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Abstract

Rapid urbanization and limited available land have increased the construction of high-rise buildings, highlighting the importance 

of realistic seismic vulnerability assessment in performance-based design. This study analyzes the probabilistic seismic behavior 

of a 33-story reinforced concrete frame–tube building with core shear walls, modeled according to Iranian seismic codes. 

Nonlinear Incremental Dynamic Analysis was conducted in MIDAS software under both Fixed Base and Soil–Structure Interaction 

conditions, using ground motions scaled between 0.1  g and 1.5  g. Fragility curves were generated based on peak inter-story 

drifts corresponding to four damage states: Slight, Moderate, Extensive, and Complete. Results show that including SSI leads to 

significantly higher seismic vulnerability, with the structure reaching equivalent damage states at lower PGA levels than the fixed-

base model. SSI also causes period elongation and greater deformation demands, indicating the need for enhanced foundation 

stiffness, soil improvement, or the application of energy-dissipation and isolation strategies to reduce adverse effects. Moreover, 

comparison of long- and short-period ground motions reveals that the building is more vulnerable to long-period events, especially 

when SSI is considered. Median PGA thresholds consistently show lower values for SSI across all damage states, confirming the 

importance of accounting for soil–structure interaction in seismic evaluation. While the results are specific to the soil and structural 

characteristics studied, the observed trends such as increased seismic demand and vulnerability due to SSI are expected to be 

applicable to similar high-rise buildings and highlight the need for integrating SSI into future seismic assessments.

Keywords

tall building, soil structure interaction, seismic performance, fragility curve

1 Introduction
The increasing demand for tall buildings stems from popula-
tion growth, urban constraints, and sustainable development 
goals. Accurate seismic vulnerability assessment of high-
rise buildings is crucial. Although their dynamic response 
has been studied since the early 2000s, consideration of soil 
effects is a more recent research area.

Understanding earthquake impacts in dense urban areas 
helps minimize damage and losses. Fragility and vulnera-
bility curves are essential for seismic risk mitigation, sup-
porting loss forecasting, preparedness, design, insurance, 
and continuity planning. Due to limited empirical data, 
these curves are usually developed via analytical or hybrid 
methods, which are continuously refined [1, 2]. Current dis-
cussions also address the impact of uncertainties in these 
assessments [3]. Extensive research has been conducted on 

the fragility of buildings, particularly tall structures, under-
scoring the critical importance of this topic in seismic per-
formance assessment [4–16].

The seismic performance of buildings is influenced by 
design regulations, typology, and material properties, with the 
soil–foundation system playing a crucial role due to its non-
linear dynamic behavior affecting seismic response across 
site conditions [17]. Soil deposits tend to amplify ground 
motions compared to rock, and soil–structure interaction 
(SSI) modifies behavior through foundation compliance [18]. 
Geometric parameters and material nonlinearity also affect 
the system's response to soil and seismic load severity [19]. 
While many studies have examined failure patterns in tall 
reinforced concrete buildings, Gonzalez et al. [20] recently 
proposed an advanced nonlinear SSI framework for nuclear 
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facilities. Soil-structure interaction has a significant impact 
on the behavior of both the structure and the surrounding soil.  
This influence should be considered not only for special-
ized structures but also for conventional ones, as their 
response values may differ substantially from those pre-
dicted by decoupled analyses [21]. This study addresses 
gaps in SSI research for high-rise buildings by developing 
fragility curves for reinforced concrete (RC) core wall sys-
tems that include soil-pile-foundation-structure interactions.  
Using fragility modifiers (FMs) from the Global Earthquake 
Model (GEM) framework [22], existing fragility curves 
are adjusted to incorporate soil nonlinearity and foundation 
flexibility. The procedure, illustrated in Fig. 1, comprises 
selecting long and short-period ground motions, modeling a 
33-story RC core wall building in Midas [23] with nonlin-
ear finite element analysis, and conducting incremental non-
linear dynamic analysis (IDA) to find floor-specific drifts. 
These drifts are linked to seismic fragility limit states to eval-
uate vulnerability and enable improved performance-based 
seismic design incorporating SSI-aware fragility modifiers.

2 Soil properties
This study highlights the significance of accounting for 
the nonlinear soil behavior during seismic loading, which 

motivated the use of the hardening soil model with small-
strain stiffness (HSS) for soil characterization, consistent 
with the approach of [24]. The dynamic soil-structure inter-
action (SSI) response employing the HSS model was exam-
ined by [25]. To evaluate the geotechnical conditions at the 
site, three boreholes (BH1 to BH3) were drilled to depths 
of 60 m, with soil samples extracted at various intervals for 
detailed analysis.

The Standard Penetration Test (SPT) was performed by 
ASTM D1586 [26], with test spacing decreasing near the 
surface and increasing at greater depths. After drilling, the 
SPT sampler was lowered to the target depth, and a 63.5 kg 
hammer was dropped from 76.2 cm to drive the sampler 
into the borehole base. This process was repeated across all 
three boreholes, with the SPT value (N) derived from the 
blow counts recorded in the final two 15-cm intervals (total 
30 cm penetration). This research analyzed soil parameters 
using the BH3 drilling borehole, with the corresponding 
SPT chart depicted in Fig. 2. The soil modulus of elasticity 
(Es) was determined using the shear wave velocity profile 
and SPT data. The calculations were performed down to a 
depth of 60 m. To identify soil traits using the HSS model, 
and m were calculated by correlating Eq. (1) with the shear 
wave velocity profile. The shear wave velocity profile closely 
matched the findings from Eq. (1).
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Fig. 1 Procedure of the seismic fragility evaluation considered in the 
present study Fig. 2 Site-specific soil profile: shear wave velocity data and the SPT 

log results
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The parameter Gref represents the initial shear modulus 
at the reference confining pressure pref (taken as 100 kPa).  
The constant m varies with soil type, and σ'3

 denotes the 
minor principal effective stress. An essential characteristic of 
the model is that soil stiffness varies with the stress level, 
which is incorporated through a function of the effective 
stress and the strength parameters c' and ∅'.

Fig. 3 displays data on standard penetration values at 
various depths, along with information on moisture con-
tent (w), relative density (Dr), modified standard penetra-
tion values for coarse and fine-grained soils (N1 60, N1 70), 
wet specific gravity (γm), total vertical stress (σ), effective 
vertical stress (σ'), and soil elastic modulus.

According to the geotechnical report findings and gra-
dation test results, the soil at the site is classified as SP and 
SP-SM under the Unified Soil Classification System, extend-
ing to a depth of 10 m. At depths between 10 and 12.5 m, the 
soil transitions to fine-grained material classified in the ML 
category. From 12.5 to 60 m, the soil is predominantly clas-
sified as SP and SM. This study incorporated three represen-
tative soil layers corresponding to the BH3 borehole test and 
their respective properties into the MIDAS software model 
[23], as detailed in Table 1. A schematic illustration of the soil 
strata and the structural configuration as modeled in MIDAS 
[23] is presented in Fig. 4.

3 Numerical modeling
This study analyzed a 33-story reinforced concrete core 
frame building in Babolsar, Iran, using two numerical mod-
els in MIDAS GTS NX [23]. The first assumed a fixed-base 

supported by piles, while the second included soil-structure 
interaction (SSI) by modeling soil, foundation, and struc-
ture together to capture their complex seismic response.  
MIDAS GTS NX [23] was chosen for its advanced ability 
to simulate coupled soil-structure behavior, enabling real-
istic assessment of soil flexibility, damping, and energy dis-
sipation effects. Comparing the fixed-base and SSI models 
emphasizes the important influence of soil-structure interac-
tion on the seismic performance of tall buildings in this area.

4 Structural specifications
The analyzed structure is a 33-story residential high-rise 
with a core-frame system, totaling 116 m in height (first 
floor 4 m, subsequent floors 3.5 m). Beams and columns 
are modeled as frame elements, excluding longitudinal 
reinforcement slip in plastic hinge zones, a simplification 
common in seismic design codes [27]. The same modeling 
assumptions were applied for fixed-base and soil-structure 
interaction (SSI) analyses to clearly assess SSI effects.  
The building features a 0.3 m thick waffle concrete slab, 
live load of 200 kg/m2, and dead load of 160  kg/m2 on 
floors. Deep piles and a mat foundation (30 × 46 m, 4 m 
deep) with appropriate stiffness are essential for load 
distribution. Allowable soil pressures are 4.2 kg/cm2 
(gravity) and 5.6 kg/cm2 (seismic), while actual pressures 
are below these limits. However, mat foundation settlement 
alone exceeds allowable limits by about 40 cm, justifying 
the combined mat and pile foundation modeled in MIDAS 
[23]. The floor plan is shown in Fig. 5, and column and 
beam sizes are detailed in Table 2.

0

Fig. 3 Condensed subsurface conditions relevant to Babolsar city

Table 1 Soil parameters input into the MIDAS software

Soil Type Depth γ (kg/m3) Dr (%) ∅ Es (kg/cm2)

SP-SM 0–12 1900 71 35 160

SP-SM 12–24 2000 85 37 450

SP 24–60 2100 81 40 920
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Ductility in moment-resisting frames is provided by the 
beams' flexural capacity. Materials that exhibit ductile char-
acteristics can endure plastic deformation without experi-
encing a notable decrease in strength. Furthermore, these 
components possess the ability to absorb the energy from 
seismic activity due to their adaptable nature. The nonlin-
ear response of the structure was modeled by incorporating 
plastic hinges at the beam ends, following the methodology 
proposed by [28, 29]. Fig. 6 presents the moment-curvature 
relationship, visually depicting the behavior of the plastic 
hinge. Flexural stiffness (EI) at the beam ends and the plas-
tic moment (Mn = Mp) were calculated using Eqs. (2)–(4):

E I E Ic eff c g= 0 3.  for beams	 (2)
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 for columns	 (3)
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where Ec represents the elastic modulus of concrete, Ig is 
the gross moment of inertia, yg the distance between the 
centroid of tensioned or compressed zones of cross-section 
and neutral axis, A represents the area of the cross-section, 
εy denotes the yield strain of steel reinforcement, and σy is 
the compressive strength of concrete.

MIDAS software [23] incorporates the cracking coeffi-
cient for both beams and columns within its nonlinear anal-
ysis framework, aligning with the requirements set forth 
by performance-based seismic design guidelines (TBI).  
This integration allows for more accurate simulation of 
the structural behavior under seismic loading by consid-
ering the stiffness reduction due to cracking in reinforced 
concrete elements. The specific values and implementa-
tion details of these cracking coefficients are comprehen-
sively summarized in Table 3, providing essential param-
eters that enhance the fidelity of seismic performance 
assessments using MIDAS [23]. This feature supports 
engineers in achieving more reliable and code-compliant 
structural designs under earthquake conditions.

Fig. 5 Layout illustration of beams and columns

Table 2 Columns and beams geometric measurements

Story No. Columns (b × b) (cm) Beams (b × h) (cm)

1–9 95 × 95 95 × 65

10–18 90 × 90 90 × 60

19–33 80 × 80 80 × 60

Table 3 Cracking coefficient in beams and columns

Level nonlinear model

Component Axial Flexural Shear

Beams 1.0EcAg 0.3EcIg 0.4EcAg

Columns 1.0EcAg 0.7EcIg 0.4EcAg

Fig. 4 Diagram of the model including structure, foundation, pile, and 
soil: (a) Local soil stratigraphy, (b) Soil profile modeled in MIDAS

Fig. 6 Bilinear moment-curvature curve for the plastic hinge
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The primary structural component of the building is a 
box-shaped wall with openings on the north and south sides, 
included according to design requirements. This wall spans 
from the foundation to the 33rd floor. Detailed specifications 
of the coupled shear wall components are provided in Table 4, 
and its design and dimensions are illustrated in Fig. 7.

5 Pile loading test (verification 1)
Four piles in the structure were statically load tested, 
with two tests verified using MIDAS software [23].  
Incremental axial loads were applied using a hydraulic 
jack with a calibrated pressure gauge, while pile head 
deformation was measured by displacement transducers. 
Testing followed ASTM  D1143-07 [30] and project 
specifications. Piles were loaded to maximum capacities 
between 750 and 900 t and then unloaded to assess elastic 
recovery. Vertical displacements were continuously 
recorded during loading and unloading. Fig. 8. shows the 
test setup, instrumentation, and load application.

The load-displacement diagrams in Fig. 9 show the bearing 
capacity results of all four test piles. Additionally, Fig. 10 dis-
plays the assessed design of the presents model of the struc-
ture piles with a mat foundation, in MIDAS software [23].

Various pile load testing methods depend on factors like 
pile properties, soil type, testing method, pile-soil interaction, 
displacement, curve gradient, and soil deformation. Table 5 
presents results from four methods, emphasizing Davison's 
and Butler and Hoy's for maximum load. Typically, allow-
able pile load equals ultimate capacity divided by a safety 
factor, The safety factor for the allowable pile load was 
reduced from the typical value of 2.5 to 2.2 because the tests 
were conducted under final conditions, where the pile behav-
ior closely reflects the actual site conditions. Under such cir-
cumstances, it is justified to adopt a slightly lower safety 
factor [31]. Here, the "actual conditions" refer to four piles 
considered under the site-specific conditions, with consis-
tent soil properties and static loading corresponding to those 
piles. Furthermore, the settlement results of two of these four 
piles were verified against the predictive model, providing 
additional confidence in the reduced safety factor. Table 5 
summarizes settlements at failure loads with this factor and 
compares allowable loads. Test piles showed: PT-1 (25 m) 

settlement of 70 mm at 910 t load and 63 mm post-unload-
ing; PT-2 (30 m) 100 mm at 796 t and 99 mm after unloading; 
PT-3 (25 m) over 50 mm at 765 t and 42 mm post-unload-
ing; PT-4 (30 m) 61 mm at 863 t and 46 mm after unloading. 
Settlements for PT-1 and PT-2 were numerically analyzed in 
MIDAS [23] with loading at multiple points from load dia-
grams (Fig. 11), showing less than 10% deviation from test 
data. MIDAS [23] predicted 65 mm settlement for PT-1 at 
900 t and 100 mm for PT-2 at 800  t, confirming accurate 
modeling. Nine load points per pile were applied, matching 
static load tests closely, demonstrating the precision of the 
modeling approach and MIDAS software [23] effectiveness. 
Loads applied via MIDAS's Assign Load function for PT-1 
were 150 to 900 t at various steps, and for PT-2, 100 to 800 t 
incrementally.

6 Verification 2
To further ensure the reliability and reproducibility of the pro-
posed numerical model in MIDAS GTS NX [23], a second 
independent verification was performed using the well-docu-
mented shear wall experiment conducted by [32]. This spec-
imen was deliberately selected because it represents a flex-
ure-dominated reinforced concrete wall with well-defined 
boundary element confinement a structural typology very 
similar to the pile-supported walls investigated in the pres-
ent study. Fig. 12 illustrates the overall shape and dimensions 
of the walls that were tested. The tested wall had a height of 
3.66 m, thickness of 0.10 m, and length of 1.22 m. The con-
crete compressive strength was ƒc′ = 27.4 MPa and the mod-
ulus of elasticity was taken as Ec = 24,800 MPa. Longitudinal 
reinforcement consisted of 8 #3 bars (∅9.5  mm) yielding 
ƒy = 414 MPa, while transverse reinforcement in the con-
fined boundary zones comprised ∅4.8  mm closed hoops 
and crossties at 76 mm spacing (s = 8 db). The axial load 
ratio was approximately 0.07ƒc′Ag. The wall model in 
MIDAS [23] utilized 2D plate elements with layered non-
linear material properties. Concrete was modeled using the 
Mander et al. (1988) [33] confined concrete model with the 
following calibrated parameters:

•	 Unconfined concrete strength ƒco = 27.6 MPa
•	 Confined concrete strength ƒcc = 34.2 MPa (calculated 

from measured hoop spacing and yield strength)

Table 4 The core frame system details

Story No. Wall width Opening 1 and 2 Horizontal rebar Upright rebar Column measurements

1–9 0.70 m 2.2 m × 2.4 m ∅ 20 @ 20 ∅ 22 @ 20 0.9 m × 0.70 m

10–20 0.65 m 2.2 m × 2.4 m ∅ 18 @ 20 ∅ 22@ 25 0.8 m × 0.70 m

21–29 0.60 m 2.2 m × 2.4 m ∅ 16 @ 20 ∅ 20 @ 25 0.8 m × 0.65 m

30–33 0.55 m 2.2 m × 2.4 m ∅ 16 @ 25 ∅ 20 @ 25 0.8 m × 0.65 m
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•	 Strain at peak unconfined strength εco = 0.002
•	 Ultimate confined strain εcu = 0.012 (based on con-

finement ratio ρs = 0.0127 and ƒyh = 490 MPa).

Reinforcing steel was modeled using a bilinear kine-
matic hardening rule with ƒy = 490 MPa, ultimate strength 
ƒu = 686 MPa, and hardening ratio of 1%. Effective cracked 
moment of inertia was taken as Ie = 0.35Ig for service load 
levels and further reduced to 0.25Ig in the plastic hinge 
region following calibration. Lateral loading followed the 
displacement-controlled reversed cyclic protocol identi-
cal to the original experiment. Model calibration was per-
formed iteratively by adjusting the concrete tensile strength  
(ƒt = 2.8 MPa) and interface shear stiffness until the initial 
stiffness, yield point, peak lateral strength (Vpeak,exp = 92.5 kN 
vs. Vpeak,num = 94.1 kN, error 1.7%), and energy dissipation 
per cycle matched the experimental results within ±5%. 
Fig.  13 presents the comparison between the experimental 
and numerical hysteresis loops. Despite differences in mate-
rial parameters between MIDAS [23] and lab conditions, the 
simulation effectively captured nonlinear frame behavior, 

Fig. 7 Wall design and dimensions (Core Tube Frame)

Fig. 8 Field implementation of the Pile Load Test conducted in this 
study

Fig. 9 The settlement versus load curves for the four different pile 
tests conducted

Fig. 10 Structure modeling with foundation and pile in the MIDAS
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showing strong agreement with experiments, especially in 
peak displacements, with minimal discrepancies.

7 Boundary conditions and interface characteristics
Boundary conditions and interface characteristics are essen-
tial factors that must be carefully evaluated to ensure the 
accuracy and reliability of numerical simulations. It is crucial 

to select boundary conditions that prevent the exclusion of 
high-frequency components of the input excitations, which 
otherwise may lead to inaccurate representation of the 
dynamic response. Consequently, element sizes in the model 
are typically determined based on the highest input excitation 
frequencies and the soil's shear wave velocity. Specifically, 
the element dimensions are chosen to be between one-fifth 
and one-eighth of the corresponding wavelength of the initial 
excitation, multiplied by a factor as suggested by [34], to ade-
quately capture the wave propagation effects.

This study used an infinite boundary condition with 
a free-field approach to simulate the surrounding soil 
extending infinitely, minimizing artificial wave reflections 
and replicating realistic wave propagation. The model's 
lateral soil boundaries were connected to the open envi-
ronment via viscous dampers that absorb outgoing waves, 
with damping coefficients calculated automatically in 
MIDAS GTS NX [23] based on P- and S-wave velocities. 
The bedrock was modeled with rigid boundary conditions 

Table 5 Measured settlement and load parameters for the four tested piles

Pile 
name

Pile specifications Failure load base on interpolation methods (t) Proposed 
ultimate 
load (t)

Corresponding 
settlement (mm)

Alloawbale 
capacity (t) 

SF = 2.2Length (m) Diameter 
(cm)

Butler & 
Hoy 2 - Line Davison Chin-

Kondner
Brinch-
Hansen

PT – 1 25 100 880 640 560 - - 690 36 345

PT – 2 30 100 760 500 520 - - 640 46 290

PT – 3 25 100 720 500 550 909 884 635 31 288

PT – 4 30 100 820 700 680 1000 837 750 32 340

Average 25 m 800 545 555 909 884 662 - 300

Average 30 m 790 590 580 1000 837 695 - 315

Fig. 12 Dimensions and specifications of the shear wall studied for 
validation [32]

Fig. 13 The Hysteresis curve obtained from the experimental test of a 
shear wall and its modeling in Midas

Fig. 11 The outcomes of the tested piles and the results obtained from 
the MIDAS model
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to simulate accurate soil-structure interaction (SSI) and 
two-way SSI effects. Input motion was applied directly at 
the base nodes, following [35].

Accurate modeling of the interface behavior between the 
foundation and adjacent soil is critical due to the complex 
interaction mechanisms. To represent this, a strength reduc-
tion factor, denoted as  , was introduced within the Mohr-
Coulomb failure criterion. This factor accounts for the poten-
tial reduction in shear strength along the interface and is 
incorporated through the following governing Eqs (5–7), 
which describe the mechanical behavior at the soil-foun-
dation interface. This approach enhances the realism of the 
simulation by capturing slip and separation phenomena that 
could significantly influence overall structural response.

R K u K u Cn n t ti
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In these Eq, un and ut refer to the relative vertical and hor-
izontal displacements at the interfaces. The interface area 
between the soil and foundation is denoted as A', while tv rep-
resents the interface's virtual thickness, set at 0.1 as advised 
by [36]. Eoed.i indicates the interface oedometer modulus, Gur 
is the average unloading-reloading shear modulus, Kt and Kn 
represent the interface stiffness. Using these expressions, the 
interface between the two components was modeled with 
normal and shear linear springs. The actual interface strength 
depends on factors like material type (e.g., soil, concrete) 
and foundation area, typically ranging between 0.12 and 1.  
Based on previous studies by [37, 38] on soil-foundation 
interfaces, the parameter Rinter was set to 0.75 in this study.

8 Earthquake ground motion data
In nonlinear dynamic analysis, accuracy depends on select-
ing ground motion records that represent the Maximum 
Considered Earthquake (MCE) hazard level per FEMA P695 
[39] and ASCE 7-10 [40]. These accelerograms must suit 
three-directional time history analysis and capture struc-
tural response from elastic to collapse stages, often eval-
uated via Incremental Dynamic Analysis (IDA). Records 
should also match the site's soil type, with a minimum of 
22 records recommended for statistical reliability. Following 
FEMA P695 [39] guidelines is essential for robust assess-
ment of structural vulnerability and collapse risk under 
severe earthquakes.

This study utilizes ground motion records as specified by 
the FEMA P695 [39] guidelines. corresponding to the same 
soil type as the construction site, were selected and analyzed 
using SeismoSignal software.[41]. Based on their frequency 
domain spectra and average period and frequency character-
istics, the accelerograms were classified into two categories: 
long-period and short-period records. Due to the limited 
number of available long-period records in the FEMA P695 
[39] set, an additional 22 accelerograms were sourced from 
the PEER earthquake database for Incremental Dynamic 
Analysis (IDA), selected according to the FEMA P695 [39] 
criteria. All records were matched to the construction site 
soil type and analyzed individually using Seism Signal.  
The Fourier spectrum was utilized as the primary tool to 
assess the frequency content of each accelerogram accu-
rately. Classification into long-period or short-period cat-
egories was based on the Fourier spectrum characteristics 
and the computed mean period. This means period, a key 
parameter for classification, was determined using Eq. (8).
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The mean period Tm, is calculated from the Fourier 
spectrum Ci of the accelerogram, where ƒi represents the 
discrete frequencies obtained via the Fourier transform. 
An accelerogram is classified as a long-period record if 
its average Fourier amplitude period exceeds 1 s and its 
peak amplitude is found at a frequency lower than 1 Hz, 
as depicted in Fig. 14 (b). Conversely, for short-period 
accelerograms, the mean period associated with the peak 
Fourier amplitude is less than 1 second, and the maximum 
amplitude appears at frequencies higher than 1 Hz, as 
shown in Fig. 14 (a). Following FEMA P695 [37], ground 
motion records are divided into short-period and long-pe-
riod sets detailed in Tables 6 and 7, respectively.

Also, Fig. 15 illustrates the resulting short- and long-pe-
riod design spectra derived from the scaled accelerograms. 
Modal analysis validated the building model's accuracy, 
stability, and fundamental periods, guiding ground motion 
selection and scaling. Structures with soil-structure inter-
action (SSI) show longer fundamental periods compared 
to fixed-base models due to soil deformation effects.  
Table 8 and Fig. 16 show that fixed-base periods are about 
74% (first mode) and 70% (second mode) of SSI periods.  
This increased flexibility under SSI affects seismic energy 
dissipation. Beyond the third mode, periods decrease as 
soil influence lessens, with higher modes approaching 
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fixed-base behavior. Including SSI in dynamic analysis 
is crucial for realistic seismic performance assessment, 
addressing the interaction between soil and structure [42].

9 Introduction of hazard levels
The HAZUS MHMR5 framework divides seismic hazard 
into four levels: low, medium, high, and complete, facili-
tating systematic vulnerability assessment. Table 9 shows 

Table 6 The records categorized into accelerometers with Short Period

NO
Earthquake

Station Name Direction Period Time (s)
Magnitude Year Record Name

1 6.9 1995 Kope, Japan Shin-Osaka SHI000 0.75

2 7.3 1992 Landers Cool water LN 0.42

3 6.9 1989 Loma Prieta Capitola CAP000 0.49

4 6.9 1989 Loma prieta Gilroy Array #3 G03000 0.37

5 6.5 1987 Superstition Hills Poe Road (temp) POE270 0.48

6 7.0 1992 Cape Mendocino Rio Dell Overpass RIO360 0.44

7 6.6 1971 San Fernando LA – Hollywood PEL180 0.35

8 6.5 1979 Imperial Valley Chihuahua CHI012 0.57

9 6.5 1979 Imperial Valley Bonds Corner BCR140 0.48

10 6.7 1994 Northridge-01 Northridge - Saticoy STC090 0.6

11 6.7 1994 Northridge-01 Rinaldi Receiving Sta RRS228 0.76

Table 7 The records categorized into accelerometers with Long Period

NO
Earthquake

Station Name Direction Period Time (s)
Magnitude Year Record Name

1 6.7 1992 Erzican, Turkey Erzincan ERZ-NS 1.38

2 7.6 1999 Chi-Chi, Taiwan TCU065 E 1.129

3 6.3 1992 Landers Anaheim - W Ball Rd WBA00 1.16

4 6.5 1954 Northern Calif-03 Ferndale City Hall FRN044 1.24

5 6.3 1992 Landers Buena Park BPK090 1.26

6 6.5 1979 Imperial Valley El Centro EMO270 1.78

7 6.3 1980 Imperial Valley Chihuahua CHI192 1.09

8 6.3 1992 Landers Inglewood - Union ING000 1.25

9 6.6 1968 Borrego Mtn El Centro Array #9 ELC180 1.33

10 6.3 1992 Landers Downey DWN000 1.25

11 6.3 1980 Victoria_ Mexico Victoria Hospital HPB000 1.02

Fig. 14 Fourier amplitude spectrum of (a) a short-period accelerogram with a mean period of 0.59 s and (b) a long-period accelerogram with a mean 
period of 1.24 s
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maximum relative floor displacements for tall buildings 
with specialized concrete across damage states, from slight 

damage to total failure. These displacement values are key 
for defining mid-range relative displacement capacity, essen-
tial for developing precise fragility functions. Incorporating 
these thresholds improves the accuracy of seismic risk 
assessments for high-rise concrete buildings.

10 Incremental Dynamic Analysis (IDA)
A detailed 33-story high-rise model was developed in 
Midas [23] and analyzed using Incremental Dynamic 
Analysis (IDA) for seismic performance assessment [43].  
IDA systematically scales ground motions to evalu-
ate building behavior from elastic to collapse states, 
assessing structural capacity and damage probabilities.  
Nonlinear material properties were included for realistic sim-
ulations. Two sets of ground motions were used: short-pe-
riod records analyzed with 0.1 g scaling increments up to 
1.5 g, and long-period records with finer 0.05 g increments 
due to higher response sensitivity [44]. Fragility curves gen-
erated from these analyses are shown in Figs. 17 and 18 for 
fixed-base and SSI models, illustrating maximum inter-story 
drifts under short- and long-period motions. Short-period 

Table 8 The first ten modes for two models: Fixed Base and SSI

Fixed Base SSI

Mode Period (s) UX UY SumUX SumUY Period (s) UX UY SumUX SumUY

1 3.015 0.0006 0.5739 0.0006 0.5739 4.084 0.6148 0.0002 0.6148 0.0002

2 2.657 0.5751 0.0006 0.5757 0.5745 3.784 0.0002 0.5813 0.615 0.5815

3 1.104 4.75E-05 3.13E-06 0.5758 0.5745 1.126 1.61E-05 3.8E-06 0.615 0.5815

4 0.669 0.0001 0.1818 0.5759 0.7563 0.744 0.0003 0.1581 0.6153 0.7397

5 0.572 0.1921 0.0001 0.768 0.7564 0.683 0.1517 0.0003 0.7671 0.74

6 0.395 0.0043 1.85E-05 0.7723 0.7564 0.404 0.0016 1.78E-05 0.7687 0.74

7 0.287 0.0003 0.0668 0.7726 0.8232 0.31 0.0001 0.0555 0.7689 0.7955

8 0.263 0.0387 0.0008 0.8113 0.824 0.28 0.0359 0.0003 0.8048 0.7959

9 0.218 0.0395 4.78E-05 0.8508 0.8241 0.231 0.017 0.0001 0.8217 0.7959

10 0.18 0.007 0.0018 0.8579 0.8258 0.184 0.0038 0.0039 0.8256 0.7999

Fig. 15 Short-period and long-period design spectra of the scaled accelerograms

Table 9 Parameters of structural fragility curves under moderate 
seismic code provisions

Building 
Properties

Inter-story Drift at Threhold of Damage State

Type Slight Moderate Extensive Complete

C2H 0.0020 0.0042  0.0116 0.03

Fig. 16 Period value in each mode for Fixed Base and SSI model
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curves plateau at lower PGAs, indicating early drift limits, 
while long-period curves rise steeply, showing increased 
vulnerability to large drifts with higher seismic intensity, 
highlighting the importance of considering spectral content 
in tall building seismic evaluations [45].

11 Seismic fragility curves
Fragility curves offer a probabilistic method to assess the 
likelihood of a structure exceeding specific damage states 
based on seismic response, influenced by each building's 
unique traits. They predict building performance under 
earthquake loads. To develop fragility curves from engi-
neering demand parameters obtained via Incremental 
Dynamic Analysis (IDA), an assumed probability distribu-
tion is needed. This study uses the log- normal distribution, 
justified by the central limit theorem, which approximates 
combined structural response when both capacities and 
seismic demands follow normal distributions. The fragility 
curves are thus formulated using Eq. (9).
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In the relationship mentioned above, P denotes the cumu-
lative probability of exceeding the specified engineering 

demand parameter, which in this research refers to the 
highest non-linear drift in layers. βsd denotes the standard 
deviation of the logarithm of the standard demand parame-
ter, cs is the median capacity value at various damage lev-
els sourced from Table 9, and ds also represents the median 
demand parameter for earthquakes, specifically the maxi-
mum nonlinear drift obtained from the analyses.

Fragility curves in Fig. 19 show that the fixed-base 
structural model is more vulnerable to long-period ground 
motions than short-period ones. Fig. 19 (a) illustrates a grad-
ual increase in the probability of extensive and complete 
damage with rising PGA for short-period motions, indicat-
ing a slower damage progression. In contrast, Fig. 19  (b) 
reveals a rapid rise in damage probabilities at lower PGA 
values for long-period motions, highlighting greater vulner-
ability and higher chances of severe damage under long-pe-
riod seismic loading.

Fig. 20 shows that fragility curves from the soil-structure 
interaction (SSI) model reveal greater structural vulnerabil-
ity to long-period ground motions than short-period motions 
across all risk levels. This emphasizes the significant impact 
of dynamic SSI effects on seismic performance, especially 
for low-frequency earthquakes. The results suggest that 
design and mitigation efforts should focus on long-period 

Fig. 17 The IDA curves for Fixed Base Model, (a) Short Period earthquake and (b) Long Period earthquake

Fig. 18 The IDA curves for SSI Model, (a) Short Period earthquake and (b) Long Period earthquake
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ground motion effects to improve structural resilience under 
varying seismic hazards.

Fig. 21 compares the Fixed Base and Soil-Structure 
Interaction (SSI) models under short- and long-period 
earthquakes, showing that the SSI model is more fragile 
in both cases. Fig. 21 (a) details the short-period response, 
where the SSI model exhibits significantly higher vulner-
ability, especially at higher risk levels. For instance, at a 
PGA of 0.2 g, the probability of Extensive damage increases 
from about 0.1 in the Fixed Base model to roughly 0.25 in 
the SSI model, highlighting the strong effect of soil-struc-
ture interaction in raising structural vulnerability during 
short-period seismic events.

Fig. 21 (b) compares model behavior under long-period 
earthquake excitation, showing increased fragility for both 
models compared to short-period cases. Differences between 
Fixed Base and SSI models are small for Slight and Moderate 
damage but grow significantly for severe damage states.  

At a PGA of 0.3  g, the Fixed Base model estimates a 
Complete failure probability of about 2.5, while the SSI 
model's probability nearly doubles to 5, highlighting how 
soil-structure interaction greatly increases vulnerability 
during intense long-period seismic events. Overall, the find-
ings from Fig.  21 emphasize the necessity of incorporat-
ing SSI effects into seismic risk assessments, as neglecting 
these interactions can lead to underestimation of structural 
fragility, particularly for high damage states and long-pe-
riod earthquake excitations. The increased vulnerability 
observed in the SSI model, particularly under long-period 
ground motions, is primarily associated with the elonga-
tion of the fundamental period resulting from soil structure 
interaction. The period shift places the structure closer to 
the peak region of spectral acceleration under long-period 
excitations, leading to higher seismic demands.

Additionally, the variation in effective damping plays a 
secondary role. Due to soil flexibility, the overall damping 

Fig. 19 The fragility curves at various damage states for a fixed-base model under (a) Short period earthquake and (b) Long period earthquake

Fig. 20 The fragility curves at various damage states for SSI model under (a) Short period earthquake and (b) Long period earthquake
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ratio of the system decreases slightly, which further reduces 
its ability to dissipate seismic input energy efficiently.  
This combined effect contributes to greater structural 
responses across all damage states. These insights are vital 
for improving the accuracy of seismic performance eval-
uations and informing design practices for earthquake-re-
silient structures.

Finally, Fig. 22 shows a general comparison between the 
two models, ShP (Short Period) and LP (Long Period), and 
a specific comparison between the two models, Fixed Base 
and SSI. Buildings exposed to long-period ground motions 
exhibit greater vulnerability to short-period earthquakes, 
especially when soil-structure interaction (SSI) is considered 
versus fixed-base (FB) conditions. Fig .23 shows median fra-
gility values PGA levels with a 50% chance of exceeding 
damage states for four cases: long-period FB, short-period 
FB, long-period SSI, and short-period SSI. The chart high-
lights that models incorporating SSI consistently have lower 

PGA thresholds for damage, particularly under short-period 
events, indicating increased seismic vulnerability compared 
to fixed-base models.

Median seismic vulnerability values for the Fixed 
Base model under Long Period earthquakes are 0.033 g, 
0.069 g, 0.18 g, and 0.4 g for Slight, Moderate, Extensive, 
and Complete damage levels, respectively, while under 
Short Period earthquakes, these values are higher: 0.09 g, 
0.17 g, 0.46 g, and 0.99 g. This shows greater vulnerabil-
ity under Long Period records in the Fixed Base model. 
For the SSI state, median values under Long Period earth-
quakes are 0.03 g, 0.05 g, 0.13 g, and 0.31 g, and under 
Short Period earthquakes, they are 0.075 g, 0.11 g, 0.32 g, 
and 0.8 g across the same damage levels. Comparing Fixed 
Base and SSI models indicates higher vulnerability in SSI 
state, with both models more susceptible to long-period 
than short-period earthquakes.

Fig. 21 The fragility curves at various damage states for SSI model and fixed-base under (a) Short period earthquake and (b) Long period earthquake

Fig. 22 Comparison of short-period and long-period earthquakes (a) Fixed Base model with Long Period and (b) SSI model with Short Period
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12 Conclusions
This research investigated the probabilistic seismic perfor-
mance of a 33-story reinforced concrete frame–tube build-
ing by developing fragility curves under both Fixed Base 
and Soil–Structure Interaction (SSI) conditions using non-
linear Incremental Dynamic Analysis with ground motions 
scaled from 0.1 g to 1.5 g. The results demonstrate that SSI 
significantly increases the probability of exceeding all 
damage states compared to the fixed-base condition, and 
structures reach the same damage level at lower PGA val-
ues when SSI is considered.

The main technical outcomes of this study can be sum-
marized as follows:

1.	 Effect of Soil–Structure Interaction (SSI) on seismic 
fragility: SSI significantly increases the probability 
of exceeding all damage states. Structures subjected 
to SSI reach the same damage levels at lower PGA 
values, providing a more realistic assessment of 
seismic demand.

2.	 Higher sensitivity at advanced damage levels:  
The influence of SSI becomes more pronounced at 
higher damage states, where both vulnerability and 
variability of the seismic response increase, indicating 
that neglecting SSI may lead to non-conservative and 
unrealistic design predictions.

3.	 Engineering implications: The observed increase in 
displacement demands and period elongation, particu-
larly under long-period ground motions, highlights the 
need for enhanced foundation stiffness, soil improve-
ment measures, or the use of base isolation and ener-
gy-dissipation systems to mitigate adverse SSI effects.

4.	 Influence of ground motion period: A comparison 
between Short Period (ShP) and Long Period (LP) 
ground motions, as well as between Fixed Base (FB) 
and SSI models, reveals that buildings subjected to 
long-period excitations are generally more vulner-
able to short-period earthquakes, particularly when 
SSI is considered.

5.	 Median fragility thresholds: Median PGA values cor-
responding to a 50% probability of exceeding dam-
age states highlight that SSI models consistently have 
lower PGA thresholds for all damage levels com-
pared to FB models. This indicates increased seis-
mic vulnerability when soil–structure interaction is 
accounted for, especially under short-period events.

6.	 Site- and structure-specific limitations: The study is 
based on soil conditions from a specific site in Iran and 
a 33-story building; thus, quantitative results (includ-
ing modal characteristics, damage probabilities, and 
vulnerability trends) may differ for softer soils or 
structures with different heights and stiffness. General 
trends, such as the impacts of SSI on period elonga-
tion, seismic response, and energy dissipation, are 
expected to be broadly applicable to other sites.

7.	 Recommendations for future research: Expanding the 
ground motion record set—by including near-fault, 
far-field, and pulse-like motions—would enhance the 
comprehensiveness and robustness of the fragility 
assessment, ensuring more generalizable and reliable 
seismic performance predictions.

Fig. 23 Median fragility of two Fixed Base and SSI models under Long Period and Short Period earthquakes in terms of g
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