CSCE 2009 Annual General Conference

St. John’s, Newfoundland and Labrador /
May 27-30, 2009 / LI

Modelling Progressive Collapse of RC Bridges during Earthquakes

Hartanto Wibowo', s.m.cscE; Silvena S. Reshotkina'; and David T. Lau®, F.CSCE

1. Graduate Student and Research Assistant (hwibowo@connect.carleton.ca)

2. Professor and Director of Ottawa — Carleton Bridge Research Institute (dtl@ccs.carleton.ca)
Department of Civil and Environmental Engineering, Carleton University, Ottawa, ON, K1S 5B6, Canada

Abstract: The research on progressive collapse of structures generally focuses on gravity and blast
loadings and the design objective is to increase the redundancy and robustness of structures to prevent
progressive collapse. Studies of bridges damaged by earthquake in past major earthquakes have shown
that better methodology for earthquake resistant design of new bridges can be developed. Moreover,
effective retrofit and strengthening strategies can be devised to enhance the performance and safety of
existing deficient bridges if progression of damage from initial failure to ultimate collapse, and its impact
on the failure mechanisms of structures, is better understood. This paper presents the modelling and
analysis of progressive collapse behaviour of bridges during earthquakes using the Applied Element
Method that can take into account separation of structural components resulting from fracture failure and
contact or impact forces of falling debris. The results show significant influence of the progressive
collapse phenomena on the performance of bridges during major earthquakes. These also demonstrate
the need to consider progressive collapse mechanisms in seismic design performance assessment and
evaluation of bridges that would lead not only to a safer and more reliable earthquake resistant design for
new structures but also more effective retrofit and strengthening strategies for older structures.

1. Introduction

Progressive collapse phenomena can be described as the global damage or collapse behaviour of a large
part of a structure precipitated from failure of a relatively small or localized part of it. In structural analysis,
progressive collapse occurs when failure of one or more structural members or components leads to load
redistribution in the structural system due to changes in stiffness distribution, pattern of load actions, or
boundary conditions of the structure. This initial failure results in further overloading and failure of other
structural elements. Research on progressive collapse of structures to-date has focused mainly on blast
or abnormal loadings of buildings. The vulnerability of structures, especially bridges, to progressive
collapse during earthquakes has not received as much attention.

Seible [2008] noted that earthquake loads can cause progressive collapse of bridges that is
influenced by characteristics of the earthquake, such as magnitude, intensity, source mechanism, and
attenuation. In dynamic responses of structures during major earthquakes, continuous vibration after
initial failure and repeated stress reversals from cyclic inelastic actions can lead to significant
deterioration in stiffness, strength, and ductility capacity of the structural system due to accumulated
damage effects. This deterioration in turn can affect the progression of failure and ultimate collapse
behaviour of the structure. Progressive collapse is also the result of a sequence of events starting from
initiation of failure of a single component, due to overstress beyond the elastic limit, to degradation of
material and member properties (related to stiffness and strength) that are the result of accumulation of
damage effects from cyclic stress reversals until the development of collapse mechanism.
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Previous studies on progressive collapse of structures have provided insights on the effect of seismic
strengthening in increasing the capacity of structures to resist progressive collapse due to blast loads.
These studies have shown that earthquake detailing and strengthening can improve progressive collapse
resistance of buildings against blast load effects [Corley, 2002; Hayes , 2005]. Gurley [2008] also
commented that enhancing seismic ductility of a structure through ductile detailing can help to better
develop its progressive collapse mechanism. Despite these findings, there is still a lack of information on
progressive collapse behaviour and the collapse mechanism that can be used for improving seismic
design of new bridges, and developing more effective strengthening and retrofit methodologies for old
bridges.

Generally there are four types of analysis methodologies: linear static, nonlinear static, linear dynamic,
and nonlinear dynamic. Linear static analysis, the simplest analysis methodology, does not account for
dynamic effect observed during the collapse event. On the other hand, in nonlinear dynamic method, the
analysis procedure is the most complex but it gives more accurate results on the structural performance.
Nonlinear dynamic analysis of structures under earthquake loading using the Finite Element Method
(FEM) can take into account the post-yield inelastic behaviour of structural elements. FEM can also take
into account the stiffness and strength degradation on the failed elements such as techniques suggested
by Phung [2005], Phung and Lau [2006], Moehle [2006], and Elwood and Moehle [2008]. Banerjee
and Shinozuka [2004] propose drift limit and ductility demand criteria to assess whether a part of a bridge
has experienced collapse. Lu . [2008] introduced a technique to deactivate the element after it
reaches a specified limit using fibre-based model. However, these techniques still consider continuous
dynamic response without any separation of elements and collision from the debris. Developments of
FEM techniques that take into account element separation and/or contact have been reported by several
researchers [Isobe and Tsuda, 2003; Mosalam ., 2008], but there are still some complications in the
implementation of the proposed techniques. Aside from the conventional FEM procedures, an analytical
approach called the Applied Element Method (AEM) has been developed by Tagel-Din and Meguro
[1999], which has some advantages compared to other modelling approaches for progressive collapse
analysis of structures. The AEM formulations allow separation of structural elements and take into
account the inertial impact forces of falling debris.

This paper reports on the analysis of progressive collapse of bridges due to earthquakes using the AEM
to obtain insights on the development of collapse mechanisms in bridges. A better understanding of the
collapse behaviour of bridges may lead to the development of more effective and efficient retrofit and
strengthening strategies of existing old deficient bridges.

2. Applied Element Method

With the AEM, the progressive collapse behaviour of structures under seismic loading can be followed
from initiation of failure until final collapse. The element formulation in the AEM allows the behaviour to be
followed from generation and propagation of cracks to separation of structural elements. The rigid body
motion and the collision process of falling debris with structural elements can also be modeled using this
method. With the AEM, the structure is modeled as an assembly of distinct undeformable elements
connected at contact locations with sets of normal and shear springs distributed over the surface of each
element, as shown in Figure 1. In the two dimensional case there are three degrees of freedom at the
centroid of each element to describe the rigid-body motion. Thus, the internal deformations are
represented by the deformations of the springs and the assembly of elements is deformable [Meguro and
Tagel-Din, 2001, 2002].

The normal spring stiffness (K ) and shear spring stiffness (K, ) matrices can be formulated as follows:

ExdxT GxdxT
K=—— and K =—— Q)
a a
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where d is the distance between springs, a is the length of the representative area (as shown in Figure
1), and T is the thickness of the element; E and G are the Young's and shear modulus of the material
respectively. This formulation indicates that each spring represents the stiffness of area d xT with length
a. For the reinforcement bar, the area d xT is replaced by the area of the rebar. This formulation also
indicates that the spring stiffness is calculated as if the spring connects the element centrelines.
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Figure 1. Modelling of Structure in AEM [Meguro and Tagel-Din, 2001, 2002]

The stiffness matrix for each set of springs is formulated by establishing the geometric relations between
the centroid of the element and the contact point location on the element surface, as shown in Figure 2
below. The element stiffness matrix size is 6x6 because there are three degrees of freedom in each
element. By summing up the stiffness matrices of all the springs around an element, the element stiffness
matrix is created. The global structural stiffness matrix, [K], is assembled by summing the element

stiffness matrices of all elements.

Contact

Figure 2. Element Shape, Contact Point, and Degrees of Freedom [Meguro and Tagel-Din, 2001, 2002]

The incremental dynamic equation of motion for large deformation analysis in the AEM formulation is
expressed as follows [Tagel-Din and Meguro, 2000]:

[M]AU+[C]AU+[K]Au = Af (t) +R,, + R, @)

where [M], [C], and [K] are the mass, damping, and global stiffness matrices respectively; AU, Au,
and AU are the incremental acceleration, velocity, and displacement vectors respectively. Af (t) is the
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incremental applied load vector, R,, and R; are the additional load vectors to account for the effects of

material and geometric nonlinearities respectively. In this formulation, the element's mass and inertia are
assumed to be lumped at the centroid; hence a diagonal positive definite mass matrix [M] is derived.

The damping matrix [C] is assumed to be proportional to the mass matrix [M ]. The equation of motion

is then solved by Newmark’s average acceleration method assuming small deformation during each
increment.

To model reinforced concrete sections, concrete and steel rebar are modelled by separate sets of springs
with the corresponding material properties. Thus, the exact configuration of the reinforcement bars can be
modelled by generating reinforcing springs at the actual location of the rebars. To follow the behaviour of
concrete under compression, the Maekawa compression model [Okamura and Maekawa, 1991] that
describes the loading, unloading, and reloading conditions, is adopted. For modeling concrete subjected
to tension, the initial stiffness is assumed for the concrete springs until they reach the cracking point. After
cracking the spring stiffness is set to zero. The steel reinforcement material model considers the effects of
partial unloading and the Bauschinger’s effect. The failure criteria are based on the principal stresses in
the springs so the proper crack propagation can be followed. When the stress in a spring exceeds the
critical value of the tensile resistance, the normal and shear spring forces are redistributed so that the
tension stress is zero on the crack face.

The main advantage of the AEM is that highly nonlinear behaviour of structures, such as initiation of
failure, separation of elements and progressive collapse, can be followed with reliable accuracy by a
reasonably simple way. This simplicity distinguishes it from the numerical methods based on continuum
mechanics, of which the FEM is the most popular. In the FEM, modelling of cracked material, such as
reinforced concrete, requires special modelling techniques to account for the discontinuity in the structural
element resulting from crack propagation. It is therefore not convenient to adopt the FEM as the
modelling and analysis method to investigate the collapse mechanism of structures. In this study, the
computer software, Extreme Loadings for Structure (ELS) which is based on the AEM formulations, is
utilized for all the computer analyses of the numerical examples and case study.

3. Verification Examples

To demonstrate the validity of the AEM, two numerical examples have been done for verification
purposes; one by linear time history analysis and another by nonlinear time history analysis. The results
obtained from ELS are compared to those from SAP2000 [CSI, 2003], which is based on the FEM model.
The structure analyzed is a one-storey single bay frame with a width of 5 m and a height of 3 m. In ELS,
each column in the numerical example is divided into 5 x 5 x 30 equal elements and the beam is divided
into 10 x 5 x 5 equal elements. In SAP2000, the columns and beam are modelled by 30 and 10 equal
elements respectively. The damping ratio is taken to be 5%. The properties of the members are
presented in Table 1 and the 2D view of the structure is shown in Figure 2.

Table 1. Properties of the Verification Model

$ o 3.51535 x 10° kg/m?
$ ¢ 1.75767 x 10° kg/m?
& - 2.834 x 10° kg/m?
- 1.181 x 10° kg/m?
% $H$ ) ¢ 2402.77 kg/m?
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The time history responses of the top displacement of one of the columns and the overturning moment,
shear force, and axial force at the base of one of the columns are plotted. Figure 3 shows the results for

@)

(b)

Figure 2. 2D View of Verification Model in (a) ELS and (b) SAP2000

the linear dynamic analysis case and Figure 4 shows the results for nonlinear dynamic analysis case.

As can be observed from Figures 3 and 4 below, the results obtained by ELS agree with those obtained
by SAP2000. The differences in the column base overturning moment, shear force, and axial force are
caused by the internal force due to the self-weight of the frame. The ELS results include the gravity load
effects, whereas the SAP2000 results are due to the dynamic responses only. The axial force, shear
force, and overturning moment at the base of each column due to the self-weight of the frame are

calculated as 1785.191 kgf, 208.322 kgf, and 185.556 kgf.m, respectively.
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Figure 3. Linear Analyses Results: (a) Displacement, (b) Moment, (c) Shear Force, (d) Axial Force

GC-176--5




4.00E-04 1.00E+03

3.00E-04
5.00E+02

2.00E-04

0.00E+00
.

1.00E-04

0.00E+00 -5.00E+02

Displacement (m)
Moment (kg.m)

o8
-1.00E-04
-1.ODE+03

-2.00E-04

-3.00E-04 -1.50E+03
Time (s) Time (s)

ELS ™= W = 50p2000 —C| S W= SAP2000

(a) (b)

1.20E+03 5.00E402
1.00E+03

SN, NPT N _S—, FNLES e g ot S
0.00E+00 L= \ ¥ T A Nt g ¥ agpun !

0 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8/00

8.00E+02

-5.00€402"

6.00E+02

4.00E+02

-1.00E+03

2.00E+02
-1.50E403

-2.00E+03 \S \/ YW ANAAL N ““

4 g

0.00E+00

Shear Force (kg)

2008402

-4.00E402 -2.50E403

-6.00E+02

Time (s)
Time (s)

‘—ELS- = = gap2000 — S = = = 1 SAP2000

(©) (d)

Figure 4. Nonlinear Analyses Results: (a) Displacement, (b) Moment, (c) Shear Force, (d) Axial Force

The vibration periods of the structure are tabulated in Table 2. The vibration periods of the first six modes
obtained from ELS and SAP2000 are similar with a maximum difference of about 2.2%.

Table 2. Comparison of Vibration Periods

0.05436 0.02524 0.01017 0.00884 0.00702 0.00489
0.05467 0.02503 0.00995 0.00883 0.00693 0.00480
-0.56704 0.83899 2.21106 0.11325 1.29870 1.87500

4. Ground Acceleration and Bridge Model

The ground motion used in this study is the 1995 Hyogo-ken-Nanbu (Kobe) earthquake record obtained
from the Japan Meteorological Agency. In the analyses, the first 8 seconds of the ground motion record is
used, which contains the peak pulses of the record. The peak ground acceleration for x-, y-, and z-
directions are 0.60 g, 0.82 g, and 0.34 g respectively where g is the gravitational acceleration. The time
history record is shown in Figure 5.
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Figure 5. Modified Kobe Earthquake Time History Record

In this study, the progressive collapse behaviour of a reinforced concrete bridge model previously
investigated by Casarotti and Pinho [2006, 2007], is analyzed using the AEM with the computer software
ELS. The bridge has eight 20 m bays. The pier heights are 5.6 m, 8.4 m, 8.4 m, 2.8 m, 8.4 m, 2.8 m, and
5.6 m, as shown in Figure 6. The pier base is modelled as fixed at the pier ends (B to H) and hinged at A
and I. The longitudinal reinforcement details of the bridge are taken from the bridge model by Casarotti
and Pinho [2006]. However, the lateral reinforcement details of the piers are based on the design
requirements of CAN/CSA-S6-06 [CSA, 2006]. The bridge deck has minimum lateral reinforcements. The
bridge properties are summarized in Table 3. The bridge model is shown in Figures 6 and 7. The
damping ratio of the bridge in the analysis is taken as 5%.

In the applied element model of the bridge, pier sections are divided into 5 x 5 x 10 equal elements per
2.8 m length and the deck sections are divided into 10 x 5 x 5 elements per 20 m length. This mesh size
has been found to give accurate results. Analysis using a finer mesh has been carried out without any
noticeable difference in the numerical results.

Table 3. Properties of the Bridge Model

* % 4 $
% oot + &t 3.0 x 10° kg/m? 3.6 x 10" kg/m?
§ & 3.0 x 10° kg/m? 3.6 x 10" kg/m?
& - 2.46074 x 10° kg/m? 2.0389 x 10" kg/m®
- 9.84297 x 10° kg/m? 8.15561 x 10° kg/m?
% SIS ¢ 2500 kg/m® 7840 kg/m®
% oot # 0.1 0.2
, 1% (¢ 0.8 0.8
Post-yield Stiffness Ratio - 0.01
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Figure 6. Bridge Configuration and Sections [Casarotti and Pinho, 2006, 2007]

A

Figure 7. 3D View of the Bridge Model in ELS

5. Results and Discussion

Figure 8 presents the progressive collapse results obtained from the software ELS which show the
progression of failure and collapse of the analyzed bridge. It can be observed that cracks are formed first
at the connections between the deck and the pier. Then they propagate through the full width of the deck
soon after the joints fail. The collapse sequence results show that the AEM can accurately predict the
progressive collapse behaviour of the bridge from initiation of failure until final collapse stage.
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Figure 8. Progression of Collapse
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The vertical displacement time history of the middle element of deck E-F is plotted in Figure 9. The graph
shows that the element starts to fall at 0.4 s after the earthquake motion starts, and it reaches ground
level at 2.1 s in a free fall motion. Figure 10 shows the displacement time history of Pier F along the
longitudinal direction x-axis. After the deck collapses, the pier behaves as a cantilever column and no
longer connected as an integral part of the structural system of the bridge in conjunction with the other
piers. Without the lateral bracing constraint from the rest of the bridge system, the pier starts to displace
more than it is designed for during the remaining duration of the earthquake event.
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Figure 9. Displacement Time History along Z-Axis of the Middle Element of Deck E-F
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Figure 10. Displacement Time History along X-Axis at the Top of Pier F

The piers’ internal forces also experience significant jumps after one of the elements fails. Before
collapse, both Piers E and F have the same motion, but soon after the deck collapses, the piers act
individually and also bear more loads from the debris caused by the falling deck elements. Figure 11
shows the overturning moment time history about the y-axis at the base of Piers E and F as an example
of how progressive collapse affects the internal forces of the members. Although not discussed in this
paper, the axial and shear forces in the piers also experience similar effects caused by the deck failure.
These results show that progressive collapse can cause a dynamic effect on the structure.
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Figure 11. Overturning Moment Time History about Y-Axis at the Base of Piers E and F

GC-176--9



From the results above, it is shown that progressive collapse phenomenon can lead to catastrophic
failures. Current design codes (e.g. CAN/CSA-S6-06 [CSA, 2006] among others) do not provide
guidelines on how to evaluate the capacity and how to adequately design bridges against progressive
collapse failure.

6. Conclusions
Several conclusions can be drawn from this study:

e Progressive collapse phenomena can occur during an earthquake; therefore it is not limited to
only gravity and blast loads.

e The current bridge design code does not provide regulations to anticipate progressive collapse
phenomena. It is important that progressive collapse phenomena be considered in earthquake
resistant design of bridges.

e The Applied Element Method used in the computer software ELS can accurately predict the
progressive collapse behaviour of bridge structures.
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