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Abstract. Performance-Based Earthquake Engineering (PBEE) is computationally demanding due to the multiple
high-fidelity non-linear dynamic structural response analyses required to compute fragility curves. In this
manuscript we propose an efficient procedure to obtain fragility curves of complex tubular structures, prone to fail
due to local buckling, using a model based on the Lumped Damage Mechanics. A state variable characterizing
local buckling is employed as engineering demand parameter (EDP) in PBEE. This state variable is a scalar,
derived from lumped damage mechanics and taking values between 0 and 1, which characterizes the degree of
local buckling (LB). A procedure to identify and define global collapse mechanisms using the failure probability
maps based on the local buckling state variable is proposed. The identification of the elements controlling the
occurrence of the failure mechanisms define which node should be used as the EDP for computing the structure's
fragility curves. To evaluate the seismic vulnerability, incremental dynamic analyses are conducted. The main
results demonstrate the efficiency of the mechanical model in a PBEE framework, and that the internal variables
indicating local buckling can be considered objective indicators of collapse for Tubular complex steel frames.
Results show how to identify the global failure mechanisms that are more likely to appear for each frame.

Keywords: Tubular Structures, Local Buckling, Lumped Damage Mechanics, Fragility Curves, Global Collapse
Mechanism.

1 Introduction

The primary objective of Performance-based earthquake engineering (PBEE) is to evaluate and design
structures that can achieve desired performance levels, presenting minimized damage, ensuring safety and
reducing economic losses based on probabilistic assessments of seismic risk [1]. The PBEE framework is
computationally intensive due to the need for numerous, highly accurate, nonlinear dynamic structural response
analyses required to calculate fragility curves. Considering steel tubular structures in offshore environments, the
occurrence of local buckling at the ends of the elements is often responsible for the damage and collapse of
structures under high-intensity earthquake loading. Therefore, Lumped Damage Mechanics (LDM) models can be
useful for probabilistic seismic analysis of complex tubular structures. LDM models are known for their
combination of accuracy in the representation of non-linear material behavior and efficiency in the computation
of dynamic structural response [8] [21]. This efficiency is crucial in PBEE formulations, given the necessity to
account for record variability and uncertainties in system properties [1].

Some studies have simulated the collapse of tubular structures using finite element limit analysis and
progressive collapse approaches under axial loads [2] [3]. In this paper, we propose the use of LDM to conduct
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the structural analysis stage of PBEE from which will be derived fragility curves [4]. For the tubular steel
structures, the LDM represents the evolution of driving rotation of damage and plasticity, lumped in inelastic
hinges at the nodes of the elements, as internal variables. Practically, these internal state variables indicate local
buckling occurrences at the nodes of steel tubular structures. The combination of several inelastic hinges
representing local buckling under ground motion loads can lead to the formation of collapse mechanisms, resulting
in the global failure of the system.

In this paper, we utilize Incremental Dynamic Analysis (IDA) to estimate the structural response of steel
tubular frames and calculate fragility curves within a PBEE framework. Fragility curves describe the seismic
vulnerability of structures, conditional on a given seismic intensity, and predefined limit states [5] [6] [7]. We
propose the use of internal variables, such as driving rotation and damage, as Engineering Demand Parameters
(EDPs) in the calculation of fragility curves. Traditional Probabilistic Seismic Demand Models (PSDMs) assuming
lognormal distribution for structural analysis responses are not applicable to these variables. Hence, empirical
estimation of failure probabilities is employed to define the seismic vulnerability of the structure, similar to
methodologies used for reinforced concrete buildings [2].

The primary objective of this paper is to construct fragility curves for complex tubular structures using
Incremental Dynamic Analysis (IDA) with Lumped Damage Mechanics (LDM). Additionally, this work proposes
the use of failure probability maps, derived from the probability of each node exceeding predefined limit states at
various seismic intensities. This method aims to identify and characterize damage leading to local buckling at
element ends and to pinpoint collapse mechanisms in hyperstatic structures using system reliability theory.

2 Local buckling under mono-sign loads.
Consider a planar frame structure with three degrees of freedom at each node (Figure 1a). The displacement
matrix is {u}; = (ui, w;, 6;, u;, wj, 9]-). A state damage variable {D}! = (d,-,dj) is introduced, where d;-d; are

measures of the local buckling at the hinges i, j respectively (Figure 1b). The total generalized deformations of the
element can be decomposed as [8]:

{@®} = {®°} + {@P} + (@} = [FD)]{M} + {®F} + @1}, M

where ®°© is the elastic beam-column deformation, ®P is the plastic rotations of the hinges and ®9 damage
rotations.
y

a)

Figure 1. a) Representation of a frame b) Damage status of a frame member using a lumped inelasticity model, c)
Generalized deformations of the member between the nodes i and j d) Generalized stresses.

The generalized stress matrix {M}5: = (mi-:zé,mj-:é,n) (Figure 1d), is the conjugate to the deformation

as:

{P} = [B]::{M}, 2

where {P} is the vector of internal forces, [B] is the transformation matrix and the superscript t is the transpose
operator. The elasticity law is:

[ o1
I3(1 —d)EI, 6E1, I
L L
(@- 0%, = FOLMy + (0% FOI=| ~gG 5o, O | 3)
| 0 0 L |
| AE,

where [F(D)]y, is the flexibility matrix, L, is the length of the element and E1,, is the bending stiffness, {®°}; is
the initial strain vector of the element.
The evolution laws of a plastic hinge with local buckling are defined by:

CILAMCE-2024
Proceedings of the joint XLV Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Maceio, Brazil, November 11-14, 2024



Bosse, R., Montilla, S., Gidrdo, G., Beck, A., Picon, R., Florez-Lopez, J.

pP =0 if f,<0 m; —B|¢P
U oir gm0t i 2] = (0 = o) (1 1)

@
R(dy) = per (m) = s In (1= 1)

em (1)

{d'L =0 if |¢f| <Ry
|¢7| = R(d,) if d, >0’
where the upper dot (.) represents derivative with respect to time, M,, and M, are parameters of the yield function,
d,, and k,, are parameters of the damage function, and p, is the plastic rotation that initiates LB. The mechanical
interpretation of model parameters is indicated in Figure 2. Constant § describes the plastic hardening rate. In
compact sections, the plastic hardening phase has negligible influence on local buckling.
The local buckling evolution law is given in equation (5), as:
di_j = km(Dij —Per); pi-j = |¢LP_,- Q)

where p,, is the critical plastic rotation that initiates local buckling and &, is the damage rate.

® Experimental data
—Numeric model

b)
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Rigid Frame
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Fix joint

Geometric data of steel tube:
Diameter 60.3 mm o
Thickness 2.6 mm
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Figure 2. a) Monotonical test in a circular tube, b) Parameters of the damage evolution law.

3 Modelling local-buckling under cyclic loading
The elasticity law which describes unilateral behavior is given by:

{® — ®P} = [F(n, D) M), + [F(n, D) |(M)_ (6)

where the sets (D*) and (D™) correspond to the values of positive and negative LB, respectively; (M), represents
the positive part of matrix {M}, i.e. (m;), = m; if m; > 0 and zero otherwise. (M)_ is the negative part of {M}:
(m;)_ = m; if m; < 0 and zero otherwise.

A yield function that also describes unilateral effect is:

_ m; — (1 — )M, (n)
fi = Max {—mi + (1 - d)M,(n) (7)

The damage driving rotation (ddr) “Counter-buckling" is a phenomenon observed during cyclic loading.
This effect, which occurs when the load changes sign, can be described as a process of "ironing out the wrinkles".
In order to model the counter-buckling effect, the local buckling (LB) driving variables b;, b;” are introduced:

bit = (@74 +0.6(¢P)_; by = —(¢7)_ — 0.6 (¢]), ®)

where term (¢f )+, represents again the positive/negative part of the plastic rotation rate. Notice that during the
phases of positive bending moment (d)ip > 0) the LB driving variable b;" = q,')lp increases, i.e. positive LB is
approaching or the “wrinkle” area is growing.
The damage evolution law is generalized to:
dt =0 if bf <R@}) d7 =0 if by <R(d})
{b; =R() if df >0’ {b; = R(d) if df >0 @)

where function R( ) is the same of the mono-sign case. Notice that in the case of monotonic or mono-sign loadings,
the damage evolution laws in Eqs. (9) and (4) give the same results.

The variables used as EDP for assessing the seismic vulnerability are the normalized LB driving rotations
ddr*,ddr~. For a hinge i, they are defined as:
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b} _ b;
ddrt =1 ddry =+ (10)

Per Der

Der is the initial LB resistance, local buckling initiation is defined by ddr® = 1. Figure 3 shows the evolution of
the local-buckling damage during an experimental cyclic test in a cantilever beam.
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Figure 3. a) local buckling under cyclic loading b) force vs. deflection in a cantilever cyclic test; ¢) ddr evolution
during the first 4 cycles of the simulation; d) damage evolution.

4 Fragility Analysis

In previous studies using internal variables derived from LDM in PBEE assessments it was verified that the
damage variables resultant from the structural analysis under earthquakes do not follow log normal distribution,
in this way, traditional PSDM approach that describe the fragility curves using analytical representations of the
EDPs are not suitable [9] [10]. In this way, the fragility curves are calculated using traditional empirical method
for each specific earthquake intensity, defined as:

m
PIEDP > C|IM] = — (10)

where m is the number of simulations for which EDP’s exceed a capacity limit C, and n is the total number of
simulations for each earthquake intensity measure (IM). In this paper, three limit states are used: ddr > 0.5
indicating some plastic damage; ddr = 1.00 indicating the formation of an inelastic hinge; and Dam >
0.99 complete loss of stiffness due to LB. Where the Dam variable is defined as the maximum between positive
and negative damages Ddam = Max(d*,d™),

5 Global collapse fragility curves

To obtain global collapse fragility curves, we identify the elements and their ends where local buckling (LB)
first develops (ddr = 1) and determine the most likely sequence of LB failures by evaluating the sequence of
nodes presenting the higher Pfs in the failure probability maps considering the limit states for each Intensity
measure of the earthquakes. We then identify the most probable global collapse mechanism and the LB failures
leading to it. In sequence we quantify the conditional probability of global collapse for each intensity measure. A
global collapse mechanism corresponds to a parallel system of individual hinges forming the mechanism. The
event "formation of a global collapse mechanism" (GC) can be described as:

GC=U ﬂ LB;
Kl lies, (11)

where LB; represents local buckling at the i*" location (beam or column end), S, is the set of indices for all LB
events required to form the k" mechanism, GCy. The intersection N represents a parallel combination of events,
and the U union represents a series system. Evaluating the probability of global collapse, pgc = P[GC], depends
on the dependency between events in this equation. If failure sequences S, are mutually exclusive, the probability
is given by the sum of individual probabilities:

pec = P||J 66| = ) placa (12)

Following Bosse et al [2], a strong correlation between individual LB events can help identify the single
event (LB,,) controlling the most likely failure sequence, given by eq. (13). In this approximation, pg. includes
all failure sequences ending with LB,,, making it a practical method for assessing seismic vulnerability.

Pec = P[GCi] = P[N;es, LB;] ~ P[LB] (13)
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6 Results

6.1 Regular frame

The first example consists in an offshore structure represented in Figure 4a and Figure 4b. To perform IDA,
a set of 30 earthquake signals were generated using the spectral representation method with the Clough-Penzien
fully nonstationary power spectral density function [11] [12] [13] of a soil type C in Port Arthur, Texas, USA. The
set of 30 earthquakes was specifically designed to provide a mean spectral acceleration response that matches the
target response spectra prescribed by the American Standard [14] [15]. The modal analysis determined that the
fundamental period was 0.92 s. Parameters F, = 1.3, F, = 1.5, §; = 0.045, Sys = 0.101, Sy;; = 0.067, Sps =
0.067, Sp; = 0.045 and T, = 12 s were employed to achieve the spectrum target response (Figure 4c).
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Figure 4 - Offshore structure b) Elements identification ¢) Spectral acceleration response of the spectrum-
compatible generated earthquakes.

To identify the collapse mechanisms responsible for structural failure during earthquakes, we propose
using failure probability maps. These maps illustrate the probability of each node in the structure exceeding a
specified limit state related to the local buckling occurrence at various earthquake intensities. By analyzing these
probability maps at progressively increasing intensities, we can pinpoint which nodes are the first to experience
LB and which are the last. It is well-established that a hyperstatic frame can withstand a certain number of nodes
undergoing LB; however, the cumulative effect of multiple nodes failing can trigger a local or global collapse
mechanism. Figure 5 presents failure probability (P) maps for a intensity of S, = 2.0g for the three predefined
limit states

Sa=20g Sa=2.0g Sa=20g

0.60

0.67 0.4

Pf for dam > 0.50
Pf for dam > 0.99

Pf for ddr > 1.0

.

0.57

a b c
Figlgre) 5 - Failure probability maps of the(st)ructure for three limit states at S, =( 2).0 g.

The scale of S, = 2.0g was the final intensity tested on the structure. At this scale, some simulations
did not reach convergence, indicating structural failure. Based on Figure 5, it can be observed that the top nodes
of columns C7, C8, and C9 are the first to suffer LB, followed by the exterior nodes of beams B3 and B4, which
show the highest Pf values across all limit states considered. When LB occurs at the base nodes of columns C4,
CS5, and C6, a collapse mechanism is triggered, causing the second and third floors of the frame to collapse,
indicating a global failure of the structure. Thus, the base nodes of columns C4, C5, and C6 control the collapse
mechanism occurrence at the structure. The collapse mechanism formation can be modeled as a parallel system.
In such a system, the element with the lowest probability of failure (i.e., the strongest element) governs the
occurrence of global failure. The application of system reliability theory to structural collapse has been previously
studied [2].

The fragility curves representing the global failure of the structure can be derived using the internal
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variables that describe the occurrence of local buckling as EDP at PBEE framework, particularly using the damage
variables at the base nodes of columns C4, C5, and C6, which control the collapse mechanism. Figure 6 presents
the fragility curves for three damage limit states: ddr = 0.5 indicating some plastic damage; ddr >
1.00 indicating the formation of an inelastic hinge; and Dam > 0.99 complete loss of stiffness due to LB. From
Figure 6 it can be observed that the fragility curves of the three columns are similar with average Pfs for each limit
state. The probability of a collapse mechanism formation is around 50% at the highest earthquake intensity tested.
It can also be observed that the three curves of each limit state are close to each other, indicating that the

accumulation of LB damage at the base of these columns o
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Figure 6. Fragility curves for the column C4, C5 and C6 Global failure.

6.2 Irregular Frame

Figure 7 illustrates the second example, a structural configuration of an irregular frame. Figure 8 presents
failure probability (Pr) maps for a intensity of S, = 1.5g, the highest tested in the frame. These maps consider the
following limit states: damage driving rotation, ddr > 1 indicating the onset of damage accumulation in the
nodes; damage variable, dam > 0.5 indicating the occurrence of LB with 50% of a damage; and damage variable,
dam = 0.99, indicating complete loss of stiffness due to LB.
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Figure 7. Irregular frame
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Figure 8 — Failure probability maps of the structure for three limit states at S, = 1.5g.
Based on Figure 5, it can be observed that the base nodes of columns C3 and C4 are the first to suffer LB,
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followed by the top nodes of these columns (with the highest Pfs in all frame). In this case it can be observed that
these are the first elements to fail, representing a local failure to the frame, in which the frame will still stay
standing. When LB occurs at the top nodes of columns C5 and C6 and at both node of beam B1, a collapse
mechanism is triggered, causing the first and second floors of the frame to collapse, indicating a global failure of
the structure. Thus, the top nodes of columns C5, and C6 and the nodes of beam B1 are indicated to be the nodes
that control the collapse mechanism occurrence at the structure.

The fragility curves representing the global failure of the structure can be derived using the internal
variables indicating LB of top nodes of C5, C6 and B1 as EDP. Figure 9 presents the fragility curves for three
damage limit states: ddr > 0.5 indicating some plastic damage; ddr = 1.00 indicating the formation of an
inelastic hinge; and Dam = 0.99 complete loss of stiffness due to LB. From Figure 9 it can be observed that the
three elements present similar fragility curves. The probability of a complete collapse mechanism formation is
around 40% at the highest earthquake intensity tested.

T Tl
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Figure 9. Fragility curves for the columns C5, C6 and beam B1.

7 Conclusions

In this paper, we propose the use of Lumped Damage Model (LDM) to model local buckling (LB) of tubular
steel structures for seismic vulnerability assessment. The LDM incorporates internal variables, such as the driving
damage rotation (ddr) and the damage variable (dam), which capture stiffness and strength degradation during
load-unload cycles and represent local buckling events. Key findings include: (a) ddr and dam are effective
indicators of local buckling and stiffness loss, which aid in the identification of global collapse mechanisms in
hyperstatic frame structures under seismic loading; (b) the LDM approach demonstrated acceptable accuracy and
computational efficiency in assessing seismic fragility, but requires calibration against experimental results or
higher fidelity FE models; (c) The probability of failure maps facilitated the identification and evaluation of LB
failure sequences leading to global collapse mechanisms, which can guide optimal design approaches for
asymmetric tubular frames under seismic actions.
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