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ABSTRACT

	Aims: To evaluate the computational efficiency and accuracy of Arias Intensity (AI)-based seismic record truncation for optimizing Nonlinear Time-History Analysis (NLTHA), specifically assessing if reduced-duration records accurately predict peak deformations and internal forces compared to full-duration benchmarks.
Study design: 3D Finite Element (FE) steel building models underwent NLTHA to capture material inelasticity. Dynamic equations were solved via step-by-step direct integration using the Hilber-Hughes-Taylor (HHT) alpha method.
Place and Duration of Study: Faculty of Engineering (postgraduate division), Universidad Autónoma de Querétaro (UAQ), June 2024 - November 2025.
Methodology: Six 3D steel moment-resisting frames (4–12 stories, regular/irregular, 5x3 bays, 6.00 m spans, 3.00 m inter-story heights) were subjected to 30 crustal earthquakes analyzed via NLTHA. Records were truncated using accumulative AI thresholds to isolate strong-motion phases: 5-95% (D5-95), 5-85% (D5-85), and 5-75% (D5-75). Accuracy was assessed against full-duration benchmarks.
Results: D5-95 optimally reduced computation time by 35% while maintaining near-perfect accuracy (<2% error) across all Engineering Demand Parameters (EDPs). The D5-85 window saved 55% runtime while maintaining >95% accuracy for stiffer structures, but lost precision for flexible frames. The aggressive D5-75 maximized efficiency (63.1% runtime and 70% storage reduction) while retaining >94% precision for strength demands. However, for flexible structures, D5-75 severely underestimated kinematic parameters, suppressing peak roof displacements and rotations by up to 20.9% and 11% (P < .01), as well as critical inter-story drifts.
Conclusion: Universal truncation thresholds are unsafe; accuracy depends on the fundamental period and the evaluated EDP. D5-75 is recommended strictly for assessing strength/force demands. D5-85 suits rigid structures where slight drift underestimation is tolerable. For rigorous Performance-Based Earthquake Engineering (PBEE), the conservative D5-95 is strictly required for flexible systems to capture the long-period cycles driving maximum resonant deformations.
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INTRODUCTION

Nonlinear Time-History Analysis (NLTHA) is the most comprehensive tool for assessing seismic performance; however, its high computational cost has led to efforts to simplify input accelerogram data. Any attempt to optimize or shorten the records must begin with a thorough understanding of how strong-motion duration influences the structural response.

Historically, the intense phase of an earthquake has been defined using energy-based metrics, with "significant duration" (derived from the accumulation of the Arias Intensity) being the most stable parameter and the one with the greatest physical significance (Bommer & Martínez-Pereira, 1999). Using this concept, the literature has resolved the debate regarding the influence of duration: extensive state-of-the-art reviews (Hancock & Bommer, 2006) and statistical hypothesis tests on single-degree-of-freedom (SDOF) (Iervolino et al., 2006) have unanimously demonstrated that earthquake duration governs hysteretic energy dissipation and fatigue damage, but has a negligible correlation with maximum transient demands, such as displacement and peak ductility (Hou & Qu, 2015).

This insensitivity of peak demands to duration holds true across multiple levels of design seismic intensity (Harati et al., 2019), and has been validated both analytically, by observing that shear forces and bending moments are insensitive to duration at the design level (Fairhurst et al., 2019), and experimentally on physical components subjected to long-duration loading protocols (Ou et al., 2014).

However, the literature clearly establishes the limits of this premise: when structures exhibit severe cyclic degradation and are pushed to states close to collapse, prolonged exposure significantly reduces structural capacity (Bojórquez et al., 2006; Otárola et al., 2023; Raghunandan & Liel, 2013) and increases residual displacement demands (Ruiz-Garcia, 2010). This phenomenon is particularly noticeable in brittle structures such as masonry (Bommer et al., 2004). Furthermore, recent studies have expanded this perspective by demonstrating that the duration of strong ground motion not only affects the primary seismic-resistant system but also significantly alters the building’s internal dynamic environment (floor motions), increasing the cumulative damage and seismic vulnerability of non-structural elements (Rodriguez et al., 2021), and its critical impact has been demonstrated in the damage assessment of complex infrastructure, such as underground hydraulic tunnels subjected to near-field earthquakes (Liu et al., 2023) and in the nonlinear dynamic analysis of high rock-fill dams (Jiang et al., 2025).

In the specific case of steel frames, while duration can exacerbate damage in tall buildings (Barbosa et al., 2017) and reduce their median collapse capacity by up to 29% (Chandramohan et al., 2016), recent research shows that this effect is only activated when components enter the descending branch of their post-buckling capacity curve (Bravo-Haro & Elghazouli, 2018). In fact, by rigorously isolating duration using the initial rate of the Arias Intensity (AI), it has been confirmed that maximum inter-story drifts in steel frames are inherently insensitive to earthquake duration (Zengin et al., 2020). This suggests that for design evaluations that seek to estimate maximum transient demands prior to collapse, isolating the intense phase of the record is a theoretically sound strategy.

Based on the behavior described above, various methodologies have been proposed in recent years to shorten seismic records and speed up NLTHA; these can be grouped into three main approaches:

One approach involves isolating critical dynamic features using mathematical transforms. For example, the S-transform has been used to shorten records, reducing computation time by 71% (Arian-Moghaddam et al., 2020), and wavelet-based approaches to identify the exact duration of the dominant velocity pulse in near-field earthquakes (Dimakopoulou et al., 2022; Repapis et al., 2020). Although effective for preserving frequency content and isolating the destructive potential of pulse-type earthquakes—enabling efficient prediction of structural response with significantly shorter runtime (Repapis et al., 2020)—these methods involve high mathematical complexity that hinders their automation in engineering practice. 
Likewise, the use of the Discrete Wavelet Transform (DWT) has been extensively explored to filter records and drastically reduce signal data sampling, achieving reductions of up to 87% in the computational cost of incremental dynamic analysis (IDA) (Dadkhah et al., 2022; Kamgar et al., 2020; Heidari & Majidi, 2021). In fact, recent literature has thoroughly evaluated the performance of different mother wavelet functions to optimize this downsampling process and minimize dynamic errors (Majidi, Tajmir Riahi, et al., 2023). On the other hand, for near-fault earthquakes, improved or ameliorative duration metrics have been proposed to more accurately capture the damage induced by high-energy pulse-type records (Fang et al., 2023).

Other recent methodologies aim to optimize the calculation by directly reducing the number of signal points. Requena-García-Cruz et al. (2025) evaluated downsampling methods to optimize dynamic simulations. Similarly, Reyes et al. (2021) proposed a method that combines the clipping of weak signals with downsampling, achieving a 50% reduction in time with error margins of less than 10%. Recently, even more sophisticated subsampling methods based on wavelet-based time-step corrections have been developed for complex structures (Majidi, Riahi, et al., 2023), as well as hybrid methods that combine power-based acceleration clipping with subsampling using FIR filters (Akehashi & Fujita, 2025). The main limitation of these approaches is that downsampling inevitably alters the high-frequency components, which are critical for exciting higher modes or capturing local responses. Alternatively, purely numerical techniques have been proposed to speed up the analysis by increasing the integration time step (Soroushian, 2024) or by mathematically manipulating the AI (Hernandez, 2024)—changes that artificially alter the nature of the recording.

To avoid altering the earthquake frequency, direct truncation of the low-energy "tails" has emerged as the purest method. Li et al. (2022) proposed an approach that truncates the record immediately after the maximum structural displacement occurs. However, this has the severe limitation that it requires prior knowledge of the dynamic response. Therefore, truncation based exclusively on energy thresholds (Arias Intensity) is the most viable. This approach has proven successful when applied to large concrete dams (Jin et al., 2020) and has been validated in 2D models of reinforced concrete frames, where it reduced computational effort while maintaining accuracy in maximum-drift fragility curves (Khaloo et al., 2016). To improve the effectiveness of truncation in frames, recent studies have proposed novel metrics that accurately identify the portions of the record that minimize computational cost while meeting ductility requirements (He et al., 2023). Furthermore, the state of the art has taken a leap toward hybrid and artificial intelligence approaches; an example of this is the use of Variational Modal Decomposition together with the Hilbert Transform to define truncation instants through accumulated spectral energy (Gao et al., 2024), and even the cutting-edge implementation of multi-input deep learning models (considering seismic and structural parameters simultaneously) to autonomously predict the exact truncation position of the seismogram (He et al., 2024).

Despite significant advances in the optimization of NLTHA, including the recent emergence of artificial intelligence-based predictive models, critical limitations remain in the current literature. First, validations of truncation and time-reduction methodologies have overwhelmingly focused on simplified 2D models (Khaloo et al., 2016) or strictly regular and symmetric 3D systems (Reyes et al., 2021). Given that torsional effects induced by spatial irregularities can interact in complex ways with the duration of excitation and the dynamic properties of the structure (Sarieddine & Lin, 2013), the applicability of standard truncation thresholds based on the AI remains an open question for irregular 3D buildings.



Second, a comprehensive review of the literature reveals that the accuracy of truncated records has been measured almost exclusively using global demand parameters, such as roof displacement or maximum inter-story drift (Zengin et al., 2020; Reyes et al., 2021; Li et al., 2022; Khaloo et al., 2016). There is a notable knowledge gap regarding whether energy truncation (e.g., isolating 5–95% or 5–75% of the AI) can preserve critical local demands, such as base reactions and internal shear forces in columns, with the same accuracy.

To directly address these limitations, this study systematically assesses the computational efficiency and predictive accuracy of a truncation approach based on AI thresholds (D5-95, D5-85, D5-75). Unlike earlier research, this work thoroughly validates the method on three-dimensional models of moment-resisting steel frames (Steel MRFs), including both regular and highly irregular configurations, and carefully confirms that the maximum transient demands—both globally (drifts) and locally (internal forces)—remain statistically equivalent to full-duration analyses.

methodology

This section details the computational framework employed to evaluate the efficiency and accuracy of seismic record truncation. First, the design and dynamic properties of six archetypal steel buildings are presented, followed by the nonlinear modeling approach used to capture peak transient responses. Subsequently, the selection and spectral scaling of the ground motion dataset are described. Finally, the Arias Intensity-based truncation procedure and the rigorous analysis protocol used to assess both structural demands and computational time savings are outlined.

Structural Archetypes and Dynamic Properties

To represent the typical building stock in high seismicity zones, six steel moment-resisting frame models were designed in accordance with the Normas Tecnicas Complementarias del Reglamento de Construcciones de la CDMX (Gobierno de la Ciudad de México, 2023a). The archetypes cover three distinct height configurations: 4-story (low-rise), 8-story (mid-rise), and 12-story (high-rise) buildings. For each height, two plan configurations were modeled: a regular symmetric plan and an irregular plan in accordance with the Norma Tecnica para el Diseño por Sismo, NTC-DS-2023 (Gobierno de la Ciudad de México, 2023b). The geometric characteristics, plan, and story configurations of the models are illustrated in Figures 1 and 2. 

[image: ]
[bookmark: _Ref221123825]Figure 1. Plan view configuration of the archetypal models. (a) Regular symmetric layout, and (b) Irregular layout. Dimensions are in meters.


The dynamic properties of the models were determined through modal analysis. As detailed in Table 1, the fundamental periods (T1) range from 0.66 s for the low-rise model to 2.11 s for the high-rise model. The table also lists the centers of mass and stiffness, along with their percentage of torsional eccentricity relative to the transverse dimension of analysis.
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[bookmark: _Ref221123831]Figure 2. Elevation view of the height variations of the regular and irregular models. (a) 4-story, (b) 8-story, and (c) 12-story configuration.

[bookmark: _Ref221122149]Table 1. Geometric and dynamic characteristics of building models.
	Model
	Configuration
	No.
Stories
	Height (m)
	T1 (s)
	es / L

	
	
	
	
	
	x (%)
	y (%)

	I
	Regular
	4
	12.00
	0.67
	2.67
	0.00

	II
	Regular
	8
	24.00
	1.37
	2.67
	0.00

	III
	Regular
	12
	36.00
	2.09
	2.67
	0.00

	IV
	Irregular
	4
	12.00
	0.66
	-2.17
	4.61

	V
	Irregular
	8
	24.00
	1.37
	-2.17
	4.61

	VI
	Irregular
	12
	36.00
	2.11
	-2.17
	4.61


T1 = fundamental period of vibration.
es = eccentricity between the center of mass and center of rigidity.
L = dimension parallel to eccentricity.
es / L= normalized eccentricity.

Material Properties and Structural Sections

The structural models were designed utilizing standard construction materials and typical mid-rise framing sections. The floor system comprises 150 mm-thick solid reinforced concrete slabs with a specified compressive strength (f'c) of 24.5 MPa. Columns consist of square hollow structural sections (HSS 355.6x355.6x15.9 mm) modeled with ASTM A500 Grade B steel (fy = 318 MPa). Primary and secondary beams utilize W460x52 and W310x32.7 profiles, respectively, assigned as ASTM A992 Grade 50 steel (fy = 345 MPa). Standard nominal values for elastic modulus, Poisson’s ratio, and unit weight were assumed for all materials. Beam-column connections were modeled as rigid joints with full compatibility of deformation.





Modeling Case Studies Using SAP2000

Each case study was modeled in SAP2000 (Computers Structures Inc, 2025), with the structural geometry explicitly defined and rigid diaphragms assigned to each floor level. To ensure computational efficiency and reproducibility, the nonlinear response of the structural elements was captured using a concentrated plasticity approach. Nonlinear flexural hinges (M3) were assigned at beam ends, while interacting axial-moment hinges (P-M2-M3) were defined at column ends. The backbone curves and acceptance criteria were strictly calibrated based on the generalized force-deformation relations from ASCE 41-17 (American Society of Civil, 2017) and the Norma Técnica Complementaria para Diseño y Construcción de Estructuras de Acero, NTC-DCEA-2023 (Gobierno de la Ciudad de México, 2023c), Figure 4 shows the backbone curve for principal steel beams. The nonlinear properties for the principal beams are presented in Table 2. A kinematic hysteresis model was implemented, which accurately captures transient peak demands prior to collapse, although it intentionally neglects severe in-cycle strength degradation. Figure 3 shows the 3D views of the regular and irregular 8-story models in SAP2000.

[image: ]	[image: ]
[bookmark: _Ref221146132]Figure 3. 3D views of building models for case studies: (a) Model II: Regular 8-story building; (b) Model V: Irregular 8-story building

[bookmark: _Ref221136637]Table 2. Modeling parameters for nonlinear procedures—structural steel beams.
	Element
	Moment / Plastic moment (Mpe)
	Rotation / Yield Rotation (θy)

	
	A
	B
	C
	D
	E
	A
	B
	C
	D
	E

	Steel Beams
	0.00
	1.00
	1.27
	0.60
	0.60
	0.00
	1.00
	10.00
	10.00
	12.00



Ground Motion Dataset Selection

To ensure statistical significance and facilitate comparison with prior research on duration effects, the ground-motion dataset was constructed from 30 records retrieved from the PEER NGA-West2 database (Ancheta et al., 2014). The selection focuses on major active shallow crustal earthquakes with Moment Magnitude (Mw) ranging from 6.5 to 7.6 and includes diverse rupture mechanisms (strike-slip, reverse, and reverse-oblique). Table 3 lists the metadata of the selected ground motions.
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[bookmark: _Ref225852288]Figure 4. Backbone curve of steel beams in accordance with ASCE 41-17.

[bookmark: _Ref221149403]Table 3. Seismological and site parameters of accelerograph records.
	Earthquake
	Station
	Magnitude (Mw)
	Mechanism
	PGA
(cm/s2)
	Rrup
(km)

	Cape Mendocino
	Cape Mendocino
	7.01
	Reverse
	1465.19
	6.96

	Cape Mendocino
	Eureka-Myrtle & West
	7.01
	Reverse
	174.83
	41.97

	Cape Mendocino
	Petrolia
	7.01
	Reverse
	648.99
	8.18

	Chi-Chi_Taiwan
	CHY006
	7.62
	Reverse Oblique
	351.87
	9.76

	Chi-Chi_Taiwan
	CHY034
	7.62
	Reverse Oblique
	293.85
	14.82

	Chi-Chi_Taiwan
	CHY035
	7.62
	Reverse Oblique
	246.05
	12.65

	Imperial Valley-06
	Bonds Corner
	6.53
	Strike-slip
	762.16
	2.66

	Imperial Valley-06
	Calexico Fire Station
	6.53
	Strike-slip
	271.73
	10.45

	Imperial Valley-06
	Calipatria Fire Station
	6.53
	Strike-slip
	126.39
	24.60

	Kern County
	Pasadena-CIT Athenaeum
	7.36
	Reverse
	52.33
	125.59

	Kern County
	Santa Barbara Courthouse
	7.36
	Reverse
	129.59
	82.19

	Kern County
	Taft Lincoln School
	7.36
	Reverse
	176.86
	38.89

	Kobe_Japan
	HIK
	6.90
	Strike-slip
	146.96
	95.72

	Kobe_Japan
	MZH
	6.90
	Strike-slip
	66.95
	70.26

	Kobe_Japan
	Nishi-Akashi
	6.90
	Strike-slip
	474.05
	7.08

	Kocaeli_Turkey
	Arcelik
	7.51
	Strike-slip
	206.09
	13.49

	Kocaeli_Turkey
	Izmit
	7.51
	Strike-slip
	225.80
	7.21

	Kocaeli_Turkey
	Iznik
	7.51
	Strike-slip
	121.80
	30.73

	Landers
	Amboy
	7.28
	Strike-slip
	143.34
	69.21

	Landers
	Arcadia-Arcadia Av
	7.28
	Strike-slip
	27.98
	137.25

	Landers
	Baldwin Park-N Holly
	7.28
	Strike-slip
	34.84
	131.92

	Loma Prieta
	APEEL10-Skyline
	6.93
	Reverse Oblique
	100.91
	41.88

	Loma Prieta
	APEEL2-Redwood City
	6.93
	Reverse Oblique
	269.20
	43.23

	Loma Prieta
	APEEL9-Crystal Springs Res
	6.93
	Reverse Oblique
	112.10
	41.03

	Northridge-01
	Alhambra-Fremont School
	6.69
	Reverse
	99.13
	36.77

	Northridge-01
	Anacapa Island
	6.69
	Reverse
	65.99
	68.93

	Northridge-01
	Arcadia-Arcadia Av
	6.69
	Reverse
	92.31
	39.73

	San Fernando
	2516 Via Tejon PV
	6.61
	Reverse
	40.73
	55.20

	San Fernando
	Anza Post Office
	6.61
	Reverse
	35.57
	173.16

	San Fernando
	Bakersfield-Harvey Aud
	6.61
	Reverse
	7.15
	113.02


PGA = Peak Ground Acceleration.
Rrup = minimum distance from the site of interest to the fault zone.
Ground Motion Processing Method

The core methodology of this study involves modifying ground-motion records to reduce computational time while preserving their damage potential. The method builds upon the standard definition of significant duration but introduces a windowing technique to ensure numerical stability.

Record Scaling

The ground motion suite was scaled to be compatible with a site-specific Uniform Hazard Response Spectrum (UHRS) for a highly seismic zone (Acapulco, Mexico; Soil Type I; 475-year return period). Following the regional design guidelines NTC-DS-2023, an amplitude-scaling procedure was applied uniformly to both horizontal components of each record. The scale factors were optimized to ensure that the mean response spectrum of the scaled suite envelops the target UHRS strictly within the period range of interest [0.1T1, 1.5T1], thereby accurately representing the seismic hazard without altering the records' original frequency content.

Arias Intensity and Duration Metrics

The energy content of the ground motions was quantified using the Arias Intensity (AI), a cumulative energy metric defined by Arias (1970). It is defined as the integral of squared ground acceleration over time, scaled by gravitational acceleration. Mathematically, it is expressed with Eq. (1):
	
	[bookmark: _Ref221214081](1)



where:
· AI = Arias Intensity (cm/s).
· a(t) = ground acceleration time history (cm/s2).
· g = gravitational acceleration (981 cm/s2).
· t = total duration of the seismic record.

The AI measures the total energy transferred by the seismic event to the structure. Unlike peak-based parameters, it considers both the amplitude and duration of shaking, making it more appropriate for energy-demanding structural analyses.

Truncation and Windowing Procedure

To characterize the strong motion phase, this study adopts the widely accepted criterion by Trifunac and Brady (1975). This method defines a significant duration for the AI, isolating the time window during which the normalized cumulative energy increases from 5% to 95% of its final value (denoted by t5% and t95%, respectively). Therefore, the significant duration is calculated using Eq. (2):
	
	
	[bookmark: _Ref221215759](2)



First, the significant duration is determined using the normalized AI. While the standard definition (D5-95) bounds the effective shaking between 5% and 95% of the total energy, this methodology proposes a comparative analysis using three truncation levels. In addition to the standard t95% limit, the ground motions are also truncated at t85% and t75%. This yields three processed datasets (D5-95, D5-85, and D5-75), enabling a systematic assessment of the sensitivity of the structural response to the latter portion of the seismic record.
The D5-95, D5-85, and D5-75 thresholds were strategically selected to isolate the strong-motion phase that contributes most to hysteretic energy dissipation. Truncating at D5-95 effectively removes late-arriving, low-amplitude surface waves (codas), while the D5-85 and D5-75 limits progressively isolate the high-frequency peaks. This systematic variation allows evaluation of how excluding late-arriving energy affects structures, depending on their fundamental periods.

Figure 5 compares an original record with its truncated AI counterpart. As shown, each component has a different AI range, so to determine where records are trimmed, the minimum and maximum values across each record's three components are used. Table 4 displays the original and final durations of the most representative records trimmed using Arias Intensity.

[bookmark: _Ref221218443]Table 4. Effect of truncation for selected representative records.
	Earthquake
	Station
	Original duration (s)
	D5-75
(s)
	D5-85
(s)
	D5-95
(s)
	% Reduction

	
	
	
	
	
	
	D5-75
	D5-85
	D5-95

	Chi-Chi_Taiwan
	CHY034
	197.00
	14.848
	20.828
	35.904
	-92.46
	-89.43
	-81.77

	Imperial Valley-06
	Bonds Corner
	37.81
	6.895
	7.350
	10.475
	-81.76
	-80.56
	-72.30

	Imperial Valley-06
	Calipatria Fire Station
	39.94
	15.855
	20.880
	29.620
	-60.30
	-47.72
	-25.84

	Kobe_Japan
	MZH
	150.00
	17.380
	20.080
	26.380
	-88.41
	-86.61
	-82.41

	Landers
	Arcadia-Arcadia Av
	46.09
	26.900
	30.800
	37.365
	-41.64
	-33.17
	-18.93

	San Fernando
	Bakersfield-Harvey Aud
	40.00
	24.830
	32.975
	36.000
	-37.93
	-17.56
	-10.00



In standard signal processing, abruptly truncating an acceleration record typically results in non-zero boundary conditions for velocity and displacement, which can introduce artificial numerical drifts. However, applying post-truncation baseline corrections or high-pass filtering was intentionally avoided in this study. This strict methodological choice ensures that the frequency content of the isolated strong-motion phase remains entirely unaltered.

[image: ]
[bookmark: _Ref221218481]Figure 5. D5-95 significant duration of the earthquake in Kobe, Japan, Station: MZH.
Analysis Protocol and Performance Criteria

Nonlinear Time-History Analyses (NLTHA) were conducted using SAP2000. Each of the six structural models was subjected to the suite of 30 ground motion records across four distinct duration scenarios: (1) the Full Duration (D0-100), serving as the benchmark; (2) the truncated duration at 95% energy (D5-95); (3) at 85% (D5-85); and (4) at 75% (D5-75). To evaluate the implications of record truncation, a comprehensive set of Engineering Demand Parameters (EDPs) and computational metrics was monitored, as listed in Table 5. The assessment focuses on two key aspects:

· Computational Efficiency: Measured by the total analysis runtime and the size of the output database files.
· Global Response: Including peak floor displacements, inter-story drift ratios, peak base reactions, and column internal forces.

[bookmark: _Ref221243400]Table 5. Engineering Demand Parameters (EDPs) used for comparative analysis.
	Category
	Parameter
	Description / Location

	Computational Efficiency
	Analysis Runtime
	Total time required to complete the integration.

	
	Output File Size
	Size of the output database file.

	Global Response
	Peak Floor Displacement
	Measured globally and at the geometric center (GC).

	
	Inter-story Drift Ratio
	Measured globally and at the geometric center (GC).

	
	Base Reactions
	Maximum base shear and torsional Moment.

	
	Column Forces
	Peak forces in key column elements.


results and discussion

This section presents the results obtained after subjecting the six three-dimensional steel models to a set of 30 seismic records using Nonlinear Time-History Analysis (NLTHA). The objective is to quantify the impact of the three energy-truncation scenarios (D5-95, D5-85, and D5-75) by comparing their responses to those generated by full-duration earthquakes.

To ensure a rigorous and transparent evaluation, the predictive accuracy of the truncated models is assessed using a dual-statistical approach. On one hand, the total dispersion and uncertainty across the diverse seismic suite are visualized using boxplots of the natural logarithm of the response ratio (LnRatio). On the other hand, this visual characterization is corroborated by comprehensive statistical tables detailing the numerical Bias factors, logarithmic dispersion (σln), engineering error probabilities (P(|err| > 5\%)), and statistical significance (P values). This dual framework explicitly quantifies the systematic error introduced by each temporal cut as a direct function of the structure's flexibility and dynamic irregularity.

Computational Efficiency

The practical implementation of Nonlinear Time-History Analysis (NLTHA) is often constrained by computational costs and data management limits. This section quantifies the efficiency gains achieved by the proposed significant duration truncation methods relative to the full-duration baseline (D0-100).


Analysis Runtime, Numerical Stability, and Output File Size

The initial phase of this study evaluated the practical and computational benefits of shortening seismic records. Detailed Nonlinear Time-History Analysis (NLTHA) is inherently resource-intensive, requiring significant processing time and generating substantial data volumes. The results of this computational evaluation are summarized in Table 6, which details the average analysis runtimes and file sizes, while Figures 6, and 7 illustrate the percentage reductions in runtime and storage across all structural models and seismic records.


[bookmark: _Ref225394376]Table 6. Average analysis runtime and output file size per AI time window.
	Model
	Sig. Dur.
	Analysis Run Time
	Analysis File Size

	
	
	Mean
(min)
	Std
(min)
	Red.
(%)
	CoV
	Mean
(GB)
	Std
(GB)
	Red.
(%)
	CoV

	Model I
	D0-100
	2.66
	3.26
	-
	1.223
	4.30
	4.59
	-
	1.067

	
	D5-95
	1.38
	0.78
	-36.3%
	0.567
	2.05
	1.43
	-46.7%
	0.699

	
	D5-85
	1.12
	0.72
	-48.0%
	0.639
	1.44
	1.02
	-61.7%
	0.713

	
	D5-75
	0.95
	0.67
	-56.4%
	0.698
	1.15
	0.80
	-69.1%
	0.701

	Model II
	D0-100
	5.65
	6.25
	-
	1.107
	9.54
	10.84
	-
	1.137

	
	D5-95
	2.93
	1.87
	-31.2%
	0.639
	4.08
	2.85
	-41.5%
	0.699

	
	D5-85
	2.31
	1.50
	-40.0%
	0.649
	2.86
	2.04
	-58.6%
	0.713

	
	D5-75
	1.93
	1.45
	-51.4%
	0.751
	2.28
	1.60
	-66.5%
	0.701

	Model III
	D0-100
	8.31
	8.25
	-
	0.993
	14.35
	16.18
	-
	1.127

	
	D5-95
	4.27
	3.91
	-38.5%
	0.915
	6.10
	4.27
	-48.9%
	0.699

	
	D5-85
	3.04
	3.09
	-55.7%
	1.018
	4.28
	3.05
	-62.8%
	0.713

	
	D5-75
	2.40
	2.30
	-63.1%
	0.958
	3.41
	2.39
	-69.8%
	0.701

	Model IV
	D0-100
	2.49
	3.13
	-
	1.258
	3.73
	4.21
	-
	1.127

	
	D5-95
	1.12
	0.61
	-38.6%
	0.550
	1.59
	1.11
	-49.0%
	0.700

	
	D5-85
	0.90
	0.56
	-49.9%
	0.619
	1.11
	0.79
	-62.8%
	0.713

	
	D5-75
	0.74
	0.46
	-58.3%
	0.624
	0.89
	0.62
	-69.8%
	0.702

	Model V
	D0-100
	4.37
	5.28
	-
	1.208
	7.41
	8.36
	-
	1.127

	
	D5-95
	2.04
	0.85
	-35.0%
	0.417
	3.15
	2.20
	-49.0%
	0.700

	
	D5-85
	1.60
	0.68
	-47.8%
	0.427
	2.21
	1.57
	-62.8%
	0.713

	
	D5-75
	1.24
	0.58
	-59.2%
	0.464
	1.76
	1.24
	-69.8%
	0.702

	Model VI
	D0-100
	6.41
	7.01
	-
	1.095
	11.11
	12.52
	-
	1.127

	
	D5-95
	3.18
	2.75
	-36.8%
	0.867
	4.72
	3.30
	-49.0%
	0.700

	
	D5-85
	2.30
	2.11
	-52.3%
	0.919
	3.31
	2.36
	-62.8%
	0.713

	
	D5-75
	1.93
	1.88
	-59.6%
	0.973
	2.64
	1.85
	-69.9%
	0.702



Examining the baseline full-duration simulations (D0-100), it is evident that using the complete earthquake record not only increases computational cost but also introduces significant numerical uncertainty. The high Coefficient of Variation (CoV) observed in the full-duration runtimes (e.g., CoV > 1.20 for Models I, IV, and V) indicates that the integration algorithm frequently struggles to converge during the final, low-amplitude cycles of the seismic event, making calculation times highly unpredictable.
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[bookmark: _Ref225394437]Figure 6. Computation times percentage reduction for the six models across different scenarios compared to the entire earthquake duration.
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[bookmark: _Ref225394443]Figure 7. File size percentage reduction for each model and scenario compared to the entire earthquake duration.

However, applying a conservative 95% truncation (D5-95) effectively mitigates this numerical instability. By simply trimming the low-energy tails of the records, the execution time decreases by an average of 35% to 38% across all models, and the numerical convergence becomes significantly more stable, as evidenced by the sharp drop in CoV values. Under the most aggressive truncation scenario (D5-75), runtime savings consistently surpass 50%, reaching up to 63.1% for the most computationally demanding frameworks (Model III).

A similarly significant effect is observed in data storage. Running the full earthquake simulation produces very large output files—up to 14.35 GB for Model III—that primarily contain minor-displacement data from the earthquake's decay phase. As shown in Figure 7, using the conservative D5-95 threshold immediately cuts file sizes by nearly half (about 41% to 49%). Additionally, applying the D5-75 scenario results in a consistent, impressive storage reduction of nearly 70% across all structural models, effectively removing major data management bottlenecks in large-scale performance-based assessments.





Global Transient Response

To validate the proposed truncation methodology, the global Engineering Demand Parameters (EDPs) obtained from the truncated records were compared against the full-duration benchmark (D0-100). The accuracy was evaluated in terms of peak floor displacements, inter-story drifts, and base reactions.

[bookmark: _Ref225862087]Peak Floor Displacement and Diaphragm Rotation

To assess whether truncating seismic records affects structural safety assessments, horizontal displacements and diaphragm rotations at the roof level were analyzed. Tables 7, 8, and 9 details the numerical Bias factor, dispersion (σln), engineering error probability, and statistical significance (P values) introduced by each truncation level, quantifying the systematic error. Complementing this, Figures 8, 9, and 10 present boxplots of the natural logarithm of the response ratios (LnRatio) for X-displacement, Y-displacement, and RZ-rotation, respectively, illustrating the dispersion and uncertainty across the suite of seismic records.

[bookmark: _Ref225394932]Table 7. Statistical metrics quantifying the impact of AI truncation on peak roof X-displacement across all structural models.
	Model
	Sig. Dur.
	Bias factor
	σln
	P(|err|>5%)
	P value

	Model I
	D5-95
	1.000
	0.008
	0.0%
	.70

	
	D5-85
	1.000
	0.008
	0.0%
	.70

	
	D5-75
	0.994
	0.025
	6.7%
	.18

	Model II
	D5-95
	0.984
	0.064
	10.0%
	.18

	
	D5-85
	0.977
	0.068
	16.7%
	.06

	
	D5-75
	0.943
	0.135
	23.3%
	.03

	Model III
	D5-95
	0.983
	0.087
	23.3%
	.21

	
	D5-85
	0.956
	0.127
	30.0%
	.06

	
	D5-75
	0.860
	0.298
	40.0%
	.005

	Model IV
	D5-95
	1.000
	0.010
	0.0%
	.85

	
	D5-85
	1.000
	0.010
	0.0%
	.88

	
	D5-75
	0.995
	0.017
	0.0%
	.09

	Model V
	D5-95
	0.993
	0.043
	6.7%
	.39

	
	D5-85
	0.984
	0.050
	13.3%
	.09

	
	D5-75
	0.956
	0.104
	23.3%
	.03

	Model VI
	D5-95
	0.980
	0.065
	23.3%
	.09

	
	D5-85
	0.930
	0.128
	40.0%
	.004

	
	D5-75
	0.839
	0.297
	50.0%
	.001



Examining the conservative D5-95 scenario, the results confirm exceptional accuracy. The boxplots for this window are tightly clustered around an LnRatio of 0.0, indicating minimal variance regardless of the specific earthquake. This visual consistency is numerically corroborated in Tables 7 to 9, where the Bias factors for the 95% scenario remain strictly between 0.947 and 1.000 across all models and directions. Furthermore, the P values for most models under D5-95 are well above.05, providing statistical evidence that the minor deviations introduced by this truncation are negligible. However, the D5-85 scenario serves as a clear transition point where accuracy begins to degrade, particularly in more flexible structures. While the computational time is significantly reduced at this level, the Bias factor for the roof rotation (RZ) in Models III and VI drops to 0.863, implying a systematic underestimation of nearly 14%. The boxplots for these flexible frames reflect this degradation, displaying wider interquartile ranges and an increased number of outliers dropping below an LnRatio of -0.25.
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[bookmark: _Ref225395615]Figure 8. Natural logarithm of the response ratio (LnRatio) for peak roof X-displacement under varying truncation windows across all structural models.

The situation becomes extremely critical under the aggressive D5-75 scenario. For flexible structures, the truncation greatly underestimates the actual dynamic demand. The RZ rotation Bias drops dramatically to 0.791 for Model III and 0.792 for Model VI. In practical engineering terms, this indicates that the truncated simulation fails to capture over 20% of the building's actual torsional response. This severe underestimation is visually striking in the boxplots, where the boxes for Models III and VI widen significantly, and their medians plunge into negative territory. Notably, the P values for these flexible models under D5-75 fall below .01, providing overwhelming statistical evidence that the error is highly significant and structurally unsafe. Conversely, the stiffer buildings (Models I and IV) proved to be remarkably resilient to aggressive truncation, maintaining safe Bias factors (e.g., 0.994 and 0.995 for X displacement) even under the most severe cuts.

[bookmark: _Ref225858495]Table 8. Statistical metrics quantifying the impact of AI truncation on peak roof Y-displacement across all structural models.
	Model
	Sig. Dur.
	Bias factor
	σln
	P(|err|>5%)
	P value

	Model I
	D5-95
	0.987
	0.051
	6.7%
	.15

	
	D5-85
	0.987
	0.051
	6.7%
	.15

	
	D5-75
	0.981
	0.054
	13.3%
	.06

	Model II
	D5-95
	0.999
	0.024
	6.7%
	.90

	
	D5-85
	0.969
	0.088
	20.0%
	.06

	
	D5-75
	0.949
	0.112
	30.0%
	.02

	Model III
	D5-95
	0.960
	0.122
	13.3%
	.06

	
	D5-85
	0.907
	0.226
	30.0%
	.02

	
	D5-75
	0.856
	0.260
	43.3%
	.002

	Model IV
	D5-95
	0.986
	0.063
	6.7%
	.26

	
	D5-85
	0.983
	0.083
	6.7%
	.27

	
	D5-75
	0.971
	0.090
	13.3%
	.09

	Model V
	D5-95
	1.001
	0.021
	3.3%
	.72

	
	D5-85
	0.958
	0.146
	16.7%
	.11

	
	D5-75
	0.934
	0.162
	26.7%
	.03

	Model VI
	D5-95
	0.969
	0.097
	16.7%
	.07

	
	D5-85
	0.889
	0.194
	40.0%
	.002

	
	D5-75
	0.834
	0.225
	56.7%
	< .001




[bookmark: _Ref225395620]Figure 9. Natural logarithm of the response ratio (LnRatio) for peak roof Y-displacement under varying truncation windows across all structural models.
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In addition to evaluating the central Bias, it is crucial to quantify the engineering risk of underestimating seismic demand. As observed in Tables 7 to 9, the probability of incurring an error greater than 5% (P(|err| > 5\%)) under the D5-95 scenario remains low to moderate. However, when applying the severe D5-75 truncation to Model III, there is an alarming 56.7% probability that the diaphragm rotation error will exceed tolerable design thresholds. This demonstrates that aggressive truncation windows not only alter the mean response but also introduce an unacceptable probability of design failure of flexible structures.

[bookmark: _Ref225858498]Table 9. Statistical metrics quantifying the impact of AI truncation on peak roof diaphragm rotation (RZ).
	Model
	Sig. Dur.
	Bias factor
	σln
	P(|err|>5%)
	P value

	Model I
	D5-95
	0.987
	0.100
	13.3%
	.53

	
	D5-85
	0.976
	0.106
	20.0%
	.30

	
	D5-75
	0.961
	0.115
	30.0%
	.09

	Model II
	D5-95
	1.017
	0.104
	10.0%
	.41

	
	D5-85
	0.963
	0.151
	30.0%
	.13

	
	D5-75
	0.931
	0.164
	40.0%
	.02

	Model III
	D5-95
	0.947
	0.119
	30.0%
	.01

	
	D5-85
	0.863
	0.245
	50.0%
	.003

	
	D5-75
	0.791
	0.297
	56.7%
	< .001

	Model IV
	D5-95
	0.997
	0.029
	6.7%
	.40

	
	D5-85
	0.983
	0.069
	10.0%
	.16

	
	D5-75
	0.972
	0.092
	16.7%
	.10

	Model V
	D5-95
	0.992
	0.061
	13.3%
	.57

	
	D5-85
	0.920
	0.186
	36.7%
	.02

	
	D5-75
	0.889
	0.211
	46.7%
	.003

	Model VI
	D5-95
	0.962
	0.073
	20.0%
	.008

	
	D5-85
	0.863
	0.164
	53.3%
	< .001

	
	D5-75
	0.792
	0.241
	63.3%
	< .001
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[bookmark: _Ref225395623]Figure 10. Natural logarithm of the response ratio (LnRatio) for peak roof diaphragm rotation (RZ) under varying truncation windows across all structural models.

[bookmark: _Ref225862094]Interstory Drift Ratio

While peak roof displacement provides a macroscopic measure of global structural response, the actual potential for structural and non-structural damage is strictly governed by the Interstory Drift Ratio (IDR)—the relative lateral displacement between two consecutive floors. Preliminary dynamic assessments identified that Story 2 consistently experienced the maximum interstory drift demands and exhibited the greatest sensitivity to ground motion duration across the evaluated structural typologies.

To quantify the systematic error at this critical floor, Table 10 details the Bias factors, logarithmic dispersion (σln), engineering error probabilities (P(|err| > 5\%)), and statistical significance (P values) for both the X and Y directions. Figures 11 and 12 present the corresponding LnRatio boxplots to characterize the error dispersion across the seismic suite. Furthermore, to understand how this deformation is distributed along the height of the buildings, mean IDR profiles from the base to the roof are plotted in Figures 13 and 14.

[image: ]
[bookmark: _Ref225396155]Figure 11. LnRatio for peak Interstory Drift Ratio (IDR) at Story 2 in the X-direction.


[bookmark: _Ref225396132]Table 10. Statistical metrics quantifying the impact of AI truncation on peak Interstory Drift Ratio (IDR) at Story 2 across all structural models and orthogonal directions.
	Model
	Dir
	Window
	Bias factor
	σln
	P(|err|>5%)
	P value

	Model I
	X
	D5-95
	1.000
	0.010
	0.0%
	.95

	
	X
	D5-85
	0.999
	0.013
	3.3%
	.71

	
	X
	D5-75
	0.993
	0.028
	6.7%
	.18

	Model II
	X
	D5-95
	0.992
	0.052
	10.0%
	.47

	
	X
	D5-85
	0.983
	0.061
	16.7%
	.16

	
	X
	D5-75
	0.974
	0.086
	20.0%
	.13

	Model III
	X
	D5-95
	0.981
	0.075
	16.7%
	.14

	
	X
	D5-85
	0.966
	0.108
	26.7%
	.10

	
	X
	D5-75
	0.914
	0.184
	36.7%
	.02

	Model IV
	X
	D5-95
	1.003
	0.012
	3.3%
	.21

	
	X
	D5-85
	1.003
	0.012
	3.3%
	.17

	
	X
	D5-75
	0.999
	0.017
	6.7%
	.72

	Model V
	X
	D5-95
	0.985
	0.076
	6.7%
	.32

	
	X
	D5-85
	0.976
	0.087
	16.7%
	.13

	
	X
	D5-75
	0.970
	0.099
	16.7%
	.11

	Model VI
	X
	D5-95
	0.972
	0.076
	16.7%
	.07

	
	X
	D5-85
	0.940
	0.118
	26.7%
	.008

	
	X
	D5-75
	0.890
	0.170
	43.3%
	< .001

	Model I
	Y
	D5-95
	0.985
	0.065
	6.7%
	.18

	
	Y
	D5-85
	0.985
	0.065
	6.7%
	.18

	
	Y
	D5-75
	0.980
	0.068
	10.0%
	.09

	Model II
	Y
	D5-95
	1.000
	0.021
	3.3%
	.91

	
	Y
	D5-85
	0.991
	0.047
	10.0%
	.32

	
	Y
	D5-75
	0.974
	0.070
	20.0%
	.06

	Model III
	Y
	D5-95
	0.982
	0.089
	23.3%
	.64

	
	Y
	D5-85
	0.949
	0.151
	33.3%
	.44

	
	Y
	D5-75
	0.908
	0.198
	43.3%
	.12

	Model IV
	Y
	D5-95
	0.987
	0.058
	6.7%
	.26

	
	Y
	D5-85
	0.982
	0.085
	6.7%
	.28

	
	Y
	D5-75
	0.974
	0.089
	13.3%
	.12

	Model V
	Y
	D5-95
	0.996
	0.033
	6.7%
	.53

	
	Y
	D5-85
	0.974
	0.086
	16.7%
	.15

	
	Y
	D5-75
	0.963
	0.094
	23.3%
	.06

	Model VI
	Y
	D5-95
	0.980
	0.115
	33.3%
	.61

	
	Y
	D5-85
	0.945
	0.130
	33.3%
	.03

	
	Y
	D5-75
	0.924
	0.158
	46.7%
	.03
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[bookmark: _Ref225396163]Figure 12. LnRatio for peak Interstory Drift Ratio (IDR) at Story 2 in the Y-direction.

As observed with global roof displacements, the conservative D5-95 scenario remains highly reliable for predicting local component damage. In the critical Story 2, the Bias factors are nearly perfect, ranging from 0.970 to 1.000 in both orthogonal directions (Table 10). The boxplots in Figures 11 and 12 are densely clustered around an LnRatio of 0.0, and the statistical tests yield high P values, ensuring that the simulation is not masking potential damage in the columns or structural walls at that level. This accuracy is further corroborated by the IDR profiles (Figures 13 and 14), where the 95% truncation curves overlap the 100% baseline curves almost perfectly along the entire height of the structures.

The D5-85 scenario acts as a transitional boundary, showing a slight but noticeable degradation in accuracy. However, aggressive truncation at the D5-75 level introduces severe and statistically significant underestimations. For the more flexible frameworks, the IDR Bias at Story 2 drops to a concerning 0.895 in Model VI (X-direction) and 0.901 in Model III (Y-direction). Losing approximately 10% to 11% of the actual drift demand is a major engineering red flag, as IDR is the primary parameter utilized by seismic design codes to evaluate performance limits and assign damage states. Moreover, under the D5-75 scenario, the probability of exceeding an unacceptable 5% error threshold (P(|err| > 5\%)) spikes to 30.0% for Model VI (X-direction), representing a substantial risk of misclassifying the building's structural safety.

This analytical deficiency becomes visually undeniable when examining the vertical IDR profiles in Figures 13 and 14. While the 95% curves seamlessly capture the true dynamic shape of the buildings, the D5-75 curves fundamentally fail at mid-to-lower levels. They deviate significantly from the baseline behavior, severely flattening the peak deformation demands. This demonstrates that excessive earthquake truncation not only dampens the maximum response values but also completely distorts the analytical understanding of the structure’s flexural and shear behavior at its most vulnerable stories.
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[bookmark: _Ref225396260]Figure 13. Mean Interstory Drift Ratio (IDR) profiles in the X-direction.
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[bookmark: _Ref225396269]Figure 14. Mean Interstory Drift Ratio (IDR) profiles in the Y-direction.
Base Reactions

So far, we have analyzed how the building moves and deforms, but we still need to evaluate a fundamental aspect of structural design: the forces that the building transmits to its foundation. In this section, we analyze the Base Shear (the total horizontal forces attempting to "push" the building from the base, represented as VX and VY) and the Torsional Moment (the lever force attempting to "twist" it, represented as MZ).

To quantify the variance in these fundamental design forces under different truncation windows, Tables 11, 12, and 13 present the exact numerical Bias factors, logarithmic dispersion (σln), engineering error probabilities (P(|err| > 5\%)), and statistical significance (P values) for VX, VY, and MZ, respectively. Complementing this numerical data, Figures 15, 16, and 17 display the total dispersion of the response using LnRatio boxplots across all structural models and seismic records.

[bookmark: _Ref225861462]Table 11. Statistical metrics quantifying the impact of AI truncation on the peak X-direction Base Shear (VX).
	Model
	Sig. Dur.
	Bias factor
	σln
	P(|err|>5%)
	P value

	Model I
	D5-95
	1.002
	0.008
	0.0%
	.18

	
	D5-85
	1.002
	0.008
	0.0%
	.17

	
	D5-75
	0.992
	0.032
	10.0%
	.22

	Model II
	D5-95
	0.990
	0.032
	6.7%
	.07

	
	D5-85
	0.988
	0.032
	6.7%
	.04

	
	D5-75
	0.980
	0.054
	10.0%
	.04

	Model III
	D5-95
	0.996
	0.026
	6.7%
	.28

	
	D5-85
	0.988
	0.043
	16.7%
	.13

	
	D5-75
	0.958
	0.120
	20.0%
	.05

	Model IV
	D5-95
	0.999
	0.004
	0.0%
	.55

	
	D5-85
	1.000
	0.005
	0.0%
	.93

	
	D5-75
	0.990
	0.033
	10.0%
	.12

	Model V
	D5-95
	0.989
	0.051
	3.3%
	.22

	
	D5-85
	0.985
	0.053
	6.7%
	.12

	
	D5-75
	0.979
	0.064
	10.0%
	.07

	Model VI
	D5-95
	1.000
	0.027
	3.3%
	.81

	
	D5-85
	0.989
	0.040
	16.7%
	.16

	
	D5-75
	0.964
	0.106
	20.0%
	.06



An analysis of the conservative D5-95 scenario reveals an exceptionally robust pattern. The truncation is virtually imperceptible in the base reactions, maintaining Bias factors of nearly 1.0 (ranging tightly between 0.989 and 1.008) across all forces and models (Tables 11 to 13). The LnRatio boxplots for this scenario are perfectly centered at 0.0 with minimal outliers, reaffirming that trimming the final 5% of the Arias Intensity is a completely safe computational practice that does not compromise foundation design forces.

A pivotal finding of this study, however, emerges from an analysis of the more aggressive D5-85 and D5-75 scenarios. As demonstrated in Sections 3.2.1 and 3.2.2, reducing the earthquake record to D5-75 severely degraded the accuracy of global and local displacements, masking up to 20% of the actual deformation demands in flexible models. In stark contrast, the global base reactions remain highly resilient to these aggressive cuts.


[bookmark: _Ref225861468]Table 12. Statistical metrics quantifying the impact of AI truncation on the peak Y-direction Base Shear (VY).
	Model
	Sig. Dur.
	Bias factor
	σln
	P(|err|>5%)
	P value

	Model I
	D5-95
	0.997
	0.018
	3.3%
	.31

	
	D5-85
	0.997
	0.018
	3.3%
	.34

	
	D5-75
	0.994
	0.019
	3.3%
	.15

	Model II
	D5-95
	1.002
	0.012
	0.0%
	.36

	
	D5-85
	0.995
	0.029
	6.7%
	.34

	
	D5-75
	0.990
	0.035
	13.3%
	.15

	Model III
	D5-95
	1.001
	0.028
	10.0%
	.61

	
	D5-85
	0.980
	0.063
	26.7%
	.23

	
	D5-75
	0.960
	0.089
	33.3%
	.03

	Model IV
	D5-95
	0.992
	0.035
	3.3%
	.20

	
	D5-85
	0.992
	0.035
	3.3%
	.21

	
	D5-75
	0.981
	0.047
	13.3%
	.03

	Model V
	D5-95
	1.001
	0.011
	0.0%
	.72

	
	D5-85
	0.994
	0.031
	6.7%
	.28

	
	D5-75
	0.990
	0.036
	10.0%
	.15

	Model VI
	D5-95
	0.994
	0.025
	3.3%
	.20

	
	D5-85
	0.967
	0.077
	16.7%
	.02

	
	D5-75
	0.959
	0.097
	20.0%
	.02



[bookmark: _Ref225861475]Table 13. Statistical metrics quantifying the impact of AI truncation on the peak Base Torsional Moment (MZ).
	Model
	Sig. Dur.
	Bias factor
	σln
	P(|err|>5%)
	P value

	Model I
	D5-95
	0.998
	0.021
	3.3%
	.71

	
	D5-85
	0.997
	0.022
	3.3%
	.47

	
	D5-75
	0.993
	0.025
	3.3%
	.10

	Model II
	D5-95
	1.008
	0.053
	6.7%
	.48

	
	D5-85
	1.007
	0.045
	6.7%
	.47

	
	D5-75
	1.002
	0.049
	10.0%
	.99

	Model III
	D5-95
	0.990
	0.033
	10.0%
	.17

	
	D5-85
	0.977
	0.057
	23.3%
	.09

	
	D5-75
	0.958
	0.076
	30.0%
	.008

	Model IV
	D5-95
	0.998
	0.013
	3.3%
	.78

	
	D5-85
	0.998
	0.013
	3.3%
	.81

	
	D5-75
	0.988
	0.034
	13.3%
	.09

	Model V
	D5-95
	0.998
	0.021
	3.3%
	.40

	
	D5-85
	0.997
	0.021
	3.3%
	.36

	
	D5-75
	0.987
	0.045
	10.0%
	.09

	Model VI
	D5-95
	0.995
	0.022
	3.3%
	.16

	
	D5-85
	0.982
	0.055
	10.0%
	.07

	
	D5-75
	0.949
	0.119
	23.3%
	.02
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[bookmark: _Ref225396935]Figure 15. Dispersion of the natural logarithm of the ratio (LnRatio) for X-direction Base Shear (VX) across structural models.
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[bookmark: _Ref225396950]Figure 16. Dispersion of the natural logarithm of the ratio (LnRatio) for Y-direction Base Shear (VY) across structural models.
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[bookmark: _Ref225396955]Figure 17. Dispersion of the natural logarithm of the ratio (LnRatio) for base Torsional Moment (MZ) across structural models.

Even under the extreme D5-75 threshold, the X-direction Base Shear (VX) maintains remarkable accuracy, with Bias factors not falling below 0.958 (as observed in Model III). Similarly, stable behavior is observed for the Base Torsional Moment (MZ), with the most significant degradation being a slight drop to a Bias of 0.949 in Model VI. In practical engineering terms, this indicates that while aggressive truncation critically distorts displacement calculations, the simulated base reactions reliably capture over 95% of the true force demands in all evaluated cases.

This distinct phenomenological difference is rooted in structural dynamics. Maximum base forces are predominantly governed by high-frequency, high-amplitude ground acceleration spikes, which universally occur during the strong-motion phase of the earthquake—the central portion of the record strictly retained by the Arias Intensity windows. Conversely, peak displacements and drifts, particularly in flexible multi-story buildings, can build up progressively due to resonance. These maximum kinematic responses often manifest later in the time history (the decaying "tail" of the earthquake) as the structure accumulates kinetic energy, a phase that is structurally vital but is prematurely discarded under aggressive truncation scenarios such as D5-75.

Column Internal Forces

To conclude the structural performance assessment, the focus is shifted from global macroscopic behavior to the local element level, examining the internal demands within individual structural members. For this study, a critical corner column at the base was selected, as these elements typically experience the most severe combinations of axial load and biaxial bending, making them highly sensitive indicators of structural safety. To comprehensively observe how these design forces vary under different temporal slices, Tables 14, 15, and 16 detail the exact Bias factors, dispersion (σln), engineering error probabilities (P(|err| > 5\%)), and statistical significance (P values) for Min Axial, M2, and M3, respectively. Complementing the numerical data, the total error dispersions are visually represented using LnRatio boxplots in Figure 18 for Axial Force, Figure 19 for the M2 Moment, and Figure 20 for the M3 Moment. 

[bookmark: _Ref225862893]Table 14. Statistical metrics quantifying the impact of AI truncation on the maximum axial compressive force (Min Axial) of the critical corner column.
	Model
	Sig. Dur.
	Bias factor
	σln
	P(|err|>5%)
	P value

	Model I
	D5-95
	1.010
	0.074
	6.7%
	.46

	
	D5-85
	1.011
	0.074
	6.7%
	.44

	
	D5-75
	1.008
	0.076
	10.0%
	.56

	Model II
	D5-95
	1.011
	0.106
	10.0%
	.68

	
	D5-85
	1.010
	0.099
	10.0%
	.72

	
	D5-75
	0.990
	0.127
	20.0%
	.42

	Model III
	D5-95
	0.987
	0.041
	13.3%
	.10

	
	D5-85
	0.970
	0.064
	23.3%
	.02

	
	D5-75
	0.961
	0.074
	26.7%
	.006

	Model IV
	D5-95
	1.002
	0.006
	0.0%
	.10

	
	D5-85
	1.001
	0.008
	0.0%
	.36

	
	D5-75
	1.000
	0.008
	0.0%
	.65

	Model V
	D5-95
	0.992
	0.040
	3.3%
	.25

	
	D5-85
	0.987
	0.042
	10.0%
	.10

	
	D5-75
	0.970
	0.081
	16.7%
	.05

	Model VI
	D5-95
	1.001
	0.035
	6.7%
	.90

	
	D5-85
	0.974
	0.092
	16.7%
	.12

	
	D5-75
	0.941
	0.131
	30.0%
	.01



[bookmark: _Ref225862901]Table 15. Statistical metrics quantifying the impact of AI truncation on the critical column's primary bending moment (M2).
	Model
	Sig. Dur.
	Bias factor
	σln
	P(|err|>5%)
	P value

	Model I
	D5-95
	0.997
	0.013
	0.0%
	.33

	
	D5-85
	0.996
	0.012
	0.0%
	.08

	
	D5-75
	0.988
	0.030
	6.7%
	.03

	Model II
	D5-95
	0.998
	0.028
	6.7%
	.67

	
	D5-85
	0.992
	0.045
	10.0%
	.37

	
	D5-75
	0.984
	0.052
	16.7%
	.12

	Model III
	D5-95
	0.998
	0.053
	16.7%
	.89

	
	D5-85
	0.968
	0.077
	30.0%
	.07

	
	D5-75
	0.952
	0.107
	26.7%
	.01

	Model IV
	D5-95
	0.995
	0.021
	3.3%
	.19

	
	D5-85
	0.992
	0.039
	3.3%
	.29

	
	D5-75
	0.988
	0.042
	6.7%
	.12

	Model V
	D5-95
	0.999
	0.008
	0.0%
	.72

	
	D5-85
	0.993
	0.020
	6.7%
	.07

	
	D5-75
	0.987
	0.029
	13.3%
	.02

	Model VI
	D5-95
	1.005
	0.049
	13.3%
	.66

	
	D5-85
	1.003
	0.049
	13.3%
	.86

	
	D5-75
	0.994
	0.060
	23.3%
	.60



[bookmark: _Ref225862905]Table 16. Statistical metrics quantifying the impact of AI truncation on the critical column's secondary bending moment (M3)
	Model
	Sig. Dur.
	Bias factor
	σln
	P(|err|>5%)
	P value

	Model I
	D5-95
	0.999
	0.007
	0.0%
	.34

	
	D5-85
	0.999
	0.007
	0.0%
	.39

	
	D5-75
	0.999
	0.007
	0.0%
	.60

	Model II
	D5-95
	0.997
	0.043
	10.0%
	.90

	
	D5-85
	0.991
	0.046
	16.7%
	.31

	
	D5-75
	0.976
	0.063
	23.3%
	.04

	Model III
	D5-95
	1.017
	0.041
	23.3%
	.05

	
	D5-85
	1.005
	0.067
	30.0%
	.69

	
	D5-75
	0.975
	0.127
	40.0%
	.29

	Model IV
	D5-95
	1.001
	0.019
	6.7%
	.62

	
	D5-85
	1.001
	0.019
	6.7%
	.58

	
	D5-75
	0.981
	0.056
	16.7%
	.08

	Model V
	D5-95
	0.970
	0.106
	6.7%
	.13

	
	D5-85
	0.959
	0.117
	10.0%
	.06

	
	D5-75
	0.954
	0.118
	13.3%
	.04

	Model VI
	D5-95
	0.984
	0.060
	13.3%
	.14

	
	D5-85
	0.974
	0.066
	23.3%
	.03

	
	D5-75
	0.955
	0.115
	30.0%
	.03



Consistent with the phenomenological observations of the global base reactions, the internal column forces exhibit remarkably stable behavior under truncation. The conservative D5-95 scenario once again demonstrates exceptional precision. The Bias factors for this window remain near-perfect, ranging tightly between 0.987 and 1.017 across all models and internal forces (Tables 14 to 16). The corresponding boxplots are tightly centered at an LnRatio of 0.0, ensuring that the structural design of the column would not be compromised in any capacity by removing the final 5% of the Arias Intensity.
[image: ]
[bookmark: _Ref225868075]Figure 18. Natural logarithm of the response ratio (LnRatio) for the maximum axial compressive force (Min Axial) in the critical corner column across truncation windows.
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[bookmark: _Ref225397520]Figure 19. LnRatio for the column's M2 bending moment across truncation windows.

[image: ]
[bookmark: _Ref225397525]Figure 20. LnRatio for the column's M3 bending moment across truncation windows.


The most compelling insights, however, are found within the extreme truncation levels. As demonstrated in Sections 3.2.1 and 3.2.2, reducing the seismic record to the D5-75 threshold severely degraded the accuracy of lateral displacements and interstory drifts. In stark contrast, the internal forces in the corner column prove exceptionally resilient. In the most critical case recorded (Axial Force in Model VI under the D5-75 scenario), the Bias factor drops to a mere 0.941. The local bending moments (M2 and M3) are even more robust, maintaining a Bias above 0.950 across absolutely all models despite this highly aggressive cut (e.g., Model III records 0.952 for M2, and Model V records 0.954 for M3).

This structural response clearly confirms the previous macroscopic findings: peak kinetic demands (both global base reactions and local element internal forces) are mainly triggered by the intense, high-frequency acceleration spikes typical of the strong-motion phase. Since these central peaks are inherently retained within the truncated windows, the force calculations remain highly accurate. On the other hand, kinematic demands (displacements and drifts) are affected by the length of the loading period and the resonant buildup, which explains their significant decline when the trailing tail of the earthquake is aggressively cut off.

Global Sensitivity Analysis

To synthesize the detailed structural responses discussed in the preceding sections, a global sensitivity analysis was conducted. This phase aggregates all evaluated Engineering Demand Parameters (EDPs)—encompassing both kinematic responses (displacements, rotations, and drifts) and kinetic demands (base reactions and local internal forces)—into a singular, macroscopic assessment for each structural typology.

Tables 17 and 18 present the consolidated statistical metrics across all global parameters, detailing the aggregate Bias factors, total logarithmic dispersion (σln), overarching engineering error probabilities (P(|err| > 5\%)), and global P values. To visually characterize this aggregated behavior, Figure 21 illustrates the total dispersion of the natural logarithm of the response ratios (LnRatio) for all EDPs combined, categorized by structural model and truncation window. Complementing this, Figure 22 displays the mean Global Bias Factor, providing a clear comparison of how much structural demand is "lost" on average under each scenario.

[bookmark: _Ref225865988]Table 17. Global summary of the truncation effect.
	Significant Duration
	Bias
	σln
	P(|err|>5%)
	P value

	D5-95
	0.990
	0.124
	16.9%
	.340

	D5-85
	0.964
	0.227
	25.3%
	.001

	D5-75
	0.929
	0.282
	33.7%
	< .001



The global results definitively confirm the overarching hypothesis of this study: the D5-95 scenario is universally robust. As seen in the bar charts of Figure 22, the Global Bias for the 95% window remains exceptionally stable, hovering closely between 0.990 and 0.998 across all building models. The corresponding boxplots in Figure 21 are tightly clustered around the zero mark with minimal outliers, guaranteeing that removing the final 5% of the Arias Intensity does not systematically alter the overall structural assessment, regardless of the building's stiffness or irregularity.



[bookmark: _Ref225865994]Table 18. Aggregated statistical metrics quantifying the global impact of AI truncation across all Engineering Demand Parameters (EDPs) by structural model.
	Model
	Window
	Bias
	σln
	P(|err|>5%)
	P value

	Model I
	D5-95
	0.996
	0.033
	3.6%
	.03

	
	D5-85
	0.996
	0.033
	3.9%
	.03

	
	D5-75
	0.990
	0.070
	8.2%
	.003

	Model II
	D5-95
	0.997
	0.063
	11.1%
	.74

	
	D5-85
	0.987
	0.133
	18.2%
	.35

	
	D5-75
	0.964
	0.166
	24.4%
	< .001

	Model III
	D5-95
	0.975
	0.171
	25.6%
	.02

	
	D5-85
	0.939
	0.296
	36.7%
	.03

	
	D5-75
	0.890
	0.351
	47.8%
	< .001

	Model IV
	D5-95
	0.994
	0.042
	3.3%
	.007

	
	D5-85
	0.993
	0.050
	3.3%
	.009

	
	D5-75
	0.985
	0.064
	10.0%
	.000

	Model V
	D5-95
	0.998
	0.068
	10.7%
	.84

	
	D5-85
	0.985
	0.205
	19.8%
	.64

	
	D5-75
	0.956
	0.230
	26.5%
	.09

	Model VI
	D5-95
	0.991
	0.167
	27.5%
	.39

	
	D5-85
	0.936
	0.291
	40.4%
	.002

	
	D5-75
	0.882
	0.379
	51.4%
	< .001
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[bookmark: _Ref225866009]Figure 21. Global boxplots of the LnRatio encompassing all evaluated EDPs.
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[bookmark: _Ref225866014]Figure 22. Comparison of the Mean Global Bias Factor by structural model and truncation window.

Conversely, the aggregate data explicitly exposes the vulnerability of flexible and highly irregular structures to aggressive truncation. For stiffer, more regular buildings (such as Models I and IV), the global metrics remain reasonably resilient even under the D5-75 scenario, maintaining average Bias factors above 0.95. However, for the more flexible typologies (Models III and VI), global accuracy deteriorates significantly. In the D5-75 scenario, the Global Bias for Model VI plummets to 0.882 (Figure 22), while the LnRatio boxplot (Figure 21) reveals a large spread in the data distribution, heavily skewed toward underestimation.

This comprehensive view shows that excessive clipping of the seismic record does not impact all structures equally. While rigid buildings effectively record their maximum demands during the strong-motion phase, flexible buildings depend on the longer, low-amplitude cycles in the earthquake's tail to reach their peak resonant deformations. Aggressively truncating this tail artificially reduces the overall damage estimate, resulting in an unconservative and potentially risky structural assessment evaluation.

Discussion: Implications for Seismic Assessment

Analyzing the three-dimensional structural models under varying seismic truncation scenarios allows for a critical comparison of our findings with the current state of the art. This evaluation not only confirms historical assumptions about ground-motion duration but also reveals fundamental nuances critical to advanced 3D nonlinear modeling.





Confirmation of the insensitivity of internal forces

Historically, extensive state-of-the-art reviews (Hancock & Bommer, 2006) and statistical hypothesis tests (Iervolino et al., 2006) have established that while earthquake duration governs hysteretic energy dissipation and fatigue damage, it has a negligible correlation with peak transient demands (Hou & Qu, 2015). Our results provide robust analytical support for this premise by explicitly differentiating between kinetic (forces) and kinematic (deformations) parameters. The data demonstrates that even under an extreme D5-75 truncation, global kinetic reactions (Base Shear VX, VY) and local internal column forces (Axial load and bending moments) maintain accuracy ratios strictly above 94%. This mathematically corroborates the findings of Fairhurst et al. (2019), who observed that shear forces and bending moments are highly insensitive to duration at the design level, as they are fundamentally governed by the high-frequency acceleration spikes of the strong-motion phase rather than the extended accumulation of energy.

The truncation limit for global deformations

Recent research isolating the intense phase of the Arias Intensity has confirmed that maximum inter-story drifts in steel frames are inherently insensitive to earthquake duration under standard design levels (Zengin et al., 2020), provided the components have not entered severe cyclic degradation (Chandramohan et al., 2016; Bravo-Haro & Elghazouli, 2018). Our D5-95 scenario statistically validates this (P > 0.05), yielding nearly perfect accuracy in displacement and interstory drift.

However, our statistical data highlights the critical need to establish a strict boundary for this assumption. Aggressive truncations (D5-85 and D5-75) caused severe, statistically significant underestimations (P < 0.01) in drifts and roof rotations, especially in more flexible structures. This shows that while isolating the primary energy phase is valid, excessively truncating the seismic "tail" removes the low-amplitude, long-period cycles needed for resonance to develop in flexible frames. Just as prolonged exposure critically changes the internal dynamic environment and non-structural vulnerability (Rodriguez et al., 2021), aggressively clipping the record artificially reduces the ability to predict global damage, creating a dangerous blind spot in performance-based assessments.

Overcoming methodological limitations

Based on the need to optimize NLTHA, recent literature has proposed complex mathematical transforms, such as S-transforms (Arian-Moghaddam et al., 2020) and wavelet-based approaches (Dimakopoulou et al., 2022; Majidi, Tajmir Riahi, et al., 2023), as well as downsampling and filtering techniques (Requena-García-Cruz et al., 2025; Reyes et al., 2021; Akehashi & Fujita, 2025). The main limitation of these approaches is that downsampling inevitably alters the high-frequency components critical for exciting higher modes.

By employing direct truncation based on the 95% Arias Intensity interval (D5-95), our methodology circumvents these limitations. This scenario consistently reduced computational runtimes by approximately 35% and halved output file sizes, drastically improving numerical convergence stability during the integration of low-amplitude final seconds. Unlike methods that artificially alter the nature of the recording by increasing the time step (Soroushian, 2024) or mathematically manipulating the AI (Hernandez, 2024), pure truncation achieved these computational savings without altering the critical frequency content of the ground motion.



Closing the Research Gap

Despite significant advances in NLTHA optimization—including recent AI-based predictive models for truncation (Gao et al., 2024; He et al., 2024)—critical limitations remain in the literature. First, validations of truncation have overwhelmingly focused on simplified 2D models (Khaloo et al., 2016) or strictly regular 3D systems (Reyes et al., 2021). Given that torsional effects induced by spatial irregularities interact in complex ways with excitation duration (Sarieddine & Lin, 2013), our study proves that the D5-95 threshold safely preserves multi-directional responses in highly irregular 3D buildings.

Second, previous literature has measured the accuracy of truncated records almost exclusively using global demand parameters, such as roof displacement or maximum drift (Zengin et al., 2020; Li et al., 2022). The greatest contribution of this study lies in filling the knowledge gap regarding critical local demands. The exact retention of the Base Torsional Moment (MZ) and the bi-axial bending moments (M2 and M3) in critical corner columns proves that Arias Intensity-based truncation is not merely an approximation for global structural drifts, but a rigorously reliable tool for preserving the exact internal force demands required for safe component design in 3D structures.

Conclusion

This study systematically evaluated the computational and predictive implications of truncating seismic records based on Arias Intensity (AI) thresholds (D5-95, D5-85, D5-75) for three-dimensional Nonlinear Time-History Analysis (NLTHA). Based on the extensive evaluation of both global and local Engineering Demand Parameters (EDPs) across diverse structural typologies, the following principal conclusions are drawn:

Optimality of the 95% Arias Intensity Threshold: Truncating seismic records to the D5-95 interval proved to be the most efficient and structurally safe optimization strategy. Removing the first and final 5% of the AI effectively eliminates the low-amplitude coda responsible for late-stage numerical integration instabilities, consistently reducing computational runtimes by an average of 35% and halving output file sizes. Crucially, this threshold maintains near-perfect predictive accuracy (Bias factors consistently between 0.98 and 1.01) across all kinetic and kinematic demands, preserving both global deformations and local component forces with statistically insignificant variance (P > 0.05).

Deformations are extremely sensitive to severe truncation: Utilizing more aggressive truncation thresholds (D5-85 and D5-75) severely compromises the assessment of structural damage. Under the D5-75 scenario, the simulations systematically underestimated kinematic demands—including lateral roof displacements, diaphragm rotations, and interstory drifts—by up to 20% in flexible frames. This artificial suppression completely distorts the vertical deformation profiles along the building's height, introducing an unacceptable engineering risk (P(|err| > 5\%) exceeding 50% in critical rotational parameters) and rendering aggressive truncation structurally unsafe for displacement-based design.

Internal forces and base reactions are insensitive to duration: In stark contrast to displacements, kinetic parameters such as Base Shear (VX, VY), Base Torsional Moment (MZ), and internal column forces (axial loads and biaxial bending moments) exhibited remarkable resilience to seismic duration. Even under the extreme D5-75 scenario, these parameters retained over 94% of their original accuracy. This confirms analytically that the maximum foundational and element-level forces are fundamentally governed by the high-frequency acceleration spikes inherent to the strong-motion phase, and remain largely insensitive to the accumulated resonant energy in the earthquake's tail.
Structural flexibility dictates vulnerability to truncation: The distinct dynamic behavior observed between stiff and flexible frames can be attributed to physical mechanisms tied to the frequency content of the strong-motion phase. Flexible frames (T1 > 2.0 s) are highly sensitive to low-frequency energy and long-period velocity pulses that often develop or extend into the final phases of a seismic record. By applying aggressive truncation (e.g., D5-75), this late-arriving, low-frequency energy is prematurely discarded, preventing the fundamental modes of high-rise structures from entering resonance and ultimately leading to an underestimation of peak displacement demands. Conversely, stiff structures (T1 < 1.0 s) are governed by high-frequency peak ground accelerations (PGA) that are perfectly preserved even within the narrowest D5-75 window.

Practical recommendation: For rigorous performance-based seismic engineering, the D5-95 truncation is strongly recommended as a reliable computational standard for accelerating 3D NLTHA without compromising assessment accuracy. Higher truncation levels (such as D5-85 or D5-75) should be strictly avoided for performance evaluations based on drifts or deformations. Their application is only justifiable if the sole analytical objective is the rapid, preliminary estimation of peak base reactions or internal component strengths.

Limitations of the Study: While the proposed AI-based truncation thresholds offer significant computational advantages, specific boundaries of this research must be acknowledged. First, the nonlinear responses were evaluated with a focus on transient peak demands; therefore, severe low-cycle fatigue and complex cyclic strength-degradation phenomena were not explicitly modeled. Second, the ground motion suite was limited to major crustal earthquakes. Megathrust subduction zone records, characterized by significantly longer durations and distinct frequency content, may require calibrated truncation thresholds that differ. Future research should investigate these variables.
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