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JUHAMUNYKA AHAJIM3A HA Ab MOCT:
I'PEAHU U IIVIOYECTU MOJAEJIA HA IIVIAT®OPMATA

PE3UME

Bo oBoj Tpyn e u3BpmieHa criopenda Ha JOOMEHWTE pe3yNTaTUTe CO KOPHCTEHhEe Ha Pa3IUdHU
HYMEPUYKH MOJIENH 32 IMHAMUYKa aHaJI13a Ha MoBekeOpoieH MOCT BO KpUBUHA MpeKy pekara Humiasa.
Mocrot e nouupan Bo VII cemsmuuka 3ona. [IpernocraBeHoTo 3a0p3yBame Ha Tioto € 0,1g. Mako
MPUCTANOT 32 MPOCKTUPaWkE CIHOopell KamauTeTOT € TOIIMPOKO TNpudareH BO COBPEMEHOTO
KOHCTPYKTUBHO IpPOEKTHpalke Ha MOCTOBO, HEroBara MpuUMeHa BO MOTpedHa CO cpegHa M HUCKa
cer3MHMUKa aKTUBHOCT ¢ HeroTpeOHa. [lopaau Toa, HyMepruKkaTa aHajln3a € CpoBeieHa KOPUCTEjKH
MYJITUMOJIAJIHA criekTpaiiHa aHaimu3a Bo SAP2000. Hajnpso, mardopmaTta Ha MOCTOT € MOJeTpaHa
KOPUCTEjKM TPEAHU €JIeMEHTH, I0JeKa BO BTOPUOT Cily4aj mardopmara € MOAeIrpaHa KOPUCTEjKU
TIouecTu eneMeHTu. JloOueHuTe pe3ynraTu ce Mpe3eHTUPaHW M TJaBHUTE pa3jivKu Momery aBaTa
MOJEJH € NUCKYTUPAHMU.
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DYNAMIC ANALYSIS OF RC BRIDGE:
BEAM VERSUS SHELL DECK MODEL

SUMMARY

In this paper a comparison between the results obtained by using different numerical models for dynamic
analysis of multi-span curved bridge over river NiSava is presented. Bridge is located in the VII seismic
zone. Assumed acceleration is 0.1g. Although the capacity design approach has become a widely
accepted in contemporary structural design of bridges, its application in the case of moderate and low-
level earthquake activity is unnecessary. Due to that, the numerical analysis is carried out using the
multimodal response spectrum analysis in SAP2000. Firstly, the bridge deck is modeled by using beam
elements, while in the second case the deck is modeled by using shell elements. The obtained results are
presented and main differences between these two models are discussed.
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1. INTRODUCTION

In recent years, increasing attention has been paid to the analysis of the earthquake impact on bridges.
The reason for this is the collapse of bridges that have occurred in areas with high seismicity (Priestley,
Seible and Calvi, 1996). EU has adopted standard EN 1998-2 (2006) related to the earthquake resistant
design of bridges. The basic design philosophy of this Standard is to achieve the non-collapse
requirement of the structure with appropriate reliability. According to that, the behaviour of bridge under
the design seismic action shall be either ductile or limited ductile/essentially elastic, depending on the
seismicity of the site. Standard prescribes methods of analysis, verification of bearing capacity and
construction detailing for this purpose. The proposed method of analysis is an equivalent linear method
using the behaviour factor g. It is defined globally for the entire structure and reflects its ductility
capacity i.e. the capability of the ductile members to withstand, with acceptable damage but without
failure, seismic actions in the post-elastic range (Priestley, Seible and Calvi, 1996).

In Serbia, even now, most engineers consider the dynamic bridge analysis unnecessary and EN 1998-2
proposal as an excessive requirement. This is supported by the fact that until now there has been no case
of the bridge damage due to the seismic activity in Serbia. Therefore, only the linear methods of dynamic
analysis of bridges have been used, so far. The main dilemma is: What type of the finite elements should
be adopted in the numerical modelling of bridge superstructure?

Proposed study attempts to solve this dilemma comparing the dynamic responses of the reference bridge
obtained by using two different finite element models in SAP2000 (SAP2000, 2006). In the first one
(beam model), the bridge deck is modelled by using beam element, while in the second one (shell model)
a certain numbers of shell elements are used for deck modelling. The analysis is carried out using
multimodal spectral analysis. The member forces and displacements are estimated by combining the
responses of individual modes using SRSS method. The obtained results and detailed discussion are
presented in the following section.

2. REFERENCE BRIDGE STRUCTURE

The NiSava bridge was selected as the reference case for this analysis. It is a seven-span structure of
232.2 m total length, presented in Figure 1. The deck is curved-in-plane, with radius of curvature
R=540m and longitudinal slope of 1.82%. It is supported by six RC piers S1-S6, of rectangular hollow
section, 6.0x1.3m and unequal clear heights of S1=17.14m, S2=17.51m, S3=16.82m, S4=16.11m,
S5=16.07m and S6=9.95m.
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Fig. 1. Structure layout in longitudinal direction
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Fig. 2. Cross section of the bridge deck
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The RC concrete deck has a box-section, 13.05m wide and 200cm high, with transverse inclination of
6.5%. (Figure 2). In the longitudinal direction, the deck webs and bottom plate have variable thickness.
The deck webs thickness vary from 40 to 70cm, while the bottom plate thickness vary from 20-40cm.

ol S1 s2 53 54 55 6 o2
. elastomer bearing . "Neotopl™ N5S0 O "Neotopf” N600

Fig. 3. Bearings layout

The deck structure is supported using different types of "Neotopf" bearings. Some bearings are pinned,
some are free to slide in transversal or longitudinal direction. The direction of bearings free horizontal
displacements is shown in Figure 3. The longitudinal displacement at the end bearings is limited. The
pier S6 has the shear key.

All piers have the dimensions 6.0x1.3m, with 2 inner holes 2.15x0.70m (see Figure 4). The cap beam
is positioned at the top of each pier (4, = 1.30m). The piers are founded on AxB = 4.9x7.6m footings

which heights vary from 2 to 10 m. Footings are firmly bonded to the surrounding rock, so they can be
considered fixed.
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Fig. 4. Cross section of a) piers and b) pier with the cap beam

3. NUMERICAL MODELS

The considered structure is modelled using FEM. For model generation, calculation and the visualization
of results, SAP2000 V14.0.0 software package is used. The numerical analysis is performed using two
computational models: beam model and shell model. The shell model has been generated using Bridge
Wizard feature of SAP2000 V14.0.0.

For both models, the following calculations have been performed:
a) modal analysis,
b) response spectrum analysis using the horizontal elastic spectrum in two orthogonal directions and
vertical elastic spectrum according to EN 1998-1.

3.1. Beam Model

All structural elements have been modelled as isotropic, linear elastic. The material properties of RC
members (MB 45 according to Serbian regulations) are E = 34GPa, v= 0.2, y=25 kN/m°.

All piers have the same cross section, as shown in Figure 4. In the model, the pier lengths are measured
from the top of the foundation to the centroid of the cross section of the superstructure: S1=19.02m,
S2=19.39m, S3=18.70m, S4=17.99m, S5=17.95m, S6=11.83m. Local axes of the piers have been
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rotated according to the geometry of the structure: axis 3 is perpendicular to the tangent line of the road,
as shown in Figure 5.

From the geological conditions it is concluded that the soil below the foundations is of the high capacity.
Therefore, the piers have been modelled as beams completely fixed at the bottom. The moments M3
(axis 3) are free. The cap beams have not been modelled, because their influence on the dynamic
behaviour is negligible.

)
01| é | §2
Fig. 5. Bridge plan with local axes of the piers (blue — axis 3, green - abutments)

All longitudinal and lateral variations of the structure geometry have been neglected, because their
influence on the global dynamic response is marginal. The cross section of the superstructure is assumed
uniform along the entire length. Longitudinal and lateral inclinations have been neglected, as well. The
simplified cross section is shown in Figure 6.
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Fig. 6. Simplified cross section of the bridge deck

There are 4 different types of bearings, which is presented in Figure 3. The superstructure is supported
using 2 bearings per pier (Figure 7a). The distance between the bearings in the lateral direction is 4.7m.
In the numerical model additional rigid beam elements have to be added at the top of the piers in order
to introduce different types of bearings (Figure 7b). After that, link element, which stiffness corresponds
to the real behaviour of the bearing, is defined in (Li¢ina and Kovrlija) and ref.5. The rotational stiffness
of all bearings is equal zero, while the axial stiffnesses are given in Table 1. Local axes of the bearings
are rotated taking into account the real geometry of the deck.

— - = LINK

Bearing

a) b)

Fig. 7. Modelling of the supports: a) real structure, b) beam model with link elements
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K1 (vertical) K2 (longitudinal) K3 (lateral)
link element 1 916190 kN/m 2322 kN/m Inf
link element 2 Inf Zero Inf
link element 3 Inf Zero Inf
link element 4 Inf Zero Zero

Table 1. Stiffnesses of the link elements to simulate the bearings

Mass of the structure is generated from the self-weight and traffic loading, according to EN 1998- 2.
The weights of the structural elements are extracted from the Main Design of Nisava Bridge (Li¢ina and
Kovrlija, 2010). The total self-weight of the superstructure is Qg = 50498 kN. The traffic loading is
accounted as the 20% of the maximum traffic loading according to EC-8-2, and its total amount is Qs =
2688 kN.

Therefore, the total mass of the superstructure for the seismic calculation is:
Q=QS+ QG=53166KN (1)

The part of the mass has been generated automatically using the options of the SAP2000 from the self-
weight of the elements. The additional mass has been added as the line mass.

The model is discretized using beam elements, having the maximum length of 0.5m.

3.2. Shell Model in Bridge Wizard of SAP2000

In contrary to the beam model, the curved axis of the bridge is assigned here using the Layout Lines
option of SAP2000. The real curvature is modelled, having the length £=232.2m and radius R=540m.
The cross section with its real geometry is modelled using the Deck sections feature, while the bearings
are modelled with their real stiffnesses using the single link elements over each pier. The diaphragms
with their real thickness have been modelled using the feature of the software. The cap beams have been
assigned as beam elements (1.3x1.3m). In this model, the manual rotation of the pier axes is not
necessary, because the software performs this operation automatically from the geometry data of the
curved superstructure. The longitudinal change of the cross section is modelled using the Parametric
Variations feature of the software.

The part of the mass has been generated automatically using the options of the SAP2000 from the self-
weight of the elements. The additional mass has been added as the area mass.

Shell elements of the approximate size of 0.5m have been selected for the discretization.

4. MULTIMODAL SPECTRAL ANALYSIS

For the horizontal component of the seismic action, elastic response spectrum, S.(7), Type 2 for soil
type A, according to EN1998-1 is selected, with following parameters corresponding to the spectrum:
$=1.00, 75=0.05s, T-=0.25s and Tp=1.20s. Characteristic acceleration a,~0.1g is adopted (VII seismic
zone according to Serbian regulations).

Vertical component of the seismic action is modelled by using the vertical elastic response spectrum
Sy(T) according to EN 1998-1, with following parameters corresponding to the spectrum Type 2 and
soil type A: ar/a~0.45, T5=0.05s, Tc=0.15s, Tp=0.10s.

Both response spectra are presented in Figure 8, according to EN1998-1.

The seismic loading in different directions is generated in SAP2000. The results of the modal analysis
of the structure is used to calculate the modal mass ratios (more than 90% of the total mass in the
considered direction must be taken into account), while the above described response spectra is used to
obtain the appropriate spectral acceleration in the considered mode.

Horizontal spectrum is assigned in two orthogonal directions: lateral (EQ1) in the tangential direction
in the middle of the bridge tendon (7.5° from the global x-axis, see Figure 5), and longitudinal (EQ2),
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perpendicular to the EQ1 (97.5° from the global x-axis). For the combination of modes, SRSS rule is
selected (Clough and Penzien, 1995). Finally, combinations of seismic actions in three orthogonal
directions are calculated using the following formulae (EN1998-1) (where EQ3 is the vertical seismic
action):

Ki = 1.0xEQI + 0.3xEQ2 + 0.3xEQ3
Ka=0.3xEQ1 + 1.0xEQ2 + 0.3xEQ3 2)
Ks = 0.3xEQI + 0.3xEQ2 + 1.0xEQ3

N
n

X

Spectral Acceleration [m/s?]

0.0 —— _ ——————— ]
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\
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0.0 0.

T [s]

Fig. 8. Horizontal (blue) and vertical (red) elastic response spectrum
5. RESULTS AND DISCUSSION

5.1 Modal analysis

In order to obtained accurate response of the structure the sufficient number of modes shall be taken into
account according to EN1998-1. This request is considered fulfilled if one of the following requirements
is demonstrated (EN1998-1): (i) the sum of the effective modal masses for the modes taken into account
is at least 90% of the total mass of the structure and, (ii) all modes with effective modal masses greater
than 5% of the total mass are taken into account. So, in the performed modal analysis, the sufficient
number of modes is calculated in both numerical models.

For the comparison, the first three periods and first three mode shapes are provided for both models in
Table 2 and Figures 9-11.

Mode Beam model Shell model
1 2.061 | longitudinal | 2.318 | longitudinal
2 0.599 | vertical 0.631 | lateral
3 0.509 | lateral 0.550 | vertical

Table 2. First three periods of vibration [s] in both numerical models

From Figures 9-11 it is obvious that there is good match between the mode shapes in two considered
models. Beside these modes, there exist a considerable number of “local” modes which influence on the
overall response is negligible because of the very low value of effective modal mass (such as local
oscillation of a single pier, etc.).
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Fig. 11. Third mode shape of the RC bridge (vertical); left: beam model, right: shell model

However, there is a difference in corresponding periods of vibration. Obviously, the beam model is
"stiffer" in both longitudinal and lateral direction when compared to the shell model. The difference
between periods for the longitudinal direction is 12.47%, while the difference between periods for the
lateral direction is 23.97%, which was expected due to the simplifications associated with the modelling
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of stiffness and mass distribution in the beam model. The periods of oscillation in the vertical direction
are in better agreement, where the maximal difference is 8.18%.

There are several sources of differences in obtained periods of vibration: (i) in the shell model, the
superstructure is modelled as a curved girder, while in the beam model the polygonal line, from pier to
pier, is used; (ii) in both models, the total amount of mass is the same, but in the shell model the
additional mass is assigned as an area mass on the top of the plate, having an eccentricity with respect
to the centroid of the cross section. On the contrary, in the beam model, the additional line mass has
been assigned in the centroid of the cross section of the bridge deck; (iii) the shell model takes into
account the longitudinal change of the stiffness of the bridge deck, while the beam model uses the
simplified cross section which is constant along the bridge line.

The number of modes required for the accurate calculation of member forces is provided in Table 3
together with the number of modes with M;>5%:

Direction Beam model Shell model
Required | Number of | Required Number of
number of | modes with | number of | modes with
modes M;> 5% modes M;> 5%
EQI (lateral) 22 2 51 2
EQ2 (longitudinal) 1 1 1 1
EQ3 (vertical) 200 4 250 3

Table 3. First three periods of oscillation [s] in both numerical models

Shell model requires higher number of modes to be taken into account, because of the greater number
of elements, which lead to the more complex approximation of structural mass and stiffness in
comparison with the simplified beam model. In both models, the accurate calculation of the structural
response in the longitudinal direction requires only the first mode of oscillation. For vertical oscillations,
the highest number of modes is taken into account, in both models. However, there are only 1-3 modes
with the effective modal mass higher than 5%, depending on the direction of the seismic action.

5.2 Multimodal spectral analysis

After the calculation of modal properties of the structure, the member forces, due to the EQ1, EQ2 and
EQ3, are calculated using the multimodal spectral analysis and SRSS method (Clough and Penzien,
1995). The piers member forces are presented in Figures 12-14 (note that only the significant forces
have been presented, for the sake of simplicity).

It is obvious that the most important influence which occurs in the piers is the bending moment due to
the lateral seismic action EQ1. The bending moments M3 in the lateral directions, due to the seismic
action EQI1, are higher for the shell model in comparison with the beam model (Figure 12). The
differences are varying from pier to pier (the average difference for all piers is 17 %). Under the seismic
action EQ2, the bending moments in two orthogonal directions occur, but their values are approximately
10 times lower in comparison with the M3 values due to the EQ1. Finally, under the vertical seismic
action, the normal forces in the piers are the dominant influence. The values of normal forces under the
seismic action EQ3 are marginal in comparison with the forces obtained from the self-weight and traffic
loading.
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Fig. 12. Force diagrams in piers due to EQ1 (lateral) (N and M3 are not shown)
for two considered models
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Fig. 13. Force diagrams in piers due to EQ2 (longitudinal) (N are not shown)
for two considered models

Fig. 14. Force diagrams in piers due to EQ3 (vertical) (M2 and M3 are not shown)
for two considered models
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From the above, it can be concluded that the most important influence is the seismic action in lateral
direction, EQ1, and the values of the obtained bending moments calculated from two different numerical
models are in the acceptable agreement having in mind all simplifications of the beam model in
comparison with the real structure.

6.

CONCLUSIONS

Two different numerical FE models, beam and shell, of the curved RC bridge structure generated in
SAP2000 are presented in this paper. Real, existing structure of the RC bridge on the river NiSava served
as an illustrative example. Seismic analysis using multimode response spectrum method according to
EN1998-1 and -2 is performed. Some conclusions are elaborated as follows:

A certain simplifications of the structure are imposed using the beam model, while the shell model
(generated by Bridge Wizard feature in SAP2000) represents the structure more realistically. The
shell model takes into account longitudinal change of the stiffness of the bridge deck, while the
beam model uses the simplified cross section which is constant along the bridge line.

In the shell model, the superstructure has been modelled as a curved girder, while in the beam
model the polygonal line has been used. The total mass is the same, but in the shell model the
additional mass has been assigned as area mass on the top plate, while in the beam model the
additional line mass has been assigned in the centroid of the deck cross section.

There is a good matching between the mode shapes in two considered models, with some
differences in obtained periods of vibration. The beam model is "stiffer" in both longitudinal and
lateral directions due to the simplifications associated with the modelling of stiffness and mass
distribution.

The periods of vibration in the vertical direction are in very good agreement.

The number of modes required for the accurate calculation of member forces depends on the
direction of the seismic action, varying from only the single mode in the longitudinal direction to
more than 200 modes in the vertical direction (see Table 3 for details). The shell model requires
higher number of modes to be taken into account.

There are only 1-3 modes with the effective modal mass higher than 5%, depending on the
direction of the seismic action.

The lateral seismic action EQ1 generates the highest stress resultants in the piers. The bending
moments M3 are the most important influences, and they are on average 17% higher in the shell
model in comparison with the beam one. Under the seismic action EQ2, the bending moments are
approximately 10 times lower in comparison with the M3 values under the EQI.

The vertical seismic action generates the normal forces in the piers, which are still marginal in
comparison with the normal forces in the piers obtained from the self-weight and traffic loading.
The beam model gives accurate results, and due to its simplicity it can be recommended for
dynamic analysis of bridges without any doubt concerning the expected result.
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