Design Value of Global Capacity in NLA with Global
Factor Integrating Concurrent Failure Mechanisms

Christina EL MOUSSAWTI !, Raihan RAHMAT RABI*!, Giorgio MONTI!

! Sapienza University, Rome, Italy (christina.elmoussawi@uniromal.it,
raihan.rahmatrab@uniromal.it, giorgio.monti@uniromal.it)
* Corresponding author

Abstract. This study introduces a method for evaluating the design capacity
of a structural system at different limit states using nonlinear analysis
(NLA). At the core of this approach lies the Global Factor Method (GFM),
which simplifies complex structural behaviour into concurrent local failure
mechanisms (LFMs). These LFMs are organized hierarchically, based on
their series or parallel arrangement within the system, allowing for the
derivation of a global factor used for estimating the design value of the
global capacity, matching a given target probability. Notably, this method
eliminates the need for alternative metrics like interstorey drift or post-peak
capacity reduction, directly identifying global failure as driven by
concurrent LFMs. Its practical application involves conducting two
nonlinear analyses—one with mean values of the basic variables and another
accounting for uncertainties in the LFMs. Correlation among LFMs is
handled pragmatically, by considering extremes of zero and full correlation
to enhance usability in practical design and assessment scenarios. The
efficiency of the proposed method is demonstrated through its application to
a reinforced concrete frame modelled using OpenSeesPy. The developed
method is intended for practical use in NLA, specifically tailored for
practitioners seeking an accessible approach to estimate design values within
a simplified framework. In a sense, it provides an important step toward
formalizing design capacity assessment within everyday engineering
practice. While it is not a fully rigorous solution, it offers a reasonably
accurate estimate of the design capacity, bridging the gap left by current
codes, which have so far overlooked this critical aspect in NLA.
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1 Introduction

Nonlinear Analysis (NLA), including pushover and incremental dynamic analysis,
is increasingly applied to evaluate the structural performance and safety of existing
constructions. This evaluation involves comparing demand-related quantities, such
as displacements or accelerations, against corresponding capacity values. These
quantities are affected by inherent and epistemic uncertainties, necessitating the
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comparison of their design values. Current codes specify seismic demand in terms
of action with a defined exceedance probability but lack a robust framework for
determining a design value for the global capacity through NLA.

Such framework should aim at two main objectives: (1) to objectively identify the
attainment of distinct global Limit States (LSs), such as damage, severe damage,
and collapse prevention, and (2) to determine the corresponding global capacities
in terms of design values matching predefined target LS-exceedance probabilities.

Regarding (1), using interstorey drift limits as a metric has significant drawbacks,
mainly due to the wide variability in reported drift thresholds across the literature.
Furthermore, in three-dimensional models, the interaction between translational
and rotational motions complicates the interpretation of drift ratios, particularly in
complex geometries. Thus, interstorey drifts may not help identifying global LSs.

An alternative method examines the pushover curve and identifies LSs in
correspondence of significant changes in the curve, such as yield plateau formation
or slope reductions. However, limits placed on a pushover curve are of
phenomenological nature and inherently subjective. Thus, while practical, this
approach should be critically assessed in the context of global LS identification.

A more objective approach requires tracking the development of plastic hinges as
localized mechanisms to determine the attainment of global LSs. This method
examines their spatial distribution, structural role, and plasticization extent.
Analysing the sequence and degree of plasticization provides a more robust basis
for objectively identifying LSs.

Regarding (2), the fib Model Code 2020 [1] introduces a framework that
emphasizes probabilistic and semi-probabilistic approaches. Specifically, for NLA,
it provides multiple safety formats to estimate structural capacity under seismic
actions, such as full probabilistic, Partial Factors (PFM), and Global Factor (GFM)
methods. The probabilistic method is the most rigorous but is resource-intensive,
often requiring extensive simulations. The PFM and GFM are more practical for
typical engineering projects, allowing designers to estimate the design capacity
with a balance between computational efficiency and reliability.

The PFM establishes design values for material strengths and load effects to
achieve the desired safety level but does not explicitly define zow to identify
specific global LSs. Instead, it provides a structured approach for deriving the
design capacity by applying partial safety factors, adjusted to account for model
uncertainties and variability in material properties and loading conditions.

The GFM in Model Code 2020 provides a simplified, semi-probabilistic approach
to evaluating the design capacity of structures using NLA. Unlike the PFM, the
GFM applies a single global factor to the entire structural capacity—whether it is
expressed as global force, displacement, or any other relevant parameter—,
essentially providing an “all-in-one” adjustment to account for uncertainties. This
single factor encompasses intrinsic and epistemic randomness, yielding a design
capacity matching the target reliability, which vary based on the intended
performance level (e.g., for different LSs like damage, severe damage, or collapse).



To apply GFM, the design capacity is calculated by taking the NLA result, obtained
using the mean values of the basic properties, and by scaling it using a global factor.
This approach is advantageous for complex nonlinear models, particularly when
detailed data on individual partial factors is unavailable. However, it requires a
reliable calibration of the global factor to ensure that it meets the target exceedance
probabilities. The aim of this work is to arrive at an analytical definition of the
global factor through an equation expressed as function of the target probability, of
the global capacity uncertainty, and of the structural system logic.

The main challenge lies in estimating the uncertainty of global capacity. The fib
Model Code [1] introduces a single global factor to adjust NLA results, accounting
for analysis uncertainties and calibrated to meet reliability targets. However, the
provided values are limited and may not reflect the variety of cases in existing
buildings. The ECOV method [2], in contrast, suggests deriving global response
uncertainty directly from the NLA. This practical approach estimates the
coefficient of variation (CoV) by running two analyses—one with mean values and
another with characteristic values—to approximate the mean and characteristic
global capacities. This method, however, relies on the strong assumption that the
characteristic-value analysis yields the characteristic global capacity, which is not
strictly valid for nonlinear systems.

Numerous studies have explored the effectiveness of various GFMs, leading to
several comparative investigations. Among these, important contributions have
come from researchers such as Schlune et al. [3], Cervenka [2], Allaix et al. [4],
and Castaldo et al. [5].

Although structural system reliability has been extensively studied, current design
codes still lack an accepted, standardized procedure for identifying global failure.
System effects are usually addressed indirectly through parameters like interstory
drift limits or phenomenological indicators on the pushover curve, alongside local
reliability criteria.

This study proposes an improved GFM approach, with the premise that global
factors should be derived directly from NLA outcomes. Here, the failure mode
observed in NLA—performed with mean values—is represented as an arrangement
of local failure mechanisms organized into series and parallel subsystems. The
resulting global factor is expressed through an equation as a function of the
system’s logic, allowing for an integrated calculation that accounts for
uncertainties across subsystems. In this way, the global factor reflects the response
and the uncertainties of the very system being analysed, without resorting to
predefined typological values.

By basing the global design capacity on an analytical expression for the global
factor that reflects observed failure mechanisms, this enhanced GFM overcomes
the limitations of predetermined factors and oversimplified assumptions. Its
flexibility makes it applicable across a variety of structural systems and limit states,
supporting a more reliable structural assessment approach.



4

2 Proposed Method

The proposed method defines the design capacity of a structural frame at a specified
limit state (LS)—for instance, displacement at yield or collapse—by matching it
with a target LS-exceedance probability. Nonlinear analysis (NLA) is used to track
the evolution of all local failure mechanisms (LFMs), classified as ductile (e.g.,
plastic hinges) and brittle (e.g., shear or joint failures). Brittle mechanisms are
excluded if they are properly subordinated to ductile ones through proper capacity
design or local strengthening.

As NLA progresses, ductile LFMs can sequentially exceed yield, ultimate, or
collapse LSs, depending on the magnitude of the local engineering demand
parameter, EDP;,., which may be rotation or curvature for a plastic hinge. To
account for uncertainty in the basic variables, each LFM’s LS is represented by a
fragility function, F; gy (EDP,,.). During NLA, EDP,,, values are expressed in
terms of a global EDP, such as the frame top displacement, thereby linking all LFM
fragility functions to the same global EDP, as F;; (EDP). The notation Fj;, (EDP)
distinguishes the different LFM fragility functions, with the suffix ijk denoting the
k-th LFM in the j-th column on the i-th storey.

The global fragility curves for the frame are determined by aggregating the local
fragility curves across all LFMs, considering their hierarchical arrangement and
role within the structure. Specifically, the capacity of the entire structural system
is expressed as a function of the capacities of its components, with frames modeled
as an alternating hierarchy of series and parallel subsystems (see Figure 1). Here,
the frame is treated as a series system of i stories, each story as a parallel system
of j columns, and each column as a series system of k LFMs.

This hierarchical structure allows for a systematic approach to reliability
assessment, building from local to global levels by combining fragility functions
Fiji (R) of individual LFMs into fragility functions F;;(R) for columns, F;(R) for
storeys, and ultimately F(R) for the frame. The resulting global fragility function
reflects the system layered nature, using failure probability criteria for both series
and parallel systems.
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Figure 1: Structural system logic: LFM = local failure mechanism, SS= series subsystem
of LFM, PS = parallel subsystem of SSs, SP = series subsystem of PSs.



Table 1. Fragility functions for columns, storeys, frame, as function of the fragility
functions of the LFMSs, in the two conditions of uncorrelation and correlation.

Uncorrelated LFMs Correlated LFMs

Col — —F.
F?ijl(llr;l)n 1 1:[ (1 Fijk (R)) max Fj (R)
F _ —F

To account for the correlation among LFMs, the method evaluates fragility
functions under both uncorrelated and fully correlated conditions, as in Table 1.

By combining the equations in Table 1, the fragility functions of the overall system
for the two cases of uncorrelated and correlated LFMs can be written as:

F(R)ync = 1—1_[ 1—H<1—H(1—Fijk(}e))) (1

i j k
F(R)cor = max minmax Fy (R) @)
i Jj

During the NLA, as R increases and more LFMs approach their respective LS, the
probability of global LS-exceedance for the system increases according to the
previous equations. When this probability reaches the predefined target for the LS
in question, the system is considered to have reached the global LS. The
corresponding value of the global EDP = R at this point is defined as the design
global capacity of the structural system, denoted as R, ; s, satisfying:

F(Rg.s) = (p(_aRB:S) (3)

where the target probability is expressed in terms of the sensitivity ay attributed to
the capacity and of the target safety index f3,5 attributed to the LS considered.

The values obtained under the assumptions of zero correlation and full correlation
represent the bounds for the design value R, ;s of the global EDP for the given LS.

These can be obtained either by applying the full probabilistic approach shown
above or by running a limited number of NLA to estimate mean and standard
deviation of F(R) in the two conditions of uncorrelation and correlation for all the
LS of interest, as function of the fragility function parameters—mean and standard
deviation—of each LFM, derived from the basic variables involved. Through
these, a value for the appropriate global factor can be found using a purposely
developed equation and then applied to the result of the NLFEA run with mean
values of the basic variables to finally obtain the design value of the capacity.



3 Application and Results

The method’s efficiency is demonstrated through its application to a reinforced
concrete frame under lateral loads with column-driven failures. The structural
system is modelled and simulated using OpenSeesPy, a Python-based framework
for finite element modelling and analysis, particularly suitable for non-linear
structural analysis. In this study, a three-storey, two-bay reinforced concrete (RC)
frame structure is analysed (Figure 2). The RC frame has been modelled as a two-
dimensional structure consisting of and three storeys, labelled i, and arranged into
series subsystem (SS), each having three columns, numbered with, j arranged into
parallel subsystems (PS), each having two LFMs, denoted as k, representing the
resisting mechanism at the bottom and the top of each element and arranged into
series subsystems (SS).

The beams are assumed to exhibit linear elastic behaviour so are modelled using
elasticBeamColumn element type. The columns are modelled using force-based
beam-column elements, which allow for distributed plasticity along the length of
the columns, eliminating the need to predetermine the location of plastic hinges,
thus ensuring greater accuracy. The cross sections are represented using
FiberSection object, enabling detailed modelling of the material behaviour at
various locations across the cross-section. Fiber section allows each fiber to be
assigned the constitutive relationships of its constituent materials. As for the
materials, the Concrete(1 command, which simulates a uniaxial material with zero
tensile stress, is used to model the unconfined concrete, while Mander’s
formulations has been used to model the confined one and finally, the
reinforcement is modelled as uniaxial material with Steel0].

The material properties of concrete and steel are modelled as random variables
following a normal distribution to account for inherent uncertainties as shown in
Table 2. The non-linear analysis is conducted using Monte Carlo simulations,
where 1000 random samples of these material properties are generated based on
their respective mean values and standard deviations. These samples are then
incorporated into the finite element model to analyse the structural response under
lateral load. The analysis provides insights into the variability in the structure’s
behaviour, characterised by top displacement and lateral force.

The mean capacity pig;jj of the ijk-th LFM is the value of the chosen EDP,
corresponding to the attainment of the mean local capacity in the LFM at i, j, k. In
Figure 3 LFMs resulting from the nonlinear analysis of the structure are shown. At
the local level, there are two resistance mechanisms that work in series, arranged
at the ends of each element, for the two Limit States considered. In the
nomenclature adopted, the first number represents the i-th storey, the second
represents the j-th element; the blue and light blue colours represent respectively
the mechanism at the base and at the top of the element for the damage LS (DLS),
while the colours orange and yellow represent respectively the mechanism at the
base and at the top of the element for the life safety LS (LLS).
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Figure 2: 2D model of a 3-storey — 2-bay RC frame.

Table 2: Mean and coefficient of variation (CoV) of material properties.

Material Property Mean u [ | CoV
Concrete compressive strength f. [MPa] 20 0.2

Steel yield strength f, [MPa] 400 0.08

Steel modulus of elasticity E; [GPa] 210 0.05

The failure of each element, as shown in Figure 4, occurs when one of the two local
resistant mechanisms arranged in series fails, responsible for this failure is the
weakest mechanism. The storey is considered as a parallel system, where the
strongest elements are the considered, since the failure of one element does not
necessarily lead to the failure of the storey (Figure 5). Finally, the mean global
capacity of the frame R,,, consisting of three storeys arranged in series, will be
determined by the weakest storey with the minimum capacity among them. As final
step of the proposed approach, the design capacity R, is obtained as the ratio
between the global mean capacity R,, and the global safety factor y, for each LS
considered and in the extreme cases of zero and full correlation. The results are
shown in Figure 6, the mean global capacity R,, of the frame is represented with
full circle markers, the design capacities R; in the cases of full correlation
represented with triangle marker and zero correlation, represented with the square
one, at DLS in blue and LLS in orange.
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Figure 3: Capacity of LFMs obtained directly from NLA through Monte Carlo analysis.
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Figure 4: Capacity of elements at DLS (blue) and LLS (orange)
identified by failure of the weakest mechanism in series.
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Figure 5: Capacity of the storeys at DLS and LLS
identified by failure of the strongest element in parallel.
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Figure 6: Mean global capacity R,,(circle marker) of the frame identified by the weakest
storeys in series, and design capacities R, in the cases of full correlation (triangle marker)
and zero correlation (square marker) at DLS (blue) and LLS (orange).

In a subsequent phase, the fragility curves of each LFM were numerically derived
through Monte Carlo analysis. From these, progressing from the local to the global
level, the fragility curve (FC) of the system is determined by combining the failure
probabilities of series and parallel systems, considering the extreme cases of full
and zero correlation, for the two limit states DLS and LLS. The results obtained
were verified using the expressions by Nadarajah & Kotz [6], which provide the
exact distribution of the maximum and minimum of two Gaussian random
variables. The FCs derived from Nadarajah & Kotz's expressions are represented
in the following figures with black dashed lines, showing how they overlap with
those determined numerically. The design capacity is obtained using the mean and
standard deviation values of the final fragility curve of the global system, and the
inverse of the predefined target reliability probability.

Figure 7 shows the fragility curves of the LFMs F;j (R) resulting from the
nonlinear analysis of the structure and obtained with Monte Carlo analysis for
several iterations equal to 1000. At the local level, therefore, there are two
resistance mechanisms that work in series, arranged at the ends of each element,
for the two LLS considered. The probability of failure of the mechanisms arranged
in series within each element determines the probability of failure of the elements
F;;(R), Figure 8. While the probabilities of failure of the F;(R) storeys, shown in
Figure 9, are determined by considering the two rightmost curves, which represent
the strongest and the weakest elements that determine the failure of the system in
parallel.

Finally, the probability of failure of the frame, F(R), is obtained by considering
the two leftmost curves representing the weaker storeys that determine the failure
of the series storeys system, Figure 10. It should be noted that, in the case of full
correlation, the probability of failure of LFMs corresponds, from local to global, to
the mechanism with the weakest capacity, the strongest structural elements, and
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the weakest storeys. Conversely, in the case of zero correlation, new fragility
curves emerge, shifting to the left in series systems and to the right in PS compared
to the initial curves, thereby altering the capacity of each system. Comparing these
two cases within the same system, it is observed that in SS, non-correlation reduces
the system's capacity, as the new curve is shifted leftward relative to the full
correlation curve. In contrast, in PS, non-correlation enhances the system's
capacity, as the new curve shifts rightward, albeit only in the initial section.

In the final comparison of results, the fully probabilistic approach yields the exact
design capacity values, which have been shown to closely match those obtained
through the proposed procedure.
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Figure 7: Fragility curves of LFMs arranged in series
for DLS (blue) and LLS (orange).

Elements with correlations and Kotz

Top Displacement [m]

Figure 8: Fragility curves of columns arranged in parallel, including those derived from the
Nadarajah & Kotz expressions (black dashed line) for DLS (blue) and LLS (orange), in
cases of full correlation (solid line) and zero correlation (dashed line).
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Figure 9: Fragility curves of storeys arranged in series, including those derived from the
Nadarajah & Kotz expressions (black dashed line) for DLS (blue) and LLS (orange), in

cases of full correlation (solid line) and zero correlation (dashed line).
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Figure 10: Fragility curves of frame, including those derived from the Nadarajah & Kotz
expressions (black dashed line) for DLS (blue) and LLS (orange), in cases of full
correlation (solid line) and zero correlation (dashed line).

4 Conclusions

The proposed method offers a systematic approach to objectively determine the
design capacity of frame systems subjected to lateral loads, aligned with specified
safety targets. This study refines the Global Factor Method (GFM) by deriving
global design capacities directly from the results of nonlinear analysis (NLA),
considering the most likely failure mode and defining it as a series and parallel
arrangement of local failure mechanisms (LFMs).
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By integrating the structural system logic, this method establishes a clear link
between LFMs and overall system failures, facilitating the definition of an
objective metric for identifying global Limit State exceedance based on concurrent
LFMs. Existing methods, such as the interstorey drift or phenomenological
consideration on the pushover curve, do not adequately capture this relationship.
Additionally, this approach delineates bounds for design capacity by considering
scenarios of both uncorrelated and fully correlated LFMs, making it practical for
application by practitioners in the field.

OpenSeesPy played a critical role in facilitating the NLA required for this study.
Its fibre-based column models provided a detailed representation of material non-
linearity. OpenSeesPy’s support for Monte Carlo simulation further enhanced the
study by allowing material variability to be incorporated into the analysis. This
enabled a comprehensive assessment of the structural system's reliability under
different correlation scenarios, contributing to the robustness of the method.

Future research will focus on extending the proposed framework to more complex
structures. Studies and further investigations are currently underway on the partial
correlation between basic random variables, which represents one of the most
challenging aspects to address. These efforts aim to ensure the method’s broad
applicability, particularly for real-world engineering practices where variable
geometries and detailing further complicate the assessment of global failure
mechanisms.
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