2, first, and Pier 1 after (at about PGA = 0.3g, lower than the design 

intensity), whereas in Pier 3 the first hinge emerged only at a very high intensity level (greater than 

PGA 0.64g). It was observed that a limit state (ultimate limit state at the base of Pier 2) was reached 

for an intensity level close to PGA 0.5g at Pier 2 and therefore, for the scope of the procedure, the 

investigation of higher intensities was useless.  

The capacity curves of the bridge (Figure 17 and 18) were determined performing all the 

incremental pushover analysis tested (IMPA, ISPA, IUPA and IMPAb) and the incremental dynamic 

analysis IDA. The comparison confirmed a very good accuracy for IMPAb also for NF events; the 

response obtained with IDA was, similarly to what was observed with FF, included between IMPA 

and the incremental UPA (IUPA); therefore the IMPAb (envelope of IMPA and IUPA) is. Limited tro 

the analyzed cases, the better performing approach (the capacity curve fits the IDA’ curve or, for high 

intensities, results are conservative). 

 

 

Figure 15: Fault normal: Deck displacements derived performing non-linear dynamic analysis and 

pushover analysis according to the approaches considered (scale  factor from 0.5g to 2.0g). 
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Figure 16: Fault normal: Deck displacements derived performing non-linear dynamic analysis and 

pushover analysis according to the approaches considered (scale  factor from 0.5g to 2.0g).  

 

Figure 17: Case study – incremental curve and capacity curves derived with IDA or IMPA (the 

design PGA was 0.35g corresponding to a transversal base shear of Vb,x ~ 13000 kN): maximum 

values of ur and Vb,x. 

 

 

 

Figure 18: Case study – incremental curve and capacity curves derived with IDA or IMPA (the 

design PGA was 0.35g corresponding to a transversal base shear of Vb,x ~ 13000 kN): monitoring 

point displacement (Pier 1) Vs seismic intensity. 

 

 

IMPAb 
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5. Conclusions 

The primary objective of this paper was to verify the validity of results of an incremental (with 

seismic intensity) procedure performed with non-linear static analysis to estimate the seismic 

demands for bridge structures subjected to near -fault ground motions. The procedure IMPAb, 

recently developed specifically for bridges and tested with far -field events, was proved to be effective 

for near field too, for the irregular bridge considered.  

The influence of different load patterns, including the solution proposed in IMPAb (Figure 19), 

on different seismic demands (deck displacement, capacity curve) were investigated in this paper. 

The following conclusions can be drawn from this study that is limited to a single case study and, 

therefore, will be followed by a more extended validation. 

The application presented shows that in case of pulse-like near fault seismic events the use of 

MPA is equivalent to the use of EMPA (that is a modal pushover performed including the vertical 

seismic action). According to what was already observed also for far field events, the response 

evaluated with MPA, UPA (or even SPA) presents some differences. In particular, considering NF 

events and comparing pushover and NRHA the following considerations emerges:  

 MPA overestimates the response at P1 and underestimate the response at P2 and P3. 

 UPA, underestimates the response at P1 and, at P2 and P3, gives results very similar  to 

NRHA.  

 Performing IMPAb, according to the procedure originally defined (enveloping UPA and 

MPA) the response obtained, according to what was already observed considering FF events, 

is very similar to IDA, (i.e at the various intensities pushover with envelope Vs NRHA give 

very similar results).  

Therefore, this new application of the procedure IMPAb shows a satisfactory estimation of the 

structural response of a bridge under near field events in terms of deck displacement for intensities 

up to the achievement of the first collapse (ultimate curvature achieved in a pier plastic hinge). Good 

results were obtained in terms of definition of the capacity curve both considering the maximum 

values of the displacement Vs base shear or the monitoring point displacement Vs seismic intensity. 

 

Figure 19. Flowchart of IMPAb procedure  for non-linear static analysis of bridges  
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