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Abst ract :   

 

This paper contains the results of the seism ic r isk assessm ent  of an exist ing reinforced 

concrete viaduct  erected in the 1960's. This study is part  of an ongoing research that  aim s 

preparing new I talian design guidelines for the seism ic vulnerabilit y assessm ent  of 

exist ing br idges. The bridge under considerat ion is a two- lane plan- irregular viaduct  

located along the m ain north-south highway 16 “Adr iat ica”  in Vasto Marina, in the Abruzzo 

region, I taly. The st ructure consists of m ult iple reinforced concrete fram es connected by 

Gerber beam s. The bridge is studied using linear response spect rum  analysis, nonlinear 

stat ic pushover and nonlinear dynam ic analyses. Two different  models are prepared, one 

with lumped and the second one with dist r ibuted plast icity. The dist r ibuted plast icit y 

model is calibrated to match the plast ic hinge lengths provided by current  design codes. 

The piers are idealized with beam elem ents and appropriate kinemat ic const rains, 

whereas the deck is m odelled with shell and beam elements. The nonlinear stat ic analyses 

are perform ed with the lum ped plast ic m odel, whereas the response t im e histor ies are 

perform ed with the dist r ibuted plast icity, force-based fiber-sect ion m odel. The results 

point  to the lim itat ions of both linear and nonlinear stat ic procedures, whereas the 

nonlinear t im e history analyses appear to be the m ost  logical choice for the seism ic 

vulnerabilit y assessm ent  of exist ing, irregular, non-duct ile st ructures. Open issues also 

remain on the design check verificat ions of irregular st ructures where biaxial bending 

needs to be considered.  

 

 

1 . I NTRODUCTI ON  

 

The seism ic response of exist ing bridges can be assessed with different  tools which range 

from  sim plified linear elast ic hand calculat ions to sophist icated three dim ensional 

nonlinear t im e history analyses. This paper applies linear and nonlinear dynam ic analyses 

to an exist ing reinforced concrete br idge, using Eurocode 8 (2005)  and the draft  I talian 

guidelines for the seism ic vulnerability assessment  of exist ing br idges, prepared in the 

fram ework of the Re-Luis project , funded by the I talian Civil Protect ion Departm ent  in 

support  of the new seism ic design guidelines (OPCM 3431, 2005) . The methods of 

analysis used are:  Response Spect rum  Analysis (RSA) , Nonlinear Pushover Analysis (NPO) 

and Nonlinear Time History Analysis (NTH) . RSA is used to determ ine the seism ic demand 

com puted as m axim um  response quant it ies from  the inelast ic design spect rum  provided 

by the code. The design spect rum  is obtained dividing the elast ic spect rum  by the force 

reduct ion factor q. This tool presents som e issues and som e sim plificat ions that  need 

further discussion. For exist ing st ructures, which were not  designed following capacity 

design principles and that  do not  present  appropriate seism ic details, the values to adopt  

for the q factor are st ill under discussion. I n addit ion, since the RSA is linear, it  cannot  

provide insight  on the post  yielding behaviour of the st ructure. The realist ic response of 

irregular br idges under the design seism ic act ion is more appropriately est imated by 

means of a dynam ic nonlinear t im e history analysis (Eurocode 8 – Part  2, 2005) .  

An approxim at ion of the nonlinear response m ay also be obtained by a com binat ion of an 

equivalent  linear analysis with a Nonlinear Pushover Analysis (Eurocode 8 – Part  2, 2005) . 

The init ial load step of both nonlinear procedures (NPO and NTH)  is the applicat ion of the 

gravity loads. The gravity loads rem ain constant  during the nonlinear analysis. Gravity 

loads affect  the init ial state of the st ructure by applying large com pression forces to the 

piers. NPO can be a useful tool to invest igate the nonlinear behaviour and to assess the 

seism ic vulnerabilit y of exist ing st ructures. Unfortunately, the NPO is not  readily 

applicable to irregular st ructures, since it  was originally developed for plane fram es and its 

extension to space fram es is not  st raight forward and m ay not  be achievable. The NTH 

analysis is the m ost  general nonlinear m ethod of analysis and there are no com putat ional 

peculiar it ies related to earthquake engineering analysis. The input  force is the input  

ground mot ion, expressed in the form  of one or more accelerograms. NTH appears to be 

the m ost  accurate analysis method am ong the analyt ical tools available at  present , even 

though there are st ill som e important  issues that  need to be fully understood and solved. 

www.buildup.it 29.06.2007

- 1 -



NTH is deem ed unpract ical by som e because of the com putat ional length of the analysis. 

I n addit ion, the research com m unity has not  yet  reached clear guidelines on the select ion 

of the ground m ot ions and on the am ount  of viscous dam ping to use. Finally, the 

direct ions along which the ground m ot ions are applied to skewedirregular br idges cannot  

be easily ident ified.  

 

This paper applies the above ment ioned three m ethods of analysis (RSA, NPO and NTH)  to 

the seism ic vulnerabilit y assessm ent  of an exist ing reinforced concrete bridge. The aim  is 

to com pare the results obtained with the different  methods in order to cr it ically evaluate 

them  and to gain pract ical insight  on the num erical invest igat ions and on their results. 

 

 

2 . BRI DGE DESCRI PTI ON   

 

The viaduct  is a two- lane reinforced concrete-curved bridge located along the nat ional 

highway 16 “Adr iat ica”  ( the m ajor north-south highway along the Adriat ic Sea coast )  near 

the town of Vasto Marina, south of Pescara in the Abruzzo Region, I taly.  

 

Figure 1 shows plan and elevat ion views of the 260 m  long bridge with the basic st ructural 

dim ensions. The bridge has a sharp bent  about  1/ 3 from  the south end, and is irregular in 

plan and height . The exact  const ruct ion date is unknown, but  based on the design details 

and the state of conservat ion it  was most  likely built  in the 1960s. The bridge is separated 

into 7 sect ions by 14 Gerber hinges. The superst ructure is part ly cont inuous, with Gerber 

beam s connect ing the cont inuous sect ions of the bridge.  

 

The superst ructure consists of 5 longitudinal precast  prest ressed concrete beam s 

connected by t ransverse beams, which carry a cast - in-place reinforced concrete deck. The 

piers are made up of mult icolum n bents connected by t ransverse beam s above the 

foundat ions and by a cap beam  at  the top. The colum ns have var iable height  and have 

tapered sect ions.  
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Figure 1 . Vasto Marina viaduct  

I t  was possible to ret r ieve som e of the or iginal drawings used at  the t im e of const ruct ion;  

however it  was necessary to com plete this inform at ion with an accurate geom et r ic survey. 

A lim ited num ber of onsite non dest ruct ive tests were carr ied out  to evaluate the concrete 

com pressive st rength. The average concrete cylinder st rength, fcm  is assum ed to be 20 

MPa. The steel is assumed to have average yield st rength of 315 MPa. As indicated by 

OPCM 3431 (2005) , the average m ater ial st rengths are used for the analyses.  

 

The pier longitudinal steel reinforcem ent  consists of 10 28 mm diameter bars. The st irrups 

have an 8 m m  diam eter and are spaced at  about  15 cm . The st ructure is located near the 

Adr iat ic seacoast  and som e of the steel reinforcement  is badly rusted as shown in Figure 

2.  
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Figure 2 . Bridge details  

The st ructure sits on type C subsoil:  deep deposits of dense or m edium  dense sand, 

gravel or st iff clay (Soft  Soil -  OPCM 3431, 2005) . Four hazard levels are possible

according to the new I talian seism ic codes (OPCM 3431, 2005) . The ag value is selected 

with reference to the return period of the seism ic act ion for the severe dam age lim it  state 

(or equivalent ly the reference probability of exceedance in 50 years) . For this site, which 

is zone 3, the ag value is 0.15g. 

 

 

3 . VI ADUCT NUMERI CAL MODEL  

 

The dynam ic behaviour of simple bridges can be usually described by a lim ited number of 

vibrat ion m odes, with the fundam ental period and mode shape providing a good indicat ion 

of the br idge dynam ic response. Also, m any I talian long bridges, erected as sim ply 

supported mult iple support  girders, can be studied as separate st ructural subsystems, 

depending on the support  details. Br idge system s with irregular geom etry, such as the 

Vasto Marina viaduct , exhibit  a com plex dynam ic response which cannot  be captured in a 

separate subsystem  analysis. The bridge is divided into fram es by the Gerber hinges 

which act  as m ovable supports. I n the longitudinal direct ion, these joints are sim ple rollers 

that  make the fram es behave separately. Each fram e develops its own character ist ic 

dynam ic response. Transversally, the hinges are rest rained and do not  allow any 

movement . Therefore, the single bent  cannot  be analyzed independent ly. Furtherm ore, 

the longitudinal girder direct ion changes, thus there is coupling between the longitudinal 

and t ransverse direct ions of the different  bent  supports. For these reasons, a global m odel 

of the ent ire br idge is built ,  with part icular care on the joint  and node m odels. Two 

st ructural models are developed with lumped and dist r ibuted plast icity with the 

commercial program Midas Civil v. 7.1.2. (Midas 2006) .  

The piers, the longitudinal girders and the girder t ransverse beams are idealized with 

nonlinear beam elem ents. The top deck is modelled with linear shell elements, as shown 

in Figure 3.  
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Figure 3 .  Num erical m odel 

The shell elements used have incompat ible modes and drilling degrees of freedom. A total 

of 3173 nodes, 1611 beam elements and 1562 shell elements are used. Because Midas 

program does not  include tapered elem ents for the nonlinear analyses, the tapered 

sect ion piers are idealized with at  least  two elem ents. The Gerber support  hinges are 

m odelled with two overlapping nodes connected by equal displacement  kinemat ic 

const rains in the x,y and z direct ion (equal const raints) . The roller joints are m odelled in a 

sim ilar m anner but  the x direct ion is not  const rained. I n order to sim ulate correct ly the 

flexural behaviour of the piers in the longitudinal and t ransverse direct ions, two different  

const rains are inserted, as shown in Figure 3.  

 

At  the colum n top, the longitudinal girder blocks flexure in the x-z plane. Where the 

colum ns cross the t ransverse beam  above the foundat ions, the t ransverse beam  prevents 

flexure of the colum n in the y-z plane. Appropriate const raints are added to m odel the 

above behaviours. I t  is also worth point ing out  that  the t ransverse beam s above the 

foundat ions create short  colum ns that  typically at t ract  large shear forces. The m ult icolum n 

bents are num bered from  1 to 14 from  south to north, as shown in Figure 4. 

 
Figure 4 . Bent  num ber 

 

4 . EFFECTI VE STI FFNESS  

 

The vert ical and lateral forces cause cracking of the reinforced concrete piers. This implies 

a reduct ion in the pier flexural st iffness and therefore a softer dynam ic behaviour than the 

elast ic response of the bridge. This issue is of interest  in the lum ped plast icity m odel, 

where all elem ents rem ain linear elast ic unt il the plast ic hinges form , and nonlinearit ies 

are lum ped at  the plast ic hinge locat ions only. The am ount  of st iffness reduct ion depends 

on the m em ber duct ilit y. The m ore duct ile the piers are, the higher the reduct ion of the 

flexural st iffness. EC 8 Part  2 (2005)  suggests to use the effect ive flexural st iffness 

calculated on the basis of the secant  st iffness at  the theoret ical yield point  for  reinforced 

concrete m em bers in br idges designed for duct ile behaviour, whereas for st ructures with 

lim ited duct ile behaviour, EC 8 suggests to use either the secant  st iffness (or effect ive 

st iffness, defined in the following paragraph)  or the flexural st iffness of the uncracked 

gross concrete sect ions. Since the bridge m em bers have lim ited duct ilit y, for com parison 

purposes RSA and NPO with the lum ped plast icity m odel are carr ied out  with both 

uncracked and effect ive st iffness. The effect ive st iffness is idealized reducing the sect ion 

m om ent  of inert ias and is calculated as follows:   
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I eff = ν[ M
R

(N) / φ
y
E

c
]                        (1)   

 

where E
c 

is the concrete elast ic m odulus, ν is a correct ion factor which takes into account  

the higher st iffness of the uncracked length of the pier, M
R

(N)  is the design ult im ate 

mom ent  under a constant  applied axial force N and φ
y
 is the sect ion yield curvature. The 

values of M
R

(N)  and φ
y
 are obtained with a bilinear approxim at ion of the m om ent -

curvature curve obtained from  the sect ion analysis of every pier. The axial force 

considered is that  of the gravity loads only. The secant  st iffness of the equivalent  bilinear 

curve connects the or igin with the yield point  in such a way that  the areas A and B are 

equal as shown in Figure 5. 

 
Figure 5 .  Mom ent -curvature and equivalent  bilinear curves at  constant   

axial load N= -822 kN for the east -end pier in bent  1 

The ult im ate curvature φ
u
 in Figure 5 is found from  a sect ion analysis, using the nonlinear 

concrete and steel laws of Eurocode 2 (2005)  and set t ing the ult im ate concrete st rain 

ε
cu

= 0.0035. Figure 5 shows the sect ion analysis results in the longitudinal direct ion for 

the base sect ion of the east -end pier of bent  1 ( labelled Pier 1A) . The uncracked- to-

effect ive st iffness rat ios along both direct ions for Pier 1A (H= 0.7m, B= 0.35m)  are 0.72 

and 0.5 in the longitudinal and t ransverse direct ion respect ively. This procedure is applied 

for every br idge pier. The average rat io is 0.7 in the longitudinal direct ion and 0.5 in the 

t ransversal direct ion. 

 

 

5 . LI NEAR ANALYSI S ( RSA)  

 

The linear m ethod of analysis used is the classical response spect rum  analysis (RSA) 

according to OPCM 3431 (2005) . The seism ic design act ion, A
Ed

,  is expressed in terms of 

the reference seism ic act ion, A
Ek

,  associated with a reference probability of exceedance, 

PNCR, in 50 years or a reference return period, TNCR, and the im portance factor γ
I
:  

 

A
Ed

 =  γ
I
A

Ek 
                    (2)  

 

The Vasto Marina viaduct  can be classified as class I  br idge and the im portance factor 

value given in OPCM 3431 (2005)  is γ
I
= 1.3. Since the st ructure has lim ited duct ilit y, the 

behaviour factor q
l
 in the longitudinal direct ion is set  equal to 1.5. I n the t ransverse 

direct ion, the pier bases are quite squat  and prone to shear failure, therefore the 

behaviour factor, qt  is set  equal to 1.0. Two analyses are performed with uncracked and 

effect ive st iffness for the piers. The modal responses obtained of the effect ive st iffness are 

shown in Figure 6. 
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Figure 6 . Mode shapes and m ass part icipat ion factors for m odel with effect ive pier st iffness. 

Figure 6 confirms that  the br idge deck between two Gerber hinges behaves independent ly 

in the longitudinal direct ion, but  not  in the t ransverse direct ion. Subscripts UX and UY 

indicate the global t ranslat ional direct ions x and y, while RZ indicate the global rotat ional 

direct ion z ( rotat ion about  the vert ical axis) . 

The first  fundam ental m ode in the t ransverse direct ion for the analysis perform ed with the 

effect ive st iffness is the 6
th

 global m ode, with a 0.6 sec period and a m ass part icipat ion 

factor of 59%  in the global t ransverse direct ion y. I t  is interest ing to note that  perform ing 

the analysis with the uncracked sect ion, not  only, as expected, the periods decrease 

because of the higher pier st iffness, but  also the m ass part icipat ion factors change. The 

m ode periods and m ass part icipat ion factors obtained with the uncracked pier sect ions are 

shown in Table 1.  

Table 1 . Mode periods and m ass part icipat ion factors  

for m odel with uncracked pier st iffness. 

This happens because som e of the m ode shapes change. Because of these changes the 

seism ic forces m ay be redist r ibuted different ly and the uncracked sect ion analysis m ay be 

unconservat ive. The vibrat ion m odes are com bined using the CQC m ethod. The 

m ult idirect ional com binat ion used is the 100/ 30 rule (Eurocode 8, 2005) . The design value 

E
d
 of the act ion effects in the seism ic design load com binat ion is found as follows:   

 

E
d 

=  G
k
 "+ "  A

Ed
                                  (3)   

Mode Period [ sec] m
UX

 m
UY

m
RZ

1 0.96 0.202 0.007 0.004

2 0.81 0.158 0.000 0.000

3 0.69 0.021 0.000 0.000

4 0.67 0.123 0.008 0.001

5 0.52 0.131 0.000 0.000

6 0.49 0.000 0.610 0.159

7 0.49 0.131 0.000 0.000

8 0.35 0.200 0.001 0.001
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where “+ ”  im plies “ to be com bined with”  and G
k
 are the act ions due to the characterist ic 

values of the gravity loads. First , the results obtained using the effect ive st iffness are 

presented. Shear and flexural design checks of the pier cr it ical sect ions are perform ed. 

The piers subjected to highest  design forces are the less slender located at  the br idge 

south end. For the design spect rum  used, the bridge capacity is well below the demand. 

 

Figure 7 shows the interact ion diagram  of Pier 1A and the dem and point  for a
g
= 0.15 g for 

a com pression axial load of 598 kN. The shear design forces calculated are:  V
Sdx

 =  441 

kN ( longitudinal direct ion)  and V
Sdy

 =  460 kN ( t ransverse direct ion) . The shear st rengths

of Pier 1A are V
Rdx

= 276 kN and V
Rdy

= 136 kN in the longitudinal and t ransverse 

direct ions, respect ively. The m axim um  peak ground accelerat ion that  can be sustained by 

the bridge according to the RSA is a
g
 =  0.04g. The sam e analysis is perform ed using the 

uncracked sect ion propert ies and a design spect rum  with a
g
 =  0.04g. I n this case both the 

flexural and shear dem ands are higher than the sect ion capacit ies.  

 
Figure 7 .  I nteract ion diagram of Pier 1A and demand for a

g 
=  0.15g (P= -598 kN)  

Table 2 compares the forces calculated using uncracked and effect ive st iffness. 

Table 2 .  Com parison between the forces calculated  

with the uncracked and the effect ive st iffness. 

 

I n the case of Pier 1A the analysis carr ied out  with the uncracked sect ion is m ore 

conservat ive. The m axim um  peak ground accelerat ion that  the br idge can withstand in 

shear using the uncracked sect ion propert ies is a
g
 =  0.03g  

 

 

6 . PUSHOVER ANALYSI S  

 

The NPO consists of applying m onotonically increasing constant  shape lateral load 

dist r ibut ions to the st ructure under considerat ion. The viaduct  m odel is three-dim ensional, 

because of the plan irregular ity of the st ructure. Two separate analyses with lateral loads 

applied in one direct ion only are perform ed with the aim  of finding the rat io, α
u
/α

1
,  that  is 

the rat io between the ult im ate base shear and the base shear at  the form at ion of the first  

plast ic hinge. I n addit ion, the NPO can provide inform at ion on the plast ic hinge form at ion 

sequence and to check the st ructural perform ance for given design target  displacem ents. 

Com b I nerzia
P 

kN 

V
Sdx

 

kN

V
Sdy

 

kN

M
Sdtransv

 

kN-m

M
Sdlong

 

kN-m

Max I crack -598 116 118 198 267

Min I crack -1042 -118 -124 -206 -271

Max I uncrack -501 119 174 298 278

Min I uncrack -1146 -120 -184 -311 -282
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I n the longitudinal direct ion, the sect ion between the Gerber hinges are considered 

dynam ically independent  and therefore the piers are considered as a single-degree of 

freedom  oscillator. Two load dist r ibut ions are applied to each bent :  one proport ional to the 

m asses m ult iplied by the first  m ode shape and the second one proport ional to the m asses. 

I n the t ransverse direct ion, the load dist r ibut ions are applied to the ent ire br idge m odel. 

The NPO is performed with the lumped plast icit y model only. Two hinge types are defined:  

one to sim ulate the flexural behaviour (deform at ion cont rolled)  and the other one to 

sim ulate the shear behaviour ( force cont rolled) . The deform at ion cont rolled hinges are 

modelled with M-k curves according to the FEMA 356 (2000)  Seism ic Rehabilitat ion 

Guidelines for Buildings, and the force cont rolled hinges are modelled assigning the shear 

st rengths computed with Eurocode 2 (2005) . For each NPO in the longitudinal direct ion, a 

node at  the pier top is selected as reference point , whereas in the t ransverse direct ion the 

cent roid of the deck is selected as reference point . As indicated in Linee Guida (2005)  and 

Eurocode 8 (2005) , the target  displacement  dT is computed with a modal analysis 

perform ed with an elast ic response spect rum , The target  displacem ent  represents the 

displacem ent  that  the reference point  has to reach for each analysis for a given lim it  

state. The capacity curve obtained with every analysis is approximated by an energy-

equivalent  bilinear curve. I n the longitudinal direct ion, α
u
/α

1
 is approxim ately equal to 

1.4. This results seem s to just ify a select ion of q
l
= 1.5, given the lim ited duct ilit y offered 

by the st ructure in the longitudinal direct ion. I n the t ransverse direct ion the curve rem ains 

elast ic unt il the form at ion of the first  hinge. The first  hinge is forcecont rolled and 

corresponds to shear failure of one of the piers of bent  1. A behaviour factor q
t
 equal to 1 

seem s to be appropriate in the t ransversal direct ion. 

 

 

7 . TI ME HI STORY ANALYSES  

 

NTH are performed with the program Midas Civil v. 7.1.2. (Midas 2006) , using dist r ibuted 

plast icity, force-based, fiber-sect ion frame elem ents. To perform  the analysis, seven pairs

of recorded accelerograms are used. The accelerogram s have m agnitudes, source 

distances, and m echanism s consistent  with those that  define the design seism ic input . 

These earthquake records are part  of a suite of ground m ot ions that  com ply with the 

requirem ents of the new I talian seism ic codes, OPCM 3431 (a
g
 =  0.15g, Type C Subsoil) . 

They can be found at  the website:  ht tp: / / reluis.rdm -web.com / pagine/ Accelerogram m i.htm  

( file C3 (cor) .zip) .  

The m ain requirem ent  is that  the average spect ral ordinates of the seven records must  

m atch (with a sm all tolerance) , the elast ic code spect rum . I n part icular, the average 

recorded spect ral ordinates m ust  not  underest im ate the code spect rum  (a
g
 =  0.15g)  by 

not  m ore than 10%  over a broad period range. Rayleigh damping rat io is used for the 

analysis. The first  longitudinal m ode and the first  t ransversal m ode (6
th

 m ode)  are 

assigned a dam ping rat io of 0.02.  

As previously stated, average m ater ial st rength propert ies are used. The concrete is 

modelled using the Kent  and Park model, whereas the steel is modelled using the 

Menegot to-Pinto m odel. The concrete sect ion are not  well confined by the st irrups, thus a 

br it t le concrete post  peak st ress-st rain behaviour is used, as shown in Figure 8. The 

sect ions are subdivided into 10x10 fibers. Because program  Midas does not  current ly 

include tapered elem ents, the tapered piers are m odelled with at  least  two elem ents and 

every elem ent  is integrated with 3 Gauss-Lobat to points.  

I n the longitudinal direct ion, the pier height  varies between 3 meters (Bent  1)  and 10 

meters (Bent  14) , and the length of the first  Gauss-Lobat to point  varies between 250 m m 

and 367 mm. The base sect ion dimensions of bent  1 are h= 700 mm and b= 350 mm, 

whereas the base sect ion dimensions of bent  14 are h =  880 mm and b =  350 mm. The 

length of the first  Gauss point  was selected to match as close as possible the plast ic hinge 

length L
p
 in the longitudinal direct ion. The piers are expected to fail predom inant ly in 

flexure in the longitudinal direct ion.  

The plast ic hinge length is found according to the following expression (EC8/ 2005) :   

 

L
p
 =  0,10L+ 0,015 f

yk
d

bL
                                     (4)   

 

where L is the distance from  the end sect ion of the plast ic hinge to the point  of zero 

mom ent  in the pier (shear span length) , f
yk

 is the steel character ist ic yield st rength [ MPa]  

and d
bl

 is the diam eter of the longitudinal reinforcement . Assum ing L equal to half of the 
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colum n height , f
yk

 =  315 MPa and d
bl

 =  28 m m , L
p
 for bent  1 is 282.3 m m  and for bent  

14 is 379.3 mm. Both values are sim ilar to the length of the first  integrat ion point . As for 

these two bents also the other length of the integrat ion points were calibrated to m atch 

the plast ic hinge lengths.  

 
Figure 8 .  Concrete st ress-st rain behaviour 

The design base accelerat ion for the site is a
g
= 0.15g. The accelerograms used to perform  

the NTHs are labeled in Table 3. 

Table 3 . Accelerogram pairs used  

Both the ensem ble of the 14 accelerograms and the ensem ble of the 3 accelerogram 

pairs, NTH1, NTH3 and NTH5 sat isfy the response spect rum  com pat ibilit y requirem ents of 

OPCM3431 (2005) .  

Five increm ental dynam ic analyses ( I DA)  are perform ed with 3 the accelerogram  pairs, 

NTH1, NTH3 and NTH5 for a
g
 =  0.15g, 0.12g, 0.09g, 0.06g and 0.03g. The absolute

m axim um  values (as indicated by Eurocode 8, 2005)  obtained with the three analyses are 

considered. The shear st rength is checked using the Eurocode 2 (2005)  formulas, based 

on the m odified com pression field theory. The results obtained from  the 3 accelerogram 

pairs using the m axim um  shear forces are shown in Figure 9.  

 Accelerogram  pairs

 X Dir Y Dir 

NTH1 000333xa 000333ya

NTH2 000600xa 000600ya

NTH3 000879xa 000879ya

NTH4 001312xa 001312ya

NTH5 001726xa 001726ya

NTH6 006918xa 006918ya

NTH7 007329xa 007329ya
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Figure 9 . Shear failures by NTH for different  a

g
 

I n Figure 9, V
x
 indicates shear failure in the longitudinal direct ion, V

y
 shear failure in the 

t ransversal direct ion and V
xy

 shear failure in both direct ions. For a
g
 =  0.03g the piers do 

not  fail.   

The first  pier to fail in the longitudinal direct ion is in bent  1 for an accelerat ion a
g
 =  0.06g. 

The base shear of the first  colum n to fail in shear is depicted in Figure 10 for different  PGA 

levels.  

 
Figure 1 0 . Pier 1 base shear force 

For an accelerat ion a
g
= 0.15 g nearly all the pier colum ns fail in shear. The m em bers

sect ions are assum ed to fail in flexure when the ult im ate concrete st rain, ε
cu

 =  0.0035 is 

reached.  

Figure 11 shows the deform ed shape when the first  colum n fails in flexure for a
g
 =  0.06g. 

I n Figure 11, F stands for flexural failure and Y indicates sect ion yielding . The picture 

clearly indicates that  the high torsion of the first  bent  causes failure of the outm ost  

external column, labeled Pier 1A.  
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Figure 1 1 .  Flexural failure:  accelogram  called 000333xa(1)  and 000333ya(1)  

The base sect ion at  flexural failure is shown in Figure 12. The high biaxial bending causes 

a rem arkable neut ral axis rotat ion. The m axim um concrete st rain and shear forces 

reached at  the Pier 1A base for a
g
= 0.06g are shown in Table 4. I f only three pairs of 

accelerogram s are considered ε
cmax

= 0.00353, V
Sdx,m ax

= 254.9 kN and V
Sdy,m ax

= 228.5 

kN whereas the average of the results obtained with 7 pairs of accelerogram s provide 

design values of ε
cmax

= 0.00318, V
Sdx,m ax

= 190.3 kN and V
Sdy,m ax

= 162.9 kN. 

 
Figure 1 2 .  Base sect ion at  failure 

Table 4 . Maxim um  concrete st rain and m axim um  shear at  the base of colum n A 

The m om ent -curvature behavior in the two orthogonal direct ions is shown in Figure 13.  

 
ε
cmax

 

St rain x 1000

V
Sdx,m ax

 

kN

V
Sdy,m ax

 

kN

NTH1 3.53 198.0 201.7

NTH2 1.11 139.2 117.3

NTH3 3.32 254.9 219.9

NTH4 0.55 110.3 44.9

NTH5 2.38 200.0 228.5

NTH6 0.85 150.0 102.0

NTH7 10.57 279.8 226.0

www.buildup.it 29.06.2007

- 12 -



 
Figure 1 3 . Moment -Curvature at  the first  Gauss point  

I n order to evaluate the m axim um peak ground accelerat ion that  the br idge can 

withstand, it  is necessary to also account  for the im portance factor γ
I
= 1.3. Therefore, 

considering the m axim um  results of three accelerograms, the accelerat ion which causes 

flexural failure of the br idge is 0.046g, whereas the shear failure accelerat ion is 0.028g.  

I f the average of the results obtained with 7 accelerogram s is considered, the peak 

ground accelerat ions that  induce failure increase by about  10% .  

 

 

8 . CONCLUSI ONS  

 

The m ain findings of this paper are sum m arized in hereafter. The Vasto Marina viaduct  

has a high r isk of failure for the design seism ic input  corresponding to the severe damage 

lim it  state ( reference return period of 50 years) . The m axim um  peak ground accelerat ions 

that  the viaduct  can withstand according to RSA and NTH analyzes are sim ilar if the 

uncracked sect ion propert ies are used for the RSA. This result  indicates that  for br idges 

with lim ited duct ilit y capacity, the uncracked sect ions may be used for the analyses. The 

NPO analyses are perform ed separately for each direct ion. I n the case of irregular br idges, 

with high torsional forces and high biaxial bending the NPO appears to be difficult  to apply 

and unreliable. On the other hand, the behaviour factors predicted with the NPO in the 

longitudinal and t ransverse direct ions seem to confirm  the values originally selected for 

the RSA analysis. I n several codes the ult im ate bending capacity is est imated on the basis 

of the ult im ate chord rotat ion. For exam ple, Eurocode 8 (2005)  uses the following 

form ula:  

 

θ
p,u

 =  (Φ
u
-Φ

y
)L

p
(1-L

p
/ 2L)                          (5)   

 

where Φ
u
 is the ult im ate curvature, Φ

y
 is the yielding curvature, L

p
 is the plast ic hinge 

length and L is the distance from  the end sect ion of the plast ic hinge to the point  of zero 

mom ent  in the pier (shear span length) . The form ula was calibrated on the basis of sim ple 

bending tests. How reliable (and accurate)  is the above approach for biaxial bending 

checks, such as those necessary for the bridge studied in this paper? Moreover, how can L 

be defined in the case of biaxial bending? I t  appears that  further invest igat ions are 

needed to im prove the current  design guidelines for seism ic vulnerabilit y assessment  of 

exist ing concrete br idges. 

This paper presents the results of an ongoing effort . Further studies are necessary to test  

and im prove the nonlinear m ethods of analyses current ly included in seism ic design 

codes. Such nonlinear m ethods, and in part icular nonlinear dynam ic analyses, appear to 

be the only logical and physically m ot ivated approach to the study of older br idges, 

or iginally conceived and built  without  considering m odern concepts of capacity design. 
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