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Summary: In order to study the behaviour of the bridge under seismic actions, the
Eqgiuvalent Linearization Method (ELM) was applied. The bridge is continuous with three
fields, ranging 24 + 40 + 24 m, with prestressed concrete box girder of constant height.
The Nonlinear Static Pushover Analysis (NSPA) was applied. Bridge columns, exposed to
horizontal seismic effect, were subject of detailed analysis, using the Type 1 Response
Spectrum for category B type soil, according to EN1998: 2004. The analysis also included
a 20% of traffic load. Bridge columns were designed according to EN1992, parts 1 and 2.
Result of the analysis are presented with pushover curves that describe the behaviour of
elements under seismic actions in longitudinal and transverse directions.
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1. INTRODUCTION

This paper presents the results of the analysis of the bridge columns, under seismic action.
The calculation method applied is the Equivalent Linearization Method (ELM), one of
Nonlinear Static Pushover Analysis (NSPA) methods, described in FEMA 440. The most
of calculations were conducted in CSI Bridge software package and they include the
construction of pushover curves and determination of the columns bearing capacity as a
final result.

Structural design based on Capacity Design Method (CDM) gives the opportunity to
model and predict the behaviour of the structure exposed to seismic action, while allowing
the occurrence of plastic hinges in specific parts of the structure (in columns, not in deck).

The subject of analysis is prestressed continuous concrete bridge with 24+40+24 m spans
(Figure 1). The main elements of the structure are: 4 reinforced concrete (RC) columns,
their foundations and prestressed concrete girder that has rectangular box cross-section of
constant height. Details of design and other bridge properties are shown in the paper [1].

Three different models were formed for the analysis of bridge columns behaviour while
exposed to seismic actions. The same material characteristics (for concrete, reinforcement
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steel and prestressing cables) were adopted for all three models. The quality of concrete
and reinforcing steel embedded in the entire structure, is C35/45 and B400/500 (RA). The
characteristics of the materials used in analysis represent a constant parameter in all three
models, and for that reason they do not affect the result deviations.
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Figure 1. Bridge structural elevation according to EN1998-2 [3]

The loads included in calculations, for the purpose of seismic analysis are: dead load,
prestressing load, vehicle load and seismic actions.

Unlike the calculations done in [1] according to Serbian regulations SRPS (ex JUS), the
traffic load in this research is defined according to EN1991: Part 2 [2], where the Load
Model 1 (LM1) was used. However, as defined in [3], 20% of equally distributed traffic
load (for LM1) was included in seismic actions on the bridge.

It is presumed that the structure is located in the zone, where the effect of seismic action
on the structure can be simulated using response spectrum function — EN1998-1: 2004 [3].

The spectrum type 1 was adopted. It is recommended for Eastern Europe region and the
areas in which the earthquakes greater than magnitude 5.5 are expected. Ground type B
was selected, which means that the structure is located in a very dense sandy or gravelly
soil or clay or soil of higher strength. The damping ratio value is 0.05, according to [3].
The ratio of horizontal ground acceleration is a,/g < 0.4, which is corresponding to IX
degree of MCS scale.

According to [3], the bridge can be designed in that way to allow ductile or limited ductile
(elastic in general) behaviour of structural elements under seismic actions. This behaviour
is characterized by interdependence of shear forces and induced displacements. Behaviour
factor q is adopted in dependence with the required behaviour of structure during the
earthquake.

All three models (M1-M3) (Figure 2) were subjected to simulation and comparative
analysis. Their mutual differences are reflected in the geometric characteristics of
columns, as well as in the quantity of integrated reinforcement steel. Cross sections of 2
column models (M1-M2) are rectangular, while the cross-section of the columns in model
M3 has circular shape. The dimensions and number of elements are shown in Table 1. The
height of the left column, Column 1 (from the restraint point to the bottom of the bearing
is 7 m, and the height of the right column (Column 2) is 5 m (Figure 1).
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Figure 2. Bridge simulation models M1-M3

Dimensions of column’s cross sections are reduced in order to comply with the required
increase of ductility factor g. Models M2 and M3 are composed of two columns and the
cap beam, and together they are form the frame in the transverse direction. Columns with
circular cross-section are adopted because they are more favourable for the acceptance of
bi-axial bending moments.

Table 1. Geometric characteristics of concrete columns and reinforcement bars amount
and profile type

M1 M2 M3

Col. 1 Col.2 Col.1 Col.2 Col.1 Col.2

Number of column elements: ns 1 1 2 2 2 2

Column d|_men_5|or1 in transversal 6 6 14 14 Diameter [m]
direction: d [m]

Column dimension in longitudinal
direction: b [m]

Total rebar area:
As total [sz]

Shear reinforcement:
0 [mm/e]

1.2 1.2 1.2 1.2 1.2 1.2

739.91 | 739.91 | 344.82 | 467.97 | 294.52 | 294.52

12/10 | 12/10 | 10/10 | 12/10 | 10/10 | 10/10

As/Ac [%] 1.03 1.03 1.03 1.39 1.30 1.30
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Table 1 shows geometric characteristics of concrete columns cross sections and
reinforcement bars quantity and profile type. The concrete type that was used is C35/45,
while the reinforcement bars are ribbed B400/500 (RA).

All columns are calculated in accordance with EN1992 - Part 1 [4] and 2 [4], using the
combination for seismic effects given in EN1990: 2002 [5]:

D Gyt P+ Aga+ Y Wy Qi (Yo = 02) o

j=1 iz1

5. PUSHOVER METHOD

Nonlinear static pushover method is a good alternative to complex nonlinear dynamic
calculation method. Its application is very simple and provides an insight into the global
structural behaviour as well as the identification of structural weaknesses of the structural
system. [6]

Pushover curve represents a function of shear force and displacement (of the analyzed
structural element or the whole structure itself), if it is reduced to a system with one degree
of freedom. The general principle of pushover method is represented through gradual
application of shear load to the structure, from zero value to the point of the targeted
displacement or the capacity loss of the object, while the structures yield points are
registered (Figure 3). It is necessary that a demanded displacement, caused by the
earthquake and determined by using the proper Response spectrum, is less than total
bearing capacity of structure.

yield point for element(s)

Vu V, - base shear at
ultimate point
=
o Y i
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% by first yield
o ____ analysis segments y
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o y

VU/VI - au/ al

Roof displacement, d

Figure 3. Pushover curve and its characteristic yield points, after [6]
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The pushover curve point that represents the ultimate displacement capacity value (bridge
columns in this case) can be determined by implementing one of the methods of nonlinear
static pushover analysis (NSPA).

The methods differ from each other, but they have a common principle of bilinear
approximation of pushover curve. Their application method is also specific — the multi-
degree-of-freedom (MDOF) system is replaced by an equivalent system with one-degree-
of-freedom (SDOF) system to determine the maximum displacement capacity of SDOF
system, using the adequate response spectrum. Displacements of MDOF system can be
obtained by applying the specific correction coefficients on the calculated SDOF
displacements [7].

6. APPLICATION OF EQUIVALENT LINEARIZATION METHOD

When determining the displacement capacity of columns, the Equivalent Linearization
Method (ELM) was applied, according to FEMA 440 regulations, whereby instead of
adopting specific coefficients, the response spectrum function EN1998: 2004 was used for
calculation, according to E1998 - Part 1 [3].

This method is called Modified Response Spectrum Method as acceleration and
displacement function, also named Modified Acceleration Displacement Response
Spectrum Method (MADRSM) which differ the procedures for determination of the
displacement capacity: A, B and C [6].

The principles of this method are similar to the Capacity Spectrum Method (CSM)
principles defined in ATC-40. According to ATC-40 CSM, to determine the maximum
displacement (dmax - performance point), a secant oscillation period (Tsc) is used as an
effective linear period. The values of maximum displacement are calculated by
determining the point of pushover capacity curve and demand curve intersection, for the
effective damping of the system. It has been shown, however, that the application of this
method is not always sufficient to provide the accurate performance points [6].
Improvement of this method with the use of ELM, is shown in FEMA 440 [8].

The value of maximum displacement is calculated by determining the intersection point
of MADRS curve and demand curve. However, the results obtained by this procedure may
be unreliable for ductility values that exceed the value of 10 to 12. [6]

7. RESULTS DISCUSSION

An overview of the pushover curves for both columns, for all three models, in longitudinal
(Figures 4 and 5) and transverse (Figures 6 and 7) direction is displayed.

There is a notable pattern in behaviour of columns, in longitudinal and transverse
direction, related to shear forces and displacement. By increasing behaviour factor g, the
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capacity of column’s displacements increases, i.e. the shear forces which can be received
by the columns is reduced.

Column 1, Longitudinal Column 2, Longitudinal
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Figures 4. & 5. Pushover curves of bridge columns 1 and 2
for longitudinal seismic action
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Figures 6. & 7. Pushover curves of bridge columns 1 and 2
for transversal seismic action

Columns displacements and ductility

Based on the calculated values of the columns demanded displacement for seismic action
(deemana) (Figure 8) and calculated displacements at the yield point (dyieid) (Figure 10), it is
possible to conclude whether the structure’s joints will plastify or remain in the elastic
region. It is necessary to satisfy the condition, where the demanded displacement must
have a smaller value than the column maximum capacity displacement (dcapaciry) (Figure
9).
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Figures 8. & 9. Demanded and column capacity displacements

With the increase of behaviour factor value, dcapacity Will also have higher value (Figure 9).
The same rule can be applied to the relationship between q factor and dgemana (Figure 8).

The difference in values of dgemand in transverse direction is more pronounced compared
to the one’s in longitudinal direction, which is a result of the adopted structural system
and its characteristics (Figure 8). Displacements dcapacity are almost equable for all models
in the longitudinal direction for Column 1 and for models M2 and M3 for Column 2
(Figure 9). When comparing models in transverse direction, dcapacity Values expressed

significant difference (Figure 9).
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Figures 10. & 11. Columns yield point displacement and columns ductility
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Ductility of columns is increasing in the transversal direction in the models M2 and M3
(uIR < uIR < uf®), while the ductility of the M2 is higher than in M3 in the longitudinal
direction (uI® < pI®, ul®; IR, > ul®), which can be explained by the structural
elements properties, which differ in ability of accepting seismic actions in two
perpendicular directions.

Values of columns displacement at yield point (dyie) are shown in Figure 10. It is
noticeable that dyieis in M2 is less than in M3 (dyyif, < dyizifs) in both directions.
Displacements at yield point in M1 are significantly higher in the longitudinal
(ab6101 > db 0, dbs 1 3) than in the transverse direction (d5¢,, 1 < ditig o dbioias),
compared to the other two models.

The results of calculation indicate that the plastification of column joints will occur only
in case of transverse seismic action on the M3 Column 2. Other bridge columns will have
elastic behaviour under seismic action.

8. CONCLUSIONS

Analyzed bridge columns are designed in accordance with the methodology recommended
in the FEMA 440 document, i.e. with the use of the Equivalent Linearization Method
(ELM). The accuracy of the performance evaluation is less reliable, compared to the non-
linear dynamic analysis (Time-History Analysis - THA), particularly if the irregularties of
the bridge structure are more expressed. Considering that the analyzed bridge have a slight
differences in column heights and relatively small spans, the conducted analysis is
acceptable in practice, taking into the account the results of the comparative analysis of
method applied in the paper and THA [10].
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PRORACUN STUBOVA KONTINUALNOG AB MOSTA
METODOM EKVIVALENTNE LINEARIZACIJE

Rezime: Za proucavanje ponasanja konstrukcije mosta pod seizmickim dejstvom,
primenjena je Metoda ekvivalentne linearizacije (Egiuvalent Linearization Method —
ELM). Most je kontinualni sa tri polja, raspona 24+40+24 m, konstantnog sanducastog
poprecnog preseka od prethodno napregnutog betona. Primenjena je Nelinearna staticka
pushover metoda (Nonlinear Static Pushover Analiza — NSPA). Detaljnije su analizirani
srednji stubovi mosta, izloZeni horizontalnom seizmickom dejstvu, primenjujuci spektar
odgovora tipa 1, za kategoriju tla B, prema EN1998:2004. U analizu je ukljuceno i 20%
saobracajnog opterecenja. Stubovi su dimenzionisani prema EN1992, deo 1 i deo 2. Kao
rezultat analize, formirane su pushover krive koje opisuju ponasanje elemenata pod
dejstvom zemljotresa za poduzni i poprecni pravac.

Kljucne reci: Stubovi mosta, seizmicki uticaji, Metoda ekvivalentne linearizacije, EN

1998:2004, Pushover krive
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