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Abstract: This paper investigates the response of reinforced concrete (RC) frames to post-earthquake settlements, a
critical condition for structures founded on liquefiable soils. A simplified numerical framework is proposed to account for
the interaction between seismic-induced damage and subsequent ground deformations through a sequential analysis
procedure. The approach combines nonlinear dynamic analyses and a simplified static-based method for estimating the
residual post-earthquake configuration, followed by the application of settlements through an idealized compression-only
support model. This element simulates a support that can transfer compressive forces while losing contact under tension,
thus allowing settlement to develop without artificially constraining uplift conditions. Moreover, the residual configuration
refers to the permanent deformed state of the structure at the end of the seismic action, including accumulated inelastic
deformations and damage. The results show that seismic damage significantly affects the initial stiffness and load
redistribution capacity during settlement, leading to increased settlement demands for a given load level. However, the
ultimate settlement capacity remains largely unchanged when the collapse mechanism is not modified. For higher
seismic intensities, a reduction in ultimate settlement capacity is observed, depending on the damage distribution and
structural configuration. The comparison between dynamic and simplified static procedures demonstrates that the latter
can capture the main features of the response with acceptable accuracy, providing a computationally efficient tool for

preliminary assessments and parametric studies.

Keywords: Settlements, earthquake, time-history analysis, pushover analysis, RC frames, F.E. model.

1. INTRODUCTION

Soil liquefaction happens when the soil suddenly
and temporarily loses much of its strength and stiffness,
and it is one of the most serious effects of earthquakes
[1-3]. Damage to buildings with shallow foundations
due to post-liquefaction settlements comes from both
the earthquake shaking and the liquefaction itself.
During  strong  earthquakes, large  inelastic
deformations can occur and cause permanent
displacements. These permanent damages can
significantly affect how buildings respond to
settlements [4]. Therefore, it is essential to assess
seismic damage and post-earthquake settlements
together to obtain realistic estimates of vulnerability for

reinforced concrete (RC) structures in
liquefaction-prone areas.
The literature includes many studies on

soil-structure interaction [5-7] and on how foundation
settlements affect the vulnerability of RC structures. In
particular, although predicting building damage from
differential settlements is difficult, there are empirical
methods [8], approaches based on structural
engineering principles ([9,10]) and numerical modelling
methods [11-14]. For numerical methods, finite
element analyses are usually done in two ways:
uncoupled analyses, where the soil and the structure
are studied separately, and the soil settlement profile is
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imposed on the structure as a load; coupled analyses,
where soil-structure interaction is modelled explicitly.

In this coupled assessment process, a main
uncertainty is the combined effect of ground shaking
and liquefaction. During strong earthquakes, structures
can suffer large inelastic deformations that lead to
permanent residual displacements. Although seismic
performance is often measured by peak deformation
demand, large permanent lateral deformations at the
end of the earthquake (i.e., residual displacements)
may have a crucial role when evaluating how a building
will respond in later events.

Estimating seismic residual displacements is
challenging because they usually show greater
variability between records than peak inelastic
displacements ([15,16]). Many studies specifically
address the evaluation of residual displacements after
earthquakes. For example, in [17] it was shown that the
ratio between post-yield and initial stiffness largely
controls the amplitude of residual drifts by proposing
formulas useful for a fast estimation of residual
displacements of RC frames after earthquakes.
Extensions to multi-degree-of-freedom frames were
also carried out by confirming that residual drifts
depend on how damage is distributed and how
stiffness degrades [18,19].

Despite these advances, recent studies have further
emphasized the importance of accounting for the
interaction between liquefaction-induced ground
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deformations and structural response within a
consistent framework. In particular, recent
contributions have investigated the response of
structures subjected to liquefaction-induced

settlements and ground deformations, highlighting the
role of soil-structure interaction and foundation
compliance in modifying both seismic demand and
post-earthquake performance [20-23].

At the same time, advances in performance-based
earthquake engineering have improved the
understanding and prediction of residual displacements
and damage states in reinforced concrete (RC) frames,
including simplified approaches capable of estimating
post-seismic residual configurations with reduced
computational effort [24—26].

However, despite these developments, existing
approaches generally treat seismic damage and
settlement effects either independently or through
computationally demanding fully coupled models,
without explicitly linking the residual structural
configuration induced by earthquakes to the
subsequent settlement response within a unified and
efficient analysis framework.

The proposed framework is intended to provide a
computationally efficient yet physically consistent tool
for evaluating how damage accumulated during
seismic events influences the subsequent settlement
response, with particular focus on stiffness degradation,
load redistribution mechanisms, and ultimate
settlement capacity.

Starting from a two-story reference frame in both
Weak-Beam (WB) and Strong-Beam (SB) schemes
and three levels of vertical load, the method first
estimates the residual configuration after the seismic
action. Then it applies post-seismic settlements via a
uniaxial spring model representing the soil's loss of
stiffness under compression-only behaviour. The
approach is improved by simplifying the evaluation of
seismic residual displacements: instead of time history
analyses, it introduces a recent method based on
nonlinear static analyses proposed by the Authors.

The results show the role of different key
parameters in the interaction between damage
accumulated during the earthquake and the
subsequent settlements. Moreover they underline the
reliability of the simplified procedure based on static
analyses.

To better clarify the positioning of the present study
with respect to existing contributions, it is worth
emphasizing that the proposed framework does not
aim to reproduce the full complexity of soil-structure

interaction phenomena through advanced geotechnical
modelling. Instead, the objective is to develop a
simplified and computationally efficient structural
analysis procedure capable of capturing the interaction
between residual seismic damage and subsequent
settlements in a consistent and physically interpretable
manner.

Within this context, the novelty of the study lies in
three main aspects. First, a sequential analysis
workflow is defined, in which the structural state
resulting from vertical loading and seismic action is
explicitly transferred to a subsequent settlement phase,
allowing the role of residual damage to be directly
quantified. Second, the soil is represented through an
idealized compression-only uniaxial spring, not
intended to model the full soil response, but to provide
a controlled and consistent way to impose settlements
while preserving equilibrium and compatibility within
the structural system. Third, the framework
incorporates a simplified nonlinear static-based
procedure for estimating the residual post-earthquake
configuration of the frame, enabling a direct
comparison with time-history analyses and significantly
reducing the computational effort.

In this sense, the proposed approach differs from
existing studies, which are typically focused either on
fully coupled soil-structure interaction models or on
independent assessments of seismic and settlement
effects, without explicitly linking the residual structural
configuration to the subsequent settlement response
within a unified framework.

In particular, while fully coupled soil-structure
interaction models aim at reproducing the detailed
constitutive behavior of the soil, they often involve high
computational cost and require advanced geotechnical
characterization. On the other hand, uncoupled
approaches typically neglect the influence of residual
seismic damage on the subsequent settlement
response, treating the two phenomena independently.

The proposed framework provides an intermediate
solution, in which the structural response is analyzed
through a sequential procedure that explicitly accounts
for the residual state induced by seismic loading, while
maintaining a simplified and computationally efficient
representation of soil compliance.

2. MATERIALS AND METHODS

The approach proposed in this study aims to
investigate the combined effects of seismic actions and
subsequent settlements, replicating typical conditions
associated with soil liquefaction phenomena. To this
end, a simplified two-story reinforced concrete (RC)
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frame was selected as a reference structure. Two
different structural configurations were considered to
evaluate how specific design choices influence the
settlement response following an earthquake.

The selection of a two-story, single-bay frame is
intentional and is aimed at providing a controlled
benchmark configuration in which the interaction
between seismic-induced damage and
post-earthquake settlements can be clearly isolated
and interpreted. In more complex structural systems,
additional mechanisms such as redundancy, load
redistribution among multiple vertical elements, and
spatial variability of response may obscure the
interpretation of the underlying phenomena. The
adopted simplified geometry therefore allows focusing
on the fundamental mechanics governing the
sequential response, while limiting the influence of
higher-order effects.

The first configuration adopts a weak beam—strong
column mechanism (WB), wherein beams are
designed to yield before columns in case of seismic
actions, following capacity design principles for ductile
seismic response. The second configuration features a
strong beam-weak column mechanism, in which
columns yield prior to beams, representing a less
desirable but still observed scenario in existing
structures. These two schemes reflect contrasting
behaviors toward seismic actions in terms of seismic
strength, ductility, and expected damage accumulation
at the end of the earthquake.

For both configurations, three different levels of
vertical loading, comprising dead and live loads, were
applied to explore the influence of axial force in the
columns on the response of frame toward
post-earthquake settlements.

The overall analysis workflow adopted in this study
is illustrated in Figure 1, which can be interpreted as a
flowchart of the proposed sequential procedure. The
framework is organized into three main phases, each
corresponding to a distinct structural state and loading
condition.

Indeed, the analysis procedure follows the three
sequential phases illustrated in Figure 1:

Vertical loading phase: the frame is analyzed
under gravity loads with fixed base conditions,
establishing the initial stress and deformation
state;

ii. Seismic phase: starting from the previous
state, a nonlinear dynamic (time-history)
analysis is performed under fixed base
conditions;

iii. Post-earthquake settlement phase: the
boundary conditions are modified by releasing
vertical constraints and introducing a
compression-only spring element, through
which settlements are imposed via a
prescribed vertical displacement.

- R

Phase 1 — Vertical loading

Frame geometry & materials Apply gravity loads Initial stress/deformation state
Input: sections, reinforcement, loads Fixed-base boundary condition

Phase 2 — Seismic action
Path A — Reference ®

Path B — Simplified

! Cyclic pushover
Scaled accelerograms I

apacity curve extraction

Equivalent SDF Residual Target disp. pushover,
Nonlinear static to At

conversion displacement
Billinear idealisation IEmpiH(al estimation)

4’[ Residual post-earthquake

=)

Phase 3 — Post-earthquake settlement

!

Release vertical DOF, insert comp.only spring

Modify boundary conditions Incremental vertical displacement
[ Nonlinear static analysis on spring Extract results

Initial stiffness degradation - Plateau force

Comparison of structural response
Ultimate settlement capacity

Legend (left to right, top to bottom):

(O Phase 1 — Vertical loading () Path A— NLTHA (reference) () Path B — Simplified
(O Phase 3 — Post-earthquake settlement response @ Convergence Point

Figure 1: Schematization of the subsequent phases of analysis: load conditions and boundary constraints of frame.
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The adopted spring element is not intended to
reproduce the full constitutive behavior of the soil,
particularly under liquefaction conditions. Instead, it
represents an idealized and concentrated formulation
of vertical support compliance, introduced to simulate
the effects of imposed settlements within a sequential
structural analysis framework. In this context, the
spring is used as a simplified mechanical device that
allows transferring a prescribed vertical displacement
to the structure while maintaining equilibrium and
compatibility  conditions. The compression-only
behavior reflects the physical condition of soil, which
can sustain compressive stresses but cannot transmit
tensile forces once detachment occurs. This modelling
choice is consistent with the objective of the present
study, which is not to simulate the generation of
settlements from soil constitutive laws, but rather to
investigate the structural response of RC frames
subjected to post-seismic settlements, explicitly
accounting for the residual damage accumulated
during the earthquake phase. However, this simplified
representation introduces several limitations that must
be acknowledged. The model does not account for the
nonlinear and cyclic degradation of soil stiffness, nor
for the evolution of excess pore pressure during
liquefaction. Furthermore, the interaction between
vertical and horizontal soil response is neglected, as
well as possible foundation rotation, uplift, or spatial
variability of settlements. The soil is therefore
represented as a local vertical compliance without any
distributed or continuum description. As a
consequence, the proposed approach should be
interpreted as a structural assessment tool aimed at
capturing the interaction between residual seismic
damage and imposed settlements in a consistent and
computationally efficient manner, rather than as a
detailed soil-structure interaction model.

The numerical simulations were carried out using
the software OpenSees [27]. To ensure continuity
between the sequential phases (vertical loading -
seismic response - post-earthquake settlement), a
custom script was developed in MATLAB [28]. This
script allows tracking the structural state at the end of
each phase and updates the boundary and load
conditions accordingly for the next stage of analysis.

The analysis of results focuses both on local
damage, evaluated in terms of level of curvature at
cross-sections and on global settlement response,
expressed through force—settlement curves. These
curves represent the relationship between the vertical
load transferred to the soil and the imposed settlement,
providing a global measure of the structural response
under foundation displacement.

In the following, the force—settlement response is
described in terms of the axial force transmitted to the

soil, denoted as N, and the imposed vertical
displacement, denoted as & . For normalization
purposes, the axial force is expressed with respect to
the initial value under vertical loading, N,,.

Here, the “force” corresponds to the vertical
reaction transmitted to the soil (i.e., the axial force in
the column adjacent to the spring), and the “settlement”
is the imposed vertical displacement at the free end of
the spring (i.e., the node connected to the column by
the spring). These curves reveal two distinct behavioral
phases: an initial phase where internal forces are
redistributed among frame members, followed by the
formation of a mechanism where the frame continues
to deform under increasing settlement without
significant change in transmitted force. Both phases
eventually halt with structural collapse, marked by the
attainment of ultimate curvature in beams or columns.

The present study is part of a broader research
activity conducted by the authors on the vulnerability
assessment of existing structures to seismic-induced
phenomena, such as soil liquefaction. Within this
framework, the authors have previously proposed
efficient simplified procedures for estimating the
residual state of low-rise RC frames by employing
nonlinear static analyses instead of computationally
demanding time-history simulations. Then, in
continuation with the previous study, the modeling
approach developed in the present work for simulating
the post-earthquake settlement response is also
employed to validate a hybrid procedure, in which the
residual state of the frame at the end of the earthquake
is estimated through the simplified method proposed in
[29], and the subsequent response to settlements is
analyzed using the modeling approach presented
herein. This validation aims to assess the accuracy and
applicability of the combined method, which
significantly reduces computational effort while
preserving the ability to capture key aspects of
structural behavior under coupled seismic and
post-seismic actions.

3. CASE STUDIES

The case studies selected to validate the proposed
approach consist of a simple two-story, one-bay
reinforced concrete frame, as illustrated in Figure 2.
Two structural configurations have been considered.
The first configuration, referred to as the Weak Beam
(WB) scheme, features beams and columns with
identical cross-sectional dimensions and reinforcement
details, consistent with the one-story frame analyzed in
[4,30]. Specifically, both beams and columns have
square cross-sections measuring 350 x 350 mm. The
columns are reinforced with 8 longitudinal steel bars of
22 mm diameter, while the beams are reinforced with 4



A Simplified Numerical Framework for Evaluating Post-Earthquake

Journal of Intelligent Geotechnical Engineering and Foundations, 2026, Vol. 2 5

bars of 14 mm diameter, placed symmetrically at the
top and bottom of the section (see Figure 2). This
configuration leads to a flexural capacity of the beams
lower than that of the columns converging at the same
joint, thus promoting a weak beam-strong column
seismic mechanism.

The second configuration, referred to as the Strong
Beam (SB) scheme, differs from the WB configuration
only in the design of the beams. To achieve
beam-column joints where the beams are stronger than
the columns, the height of the beam cross-section is
increased to 700 mm, and the longitudinal
reinforcement is increased to 4 bars of 22 mm diameter,
placed at the top and bottom of the section.

For both schemes, three different levels of vertical
load (including dead and live loads) have been
considered, assuming the same value at each story.
The first load level leads to a total vertical force at the
base equal to 40 kN and corresponds to the reference
configurations WB and SB. The second load level
corresponds to a total vertical force at the base equal to
20 kN, and the related configurations are denoted as
WB-Nhalf and SB-Nhalf. The third load level produces
a total vertical force at the base equal to 80 kN, with the
respective schemes referred to as WB-Ntwice and
SB-Ntwice.

In all configurations, concrete with strength class
C28/35 and reinforcing steel grade B450C have been
adopted.

Furthermore, the same value of lumped mass,
equal to 41.76 Ns?mm has been assumed for all
models.

4. MODELING APPROACH AND PERFORMED
ANALYSES

Numerical simulations were carried out using the
OpenSees software [27], employing the same finite

_____________________
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Figure 2: Reference RC-frame cases.
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element modeling framework and material constitutive
relationships previously assumed in [4] for the analysis
of a single-story frame. That prior study validated the
adopted modeling strategy and parameter choices
through comparison with experimental data.

This aspect is particularly relevant in the present
study, as the reliability of the sequential analysis
framework depends on the accuracy of the adopted
structural model in capturing nonlinear response,
damage accumulation, and stiffness degradation.
Therefore, the previously validated modelling strategy
is here adopted as a consistent and reliable basis for
the subsequent analyses, ensuring that the observed
response trends are not influenced by modelling
inconsistencies but rather reflect the effects of the
imposed loading sequence and boundary condition
variations.

The adopted finite element model follows a
distributed  plasticity formulation, wherein the
cross-sections of beam and column elements are
subdivided into fibers, each associated with a nonlinear
material response based on its respective constituent
material. The cross-section is divided into a confined
concrete core, an unconfined cover region, and
discrete longitudinal reinforcement bars. Although the
same type of constitutive law is assigned to both the
core and cover concrete, different strength and strain
limits are used to capture the effects of confinement
within the core region.

The concrete behavior is described using the
uniaxial Concrete04 material model from the
OpenSees library, which is derived from the
formulation proposed by [31]. This model incorporates
tensile strength, stiffness degradation, and post-peak
softening. The reinforcing steel is modeled using
Steel02, also from the OpenSees library, which
features a Dbilinear stress—strain response with
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Table 1: Parameters of the Uniaxial Material Model Concrete04 Selected for Concrete Material and the Uniaxial
Material Model Steel02 Selected for Steel Material of Reinforcement

fc[MPa] € Ecu E. [MPa] foe [MPa] €t B
beam - cover -37.05 -0.002 -0.0035 32588 1.98 0.00004 0.1
column - cover -37.05 -0.002 -0.0035 32588 1.98 0.00004 0.1
beam - core -39.17 -0.0023 -0.0181 32989 2.08 0.00004 0.1
column - core -38.59 -0.0022 -0.0141 32989 2.05 0.00004 0.1
f.: compressive strength
gc: strain at the maximum strength
gqu: Strain at crashing strength
E.: initial stiffness
fo: maximum tensile strength
eqt: ultimate tensile strain
B: parameter defining residual stress
f, [MPa] E, [MPa] b R, Cri Cr2
beam — columns bars 521 210000 0.03 18 0.925 0.15

f,: yield strength

Eo: initial elastic tangent

b: strain hardening

Ro; Cri; Cre: parameters controlling the transition from elastic to plastic branches (here set equal to the average of recommended values)

kinematic and isotropic hardening. A perfect bond
between reinforcement and concrete is assumed,
thereby neglecting possible slip effects. The specific
parameters adopted for both material models are listed
in Table 1. These were derived from mechanical
characterization tests reported in [32], and further
supplemented by national code provisions.

Additional details can be found in [33] and [4],
where similar modeling approaches were adopted. As
for the structural discretization, beam and column
elements were represented using force-based frame
elements (ForceBeamColumn) with Gauss-Lobatto
integration, as implemented in OpenSees. Each
member was modeled using two elements, with two
integration points for the columns and three for the
beams. As noted in [33], this choice reflects a trade-off
between numerical efficiency and the ability to capture
the experimental behavior observed in the tests
conducted by [32].

Regarding the numerical analyses, a preliminary set
of simulations was carried out to evaluate the response
of the considered case studies to seismic actions and,
separately, to settlement effects.

In particular, for the seismic actions, pushover
analyses were performed on a frame model with fixed
base, applying horizontal forces distributed along the
height proportionally to the shape of the first vibration
mode. The modal analysis of the frame in the two
configurations, WB and SB, resulted in a first vibration

period of 0.51 s and 0.43 s, respectively, and in a ratio
between the second and first components of the first
mode shape equal to 2.065 and 1.716, respectively.

The settlement effects, on the other hand, were
investigated by applying vertical loads only and, sub-
sequently, imposing a progressively increasing vertical
displacement at the free end of the spring element.

In both cases, the analyses were stopped when the
ultimate curvature was reached in a beam or column
section.

Regarding the adopted values of the ultimate
curvature, it is estimated in this work using simplified
expressions that combine the ultimate compressive
strain of concrete with the ultimate tensile strain of
reinforcing steel. For both beams and columns, the
following general expression is adopted:

EcutéEsy
by == eq (1)
where:

gqu is the ultimate strain of concrete (typically assumed
as 0.018 for confined concrete);

esy IS the ultimate tensile strain of reinforcing steel
(often taken as 0.04 for ductile steel);

h is the overall section height;

c is the concrete cover to the reinforcement.
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Egn. 1 assumes a linear distribution of strains
across the section at ultimate conditions and that
failure occurs due to the simultaneous attainment of the
ultimate strains in concrete and steel at opposite
extreme fibers. The approach is consistent with the
idealized strain profiles used in performance-based
design and in displacement-based assessment
methods, as outlined in [34].

After these preliminary analyses, the combined
effects of seismic action and settlement were studied
using the procedure proposed in this work. As shown in
the scheme in Figure 1, the first phase consisted of
analyzing the frame with fixed base under vertical loads
only. In the second phase, starting from the deformed
state obtained at the end of the first step and still
assuming fixed base conditions, a nonlinear dynamic
(time-history) analysis was performed using one of the
seven selected spectrum-compatible accelerograms. In
the final phase, the vertical restraints at the base of the
columns and at the end of the spring were removed,
and a vertical displacement was applied to the spring’s
end node. This displacement was gradually increased
while performing a nonlinear static analysis. The
procedure was repeated for all the accounted
accelerograms.

The accelerograms used for the dynamic analyses
are the same accounted in [4].

In particular, a set of seven spectrum-compatible
accelerograms was adopted, selected to match the
target elastic response spectrum corresponding to a
return period of 2475 years for the reference site
conditions. The selection was carried out using the
REXEL software [35] considering the following
parameters: site location in Mirandola, Italy (LON: 11.1
— LAT: 44.9); equivalent damping ratio of 5%; return
period of 2475 years; and EC8 Site Class C (Figure 3),
and ensuring compatibility in terms of spectral shape
within the period range relevant for the fundamental
modes of the considered structures. The adopted
records are not intended to represent a statistically
exhaustive sample of ground motions, but rather a
consistent set of spectrum-compatible accelerograms
suitable for comparative analysis. In this context, the
number of records is aligned with common practice in
nonlinear dynamic analyses, where a limited but
representative set is used to capture record-to-record
variability while maintaining computational efficiency.
Record-to-record variability is explicitly considered in
the interpretation of results. In particular, the response
of the structure is evaluated for each individual
accelerogram, and the corresponding dispersion is
illustrated in the presented figures through the set of
curves associated with different records. In addition,
average response trends are used as reference

quantities, especially for comparison with the simplified
static-based procedure. For parametric analyses,
additional scaling of the selected records is performed
by modifying the peak ground acceleration (PGA), in a
manner consistent with incremental dynamic analysis
approaches. This allows exploring different levels of
seismic intensity and corresponding damage states,
while preserving the spectral characteristics of the
original records. It is worth noting that the adopted
approach focuses on the structural consequences of
seismic damage rather than on a probabilistic seismic
assessment. Therefore, the selected ground motion set
is used to generate physically consistent damage
scenarios, rather than to derive statistically robust
demand estimates.

Combination no. 1, SF =3.0005

mean

; : ; ;
: 000170xa EQ: 81, SF: 4.7427 H
i ———000600ya EQ: 286, SF: 3.2759
ol ———001726ya EQ: 561, SF: 1.2892 ||
1
1
I

000333xa EQ: 157, SF: 1.5106
——001708ya EQ: 474, SF: 3.4291 ||

000151ya EQ: 65, SF: 3.8572
——000335ya EQ: 158, SF: 2.8987
Target spectrum I
AP Lower Tolerance
] e Upper Tolerance
\ — Average spectrum
= === Range of periods

Sa(T) (9]

0.5 LY
I

0.6 [t

04

02

Figure 3: Spectra of the accounted accelerograms (thin
lines); average spectrum of selected accelerogram (thick
line); target spectrum from the code (thin continuous black
line).

In the final part of the paper, is presented a set of
simulations carried out by integrating in the phases of
analysis the simplified procedure proposed by [4],
specifically employed for evaluating the residual
damage of reinforced concrete frames after an
earthquake through a set of nonlinear static analyses
rather than a more computationally demanding
time-history analysis. Further details on this approach
are provided in the second part of the paper.

5. RESULTS

The results obtained from the analyses are
presented below, both in terms of local behavior, by
examining the forces and deformations in the beam
and column sections marked in Figure 4, and in terms
of global response. For the pushover analyses, the
typical Base Shear vs. Top Displacement curves are
shown, while in the case of settlements, the results are
presented as curves that relate the force transmitted
from the structure to the soil with the corresponding
imposed settlement.
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Figure 4: Scheme of the frame with marked sections.

5.1. Post-Earthquake
Response

Effects on Settlement

5.1.1. Seismic Response (Pushover Analyses)

The results of the pushover analyses are shown in
Figure 5 as Base Shear vs. Top Displacement curves.
These curves clearly highlight the different behavior
between the frame with weak beams and the one with
strong beams. In particular, this difference is especially
evident in terms of peak load, while the ultimate
displacement corresponding to the attainment of the
ultimate curvature is almost the same in both cases.
The influence of the axial force level in the columns on
the overall response appears to be limited. It is almost
negligible in the WB case, while it becomes more
noticeable in the SB case.
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Figure 5: Capacity curves derived from pushover analysis.

The analysis of the local behavior at the ends of
beams and columns (Figure 6 to Figure 11) shows that,
in the WB configuration, the yield curvature is reached
at both ends of the beams on the first and second
stories, and also at the base of the first-story columns.
The ultimate curvature is reached in the first-story
beam. This behavior remains the same regardless of
the axial force level in the columns.

In contrast, in the SB configuration, the yield
curvature is reached at the ends of both columns on

the first story, leading to a typical soft-story mechanism.
The beams, on the other hand, remain in the elastic
range, and the ultimate curvature is reached in the
columns.

These results represent a preliminary evaluation
useful for understanding the seismic behavior of the
considered frame configurations in the absence of
settlement effects.

5.1.2. Settlement-Only Response

Regarding the response of the frames to settlement
only, the results in terms of global response are shown
in Figure 12. The curves represent the axial force in the
spring placed between the two nodes at the base of the
column, one at the column’s end and the other at the
spring’s end where the settlement is applied. This force,
called Force, is normalized with respect to the axial
force in the first-story column when no settlement is
applied (Nv), i.e. the axial force of the base column in
the phase of application of vertical loads only, and it is
plotted against the applied settlement (Settlement).
According to the model used in this study, the axial
force in the spring is equal to the axial force in the
column (in case of compression), which represents the
force that the structure transfers to the soil. In the first
part of the response, the curves show an almost linear
decrease in the load transferred to the soil. This is due
to shear forces in the beams, which redistribute the
axial loads to other parts of the structure in the elastic
stage. When a mechanism forms due to the yielding of
beam or column sections, the load transferred to the
soil cannot decrease further, and the curve reaches a
sort of plateau. The plateau corresponds to the stage in
which a collapse mechanism has formed and further
settlement occurs with limited variation of the
transmitted force.

Figure 12a compares the behavior of the two
configurations, WB and SB, under the same level of
vertical loading (i.e., the same initial axial force in the
columns before applying the settlement). The two
schemes show a similar trend, both in the first stage,
where the axial force in the spring decreases with
increasing settlement, and in the point where the
maximum reduction of force is reached, corresponding
to the formation of a collapse mechanism in the frame.

For the WB configuration, the analysis of the
moment-curvature diagrams of the beam and column
end sections (Figure 13) shows a final mechanism
characterized by the yielding of both ends of the
first-story beam and the yielding of the base sections of
both first-story columns. The shear forces in the
first-story beam increase until the yield moment is
reached, while in the second-story beam the shear
increases until the base of the first-story columns yields



A Simplified Numerical Framework for Evaluating Post-Earthquake Journal of Intelligent Geotechnical Engineering and Foundations, 2026, Vol. 2 9

—~ 200 E 150
g 5 e
4 s < 100 -
= 100 =
[~ S 50
2 0 @
z —sect.A 2 0 ——sect. A
Z -100 —sect.C S —sect.C
l‘j - ~——sect.E 2 50 —sectE
g = =sect.B = - =sect.B
£ -200 - =sect.D 3 -100 o - =sectD
g — -sect.F g - == = T — =sect.F
300 £ -150
3 0 5 4 2 0 9 4
curvature-first story (-) x 107 curvature-second story (-} 10
Figure 6: Pushover analysis: sections behavior for WB scheme with fixed base.
e 200 E 150
' am——
Z il £ 100 v
= 100 = '/
[ 3 50 .
2 0 7 ‘l/
; ——sect.A 'g 0 ——sect.A
= —sect.C 3 / ——sect.C
LE 100 - ~—sect.E 2 .50 // wsect.E
c 1
o - =sect.B =] - =sect.B
g -200 = =sect.D E-IOO oy - =sect.D
g = =sect.F b 2 = =sect.F
2300 £-150
- 0 5 -t -2 0 2 4
curvature-first story (-) x 107 curvature-second story (- 10
Figure 7: Pushover analysis: sections behavior for WB-Nhalf scheme with fixed base.
—~ 200 B 150
E i E '] /__,/"‘_—
g - < 100 ,//
2 0 E‘ 50 o F
8 v 1 PR
2z —sect.A 2 0 —sect. A
4 = —sect.C 8 / —sect.C
{E -200 ~sect.E 2 50 / ~——sect.E
g = =sect.B *é 1/ = =sect.B
g = mgect.D 9 -100 —F = =sect.D
g = =sect.F § - ~ =sect.F
-400 £ -150
-5 0 5 -4 -2 0 2 4
curvature-first story (=) x 107 curvature-second story (-x 107>
Figure 8: Pushover analysis: sections behavior for WB-Ntwice scheme with fixed base.
—~ 500 E 200 .
= e P
= 7. '/’
Z =z
X o =
z 3
8 o
: 0 seetA| - =2 0 1L A
’é —scct.C S —cel,C
O I g el QL gL
5 — =sect.B =-100} = =seet.B
£ : = =sect.D 2 = =secl.D
S | — =sectl’ = - =sect.l”
~-500 £-200
-1 0 1 -1 -0.5 0 0.5 | 1.5
curvature-first story (=) x (o™ curvature-second story (-x 10~

Figure 9: Pushover analysis: sections behavior for SB scheme with fixed base.



10 Journal of Intelligent Geotechnical Engineering and Foundations, 2026, Vol. 2

Grande et al.

—. 500 !
Z
< -
z v-
= ’
; 0 r —scct.A
= —s¢et.C
Iy sect.l
5 - =sect.3
£ = =sect.D
o . .
s sect, I’
~-500* : 4
-5 0 5

curvature-first story (=) x 10~

= 200 »

4
% e
o 100 P ¢
= ’

’
2 0 4 m—SeclA
S e, C
Q seet.lX
= -100 - =scel.B
o = =sect.D
z sect.I”
£-200¢ A : : : .
-1 -0.5 0 0.5 I 1.5

curvature-second story (-} 10973

Figure 10: Pushover analysis: sections behavior for SB-Nhalf scheme with fixed base.

(kNm)
+

g
—

o
[
S
A\
I\

4 m— oA

0
=—sect.C
2200 sect.lt|]
- =seet.3

-400 = =sect.D|

sect. I

moment-first story

-600 - - - -
-4 -2 0 2

curvature-first story (-) x|

N L

‘= 300
Z
=< 2001 z

-
o &
2 100 - s
2 0 4 50 A |
S e 5001 C
2-100 sect.l |
= - =sect.B
L -200+ = =scet.Dl
= sect. I
£ -300 - A =

-1 -0.5 0 0.5 I 1.5
curvature-second story (-} 10~

Figure 11: Pushover analysis: sections behavior for SB-Ntwice scheme with fixed base.

1.00 —SB
- ~ SBNhalf
0.90 wnnes SB-Ntwice
z 0% 2 . :
80 8070 N 8070 s
K . B we K \ settlement only
0.60 - 060 = -WBNhaf N _ 060 S
-8 WB-Ntwice S Al N
050 050 050
00 1000 2000 3000 4000 5000 00 1000 3000 4000 5000 00 1000 2000 3000 4000 5000
Settlement [mm)] Settlement [mm] Settlement [mm]
a) b) c)
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(Figure 13). From simple equilibrium considerations, it
can be assessed that the axial force in the spring at the
plateau corresponds almost to the axial force in the
case without settlement, minus the shear force in the
right end section of the beams at the settlement
corresponding to the plateau.

In the SB configuration, the beams remain elastic
while both ends of the first-story columns yield. In this
case, it was observed that the shear force in the
first-story beam was approximately equal to the shear
developed in the WB scheme (Figure 14). As a result,
the axial force in the spring at the plateau is similar to
that observed in the WB case.

As expected, varying the vertical loads (and thus
the initial axial force in the columns) causes a

proportional change in both the initial slope and the
plateau of the curves, since the final collapse
mechanism remains unchanged (see Figure 12b, 12c¢).

The observations from this first set of analyses
provide a basis for analyzing the post-earthquake
effects on settlement response of RC frames.

The results discussed above provide a reference
baseline for interpreting the influence of seismic-
induced damage on the subsequent settlement
response.

5.2. Combined Seismic and Post-Earthquake
Settlement Response

The following results illustrate the structural
response when the effects of seismic damage and
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subsequent settlements are considered in a sequential
and coupled manner.

The effects of post-earthquake damage on the
settlement response are analyzed by following the
sequence of analysis phases shown in Figure 1.

The corresponding results are illustrated in Figure
15, again in the form of curves representing the axial
force in the spring element located between the two
nodes at the base of the column, one at the column’s
end, and the other at the spring’s end where the
settlement is applied. Each graph shows both the
reference curve (thick black line), obtained by
considering settlement only, and the curves obtained
by including the effects of the earthquake (thin grey
lines).

From the plots, it is clear that in all analyzed cases,
the influence of earthquake-induced damage is
particularly visible in the initial part of the curve, where
the frame can still redistribute internal forces as
settlement increases. On the other hand, the final
response, namely the reduction in force and the
settlement value at which the ultimate section
curvature is reached, is not significantly influenced by
the earthquake. This is because the collapse
mechanism remains essentially the same of the case
with settlement only.

However, for the same force transferred to the
ground, the earthquake-damaged frame shows a larger
settlement. In other words, after experiencing seismic
damage, the frame tends to transfer higher axial forces
to the ground as the imposed settlement increases. As
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Figure 15: Force-Settlement curves: settlement only (thick black line), earthquake and settlement (thin grey lines).

a result, the damaged frame reaches the plateau of the
curve at slightly lower force values, which highlights the
reduction in vertical load-bearing capacity due to the
previous seismic event.

Despite this, the results do not show a significant
difference in the final settlement values, that is, the
settlement at which the ultimate curvature is reached in
beams or columns does not change substantially.

It is clear that the results strongly depend on the
level of residual damage in the reinforced concrete
(RC) frames caused by the earthquake.

Figure 16 shows the same set of force—settlement
curves already presented in Figure 15, but obtained by
scaling the input accelerograms by a factor of two in
order to simulate stronger seismic events and
consequently higher levels of structural damage. As in
the previous figure, each sub-plot displays both the
reference response due to settlement only (thick black

line) and the responses accounting for the combined
effects of earthquake and settlement (thin grey lines).

Compared to the unscaled case, the results clearly
highlight the intensification of the effects of
earthquake-induced damage. In particular, two distinct
consequences can be observed. First, during the initial
phase of settlement, the redistribution of internal forces
becomes more sensitive to the altered stiffness and
damage conditions of the frame, leading to a more
scattered behavior among the grey curves. Second,
and more importantly, a noticeable shift is observed in
the final branch of the curves, with some configurations
showing a reduction in the ultimate load-bearing
capacity and an earlier attainment of the collapse
mechanism, i.e., the ultimate curvature in critical
sections.

This evidence confirms that higher levels of residual
damage due to stronger seismic inputs significantly
affect both the redistribution capacity of the structure
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Figure 16: Force—settlement curves obtained from accelerograms scaled by a factor of two: settlement only (thick black line),

earthquake and settlement (thin grey lines).
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and its residual strength during the settlement phase.
The ultimate settlement is governed by whether the
seismic damage alters the failure mechanism activated
by settlement, or whether it leads to an earlier
attainment of the ultimate curvature due to the prior
degradation of structural capacity. Therefore, the key
factor is not just the settlement level itself, but the
interaction between the accumulated seismic damage
and the collapse mode triggered during the
post-earthquake settlement.

From an engineering perspective, the obtained
results highlight that the effect of post-earthquake
damage on settlement response is not uniform across
the different phases of structural behavior.

In the initial stage of settlement, the response is
strongly governed by the residual stiffness and by the
ability of the frame to redistribute internal forces.
Seismic damage, by reducing stiffness and altering the
distribution of plastic hinges, limits this redistribution
capacity, leading to a steeper degradation of the
force—settlement response. This effect is particularly
relevant for serviceability and early damage conditions,
where even moderate settlements may induce higher

On the other hand, the ultimate settlement capacity
is primarily controlled by the collapse mechanism
activated in the structure. When the seismic damage
does not significantly modify this mechanism, the
ultimate settlement remains almost unchanged.
Conversely, when the damage alters the hierarchy of
resisting elements or leads to premature attainment of
ultimate curvature in critical sections, a reduction in
settlement capacity is observed. This explains the
different trends obtained for increasing PGA levels and
for different structural configurations.

The comparison between WB and SB schemes
further highlights the role of structural design in
controlling post-earthquake settlement response.
Frames designed according to capacity design
principles (WB) tend to accumulate damage in beams,
which may lead to a more distributed degradation of
stiffness and a higher sensitivity to settlement in the
early stages. In contrast, SB configurations,
characterized by column-dominated mechanisms,
show a more localized damage pattern, which affects
the global response differently.

From a practical standpoint, these findings indicate

stress concentrations in already damaged members. that neglecting the residual damage induced by
seismic actions may lead to non-conservative
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assessments of structural performance under
post-earthquake settlements, particularly in terms of
stiffness degradation and load redistribution capacity.
Therefore, simplified assessment procedures that
explicitly account for the residual structural state, such
as the one proposed in this study, may provide a
valuable tool for preliminary evaluations, large-scale
assessments, and parametric analyses.

These findings are consistent with previous studies
highlighting the importance of residual seismic
displacements in structural response (e.g., [17-19]),
while extending their application to the analysis of
post-earthquake settlement effects. Unlike most
existing approaches, which either consider settlements
independently or rely on fully coupled soil-structure
interaction models, the present study provides a
simplified framework in which the residual structural
configuration is directly incorporated into the settlement
analysis.

To further investigate this aspect, additional
analyses were carried out using the same set of
spectrum-compatible accelerograms, but scaling the
peak ground acceleration (PGA), like the common
Incremental Dynamic Analyses performed in case of
seismic analysis.

The results are shown in Figure 17, where the
relationship between PGA (ranging from 0, meaning no
seismic action, up to 1.05g) and the ultimate settlement
after the earthquake, D,y post—seism, IS reported. The
ultimate settlement after the earthquake is normalized
with respect to the value obtained in the absence of
seismic action, D,,,.

The grey curves represent the results for each of
the seven accelerograms, while the thick black curve is
the average trend. In some cases, the curves stop
before reaching the accounted PGA value because the

residual damage in the structural members due to
seismic action was higher than the ultimate value of
section curvature here considered.

The results highlight a clear trend of decreasing
ultimate settlement capacity with increasing PGA. This
reduction is influenced by both the structural
configuration and the axial load level in the columns.
Specifically, the Weak Beam (WB) configuration
appears more sensitive to seismic damage than the
Strong Beam (SB) scheme. This difference is more
clearly visualized in Figure 18, which compares the
average normalized curves for all configurations. The
figure illustrates how higher axial loads and weaker
beam-column hierarchies worsen the loss of settlement
capacity following seismic events.

6. SIMPLIFIED NONLINEAR STATIC-BASED
EVALUATION OF POST-SEISMIC SETTLEMENT
RESPONSE

In a recent research study, the authors proposed a
simplified method for evaluating the residual
post-seismic response of low-rise RC frames [29]. This
method consists of a multi-phase procedure that uses
the monotonic seismic response of RC frames to
estimate the residual displacements after an
earthquake, avoiding the need for Time History
Analyses.

Specifically, the proposed method is developed
through a four-phase process that combines pushover
analysis with empirical relationships derived for
single-degree-of-freedom (SDF) systems (refer to the
preliminary steps for evaluating the residual deformed
shape with top displacement D,.s shown in Figure 19).
First, a pushover analysis with a loading and unloading
cycle is performed to determine the static residual
displacement at the top of the frame, Dgtatres- During the
loading cycle, the maximum expected displacement
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Figure 19: Combined procedure based on preliminary nonlinear static analyses for evaluating the residual post-earthquake

status of frame and the subsequent application of settlements.
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related to the design seismic action is attained. Then,
the unloading cycle is performed until obtaining a null
value of the base shear of the frame. The capacity
curve obtained during the loading cycle is transformed
into the one of the equivalent SDF system in order to
calculate the ratio between the initial (elastic) stiffness
and the final (post-elastic) stiffness (this ratio is called
r). Using this parameter, along with the static residual
top displacement obtained at the end of the unloading
cycle, the residual top displacement is estimated
directly by applying the empirical formulas proposed by
[17]. Based on the estimated residual top displacement
Des, a further loading/unloading pushover analysis (set
in order to obtain at the end of the unloading cycle just
the estimated value of the residual top displacement) is
performed to evaluate the residual interstory
displacements along the frame height and, then, the
residual damaged configuration of the frame.

The results presented in [29] showed a good
reliability of this approach in estimating the residual
post-earthquake damaged configuration of low-rise
RC-frames.

In the present study, this approach is used to
replace the phase dedicated to evaluating the
post-earthquake damage configuration of the structure.
In other words, it is used for the estimation of
post-seismic effects on the settlement response of RC
frames without carrying out time-history analyses.
According to the procedure shown in Figure 19, once
the residual post-earthquake damaged configuration of
frames is estimated using the static method proposed
by [4], the settlement is then applied using the
modeling strategy presented in this work, i.e. by
varying the boundary constraints and applying a
vertical displacement to the end joint of the spring.

The results are shown in Figure 20 for both the WB
and SB schemes, once again in the form of
force—settlement curves that represent the axial force
in the nonlinear spring element placed between the

bottom of the column and the point where the
settlement is imposed. These are the same types of
curves already discussed in Figure 15, allowing a direct
comparison of the results obtained with the two
different procedures. In each plot, the thin grey lines
correspond to the curves obtained by applying the
procedure described in Figure 1, which includes the
effect of seismic damage before the application of the
settlement by using time history analysis. The thick
black line shows the response of the system when only
the settlement is applied, without considering any prior
seismic action. The red dotted curve, labeled AV,
represents the results deduced by accounting for the
approach proposed in [4] where the average law
proposed by McRae was selected (for further details,
see the study by [4]).

In this context, the comparison between the results
obtained through nonlinear time-history analyses and
those derived from the simplified static-based
procedure can be interpreted as a benchmark-oriented
validation of the proposed framework. In particular, the
time-history analyses are assumed as a reference
solution, while the simplified approach is assessed in
terms of its ability to reproduce the main features of the
structural response under post-earthquake settlement
conditions.

The results of this comparison show that, for both
structural schemes, the curve deduced by introducing
the static approach is generally in good agreement with
the average trend of the curves obtained from
time-history analyses.

To provide a quantitative assessment of the
agreement between the two approaches, the
comparison is further evaluated in terms of normalized
error measures. In particular, the percentage difference
between the static-based prediction and the average
dynamic response is computed at selected points of
the force—settlement curves.
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Three key response parameters are considered: (i)
the initial slope of the curve, representing the stiffness
in the early stage of settlement; (ii) the plateau force,
corresponding to the load level associated with the
formation of the collapse mechanism; and (iii) the
ultimate settlement, defined as the displacement at
which the ultimate curvature is reached.

The results show that the simplified static-based
approach reproduces the initial stiffness with deviations
generally on the order of 5-12%. The plateau force is
captured with very good accuracy, with differences
typically within 2—3%. Slightly larger discrepancies are
observed in the intermediate settlement range,
particularly for the WB configuration, where the static
method tends to slightly overestimate the residual
capacity. However, the ultimate settlement is predicted
with good accuracy, with differences generally
remaining within approximately 2-5% of the values
obtained from time-history analyses.

These results confirm that, despite its simplified
nature, the proposed static-based procedure provides
a quantitatively reliable approximation of the average
structural response, especially with regard to the key
parameters governing the post-earthquake settlement
behavior.

In the WB configuration, the AV curve slightly
overestimates the residual capacity in the intermediate
settlement range but remains consistent with the
average behavior. In the SB configuration, the AV
curve aligns more closely with the central part of the
grey curve set, especially at larger settlements. This
confirms that the simplified approach here proposed
provides a reliable support for evaluating the effects of

combined seismic damage and subsequent
settlements.
7. CONCLUSIONS

The study presented a simplified coupled

soil-structure numerical procedure to evaluate the
influence of earthquake-induced damage on the
subsequent settlement response of RC frames in
liquefaction-prone scenarios. Considering a two-story,
one-bay RC frame as reference, two structural
schemes and three axial load levels were considered.
The two accounted structural schemes were finalized
to reproduce two different typical seismic responses of
RC frames toward seismic actions: the weak-beam/
strong-column mechanism and strong-beam/
weak-column mechanism. The three levels of axial
loads were imposed to explore how different gravity-
load ratios modify the post-seismic settlement capacity.

The results obtained from the numerical analyses
underlined that the implemented workflow in OpenSees,

combining vertical preloading, nonlinear dynamic
(time-history) analysis, and post-earthquake settlement
analysis via a uniaxial spring model, underlined the
influence of post-earthquake damages on the response
toward settlement response. The results obtained from
the numerical analyses clearly quantify the influence of
earthquake-induced damage on the subsequent
settlement response of RC frames. For the considered
seismic intensity level (PGA = 0.35g), the degradation
of the initial stiffness of the force—settlement response
is evident in all configurations, with reductions in
stiffness associated with residual damage and altered
redistribution capacity. In contrast, the ultimate
settlement capacity is only marginally affected when
the collapse mechanism remains unchanged.

A more pronounced effect is observed at higher
seismic intensities. Incremental dynamic analyses
show that increasing PGA leads to a progressive
reduction in ultimate settlement capacity, with
reductions that become significant for higher damage
levels and are more pronounced in the WB
configuration. This confirms that the impact of seismic
damage on settlement response is strongly dependent
on both the intensity of the seismic input and the
resulting damage distribution.

The comparison between nonlinear time-history
analyses and the simplified static-based procedure
shows that the latter is able to reproduce the main
features of the structural response with acceptable
accuracy. In particular, the simplified approach
estimates the initial stiffness with deviations on the
order of 10-15%, the plateau force with differences
typically below 10%, and the ultimate settlement within
approximately 5-10% of the values obtained from
dynamic analyses.

From an engineering perspective, these results
indicate that neglecting residual seismic damage may
lead to non-conservative assessments of structural
response under  post-earthquake  settlements,
especially in the initial stages where stiffness
degradation governs the behavior. At the same time,
the proposed simplified framework provides a
computationally efficient tool capable of capturing the
key mechanisms of the problem, making it suitable for
preliminary assessments, parametric studies, and
large-scale applications where full nonlinear dynamic
analyses would be impractical.

Incremental dynamic analyses revealed that in-
creasing PGA reduces the ultimate settlement capacity,
with more pronounced effects in the WB scheme.

This further underlines that seismic damage can
play a dual role particularly depending on whether it



A Simplified Numerical Framework for Evaluating Post-Earthquake

Journal of Intelligent Geotechnical Engineering and Foundations, 2026, Vol. 2 17

alters the collapse mechanism activated by settlement.
Indeed, in some cases, the damage reduces the
settlement capacity, causing the structure to reach
ultimate curvature at a lower imposed settlement; in
others, the damage reduces the axial force capacity,
leading to earlier attainment of collapse for the same
level of settlement, without necessarily changing the
deformation mode. This variability depends on the
extent and distribution of seismic-induced damage and
its interaction with the failure mechanisms triggered by
ground settlement. Then, the results underline the
importance of accounting not only for the residual
stiffness and strength degradation but also for potential
changes in the governing failure mechanism.

The integration of a recent nonlinear static
procedure (pushover-based residual displacement
estimation with MacRae-type empirical relationships) to
replace time-history analyses by static analyses led to
force—settlement curves in good agreement with the
ones derived by dynamic-based results. In particular,
for WB frames, the static method slightly overestimates
residual capacity in intermediate settlement ranges (i.e.,
gives slightly unconservative estimates), whereas for
SB frames the match is excellent across the settlement
domain. This confirmed that the hybrid static approach
can significantly reduce computational effort while
preserving acceptable accuracy, especially for
preliminary assessments or parametric studies.

In conclusions, post-earthquake settlements can
substantially increase demand on already damaged
RC frames. Therefore, analysis frameworks that couple
seismic effects and subsequent soil deformations (e.g.,
liquefaction-induced settlements) are crucial for
realistic vulnerability assessment of low-rise structures
in liquefaction-prone areas.

It should be noted that the validation provided in this
study is limited to a benchmark comparison between
nonlinear dynamic analyses and a simplified
static-based procedure within a consistent structural
modelling framework. The proposed approach does not
aim to validate soil constitutive behavior or to
reproduce the full complexity of soil-structure
interaction phenomena.

Furthermore, although the analyses are carried out
on a simplified two-story, single-bay frame, this
configuration is intentionally adopted as a controlled
benchmark to isolate the fundamental mechanisms
governing the interaction between residual seismic
damage and post-earthquake settlements. While the
quantitative results are specific to the analyzed case
studies, the proposed sequential framework and
modelling strategy are general and can be extended to
more complex structural systems.

In multi-bay and multi-story frames, additional
mechanisms such as redistribution of axial forces
among multiple columns, alternative collapse modes,
torsional effects, and spatial variability of settlements
may influence the response. However, the key trends
identified in this study, particularly the role of residual
seismic damage in modifying stiffness, load
redistribution capacity, and settlement response, are
expected to remain relevant.

Future developments will focus on extending the
proposed framework to more complex structural confi-
gurations and more refined soil-structure interaction
models, as well as on further validation against
experimental or high-fidelity numerical benchmarks.
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