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Abstract

The type of lateral load-resisting system plays a critical role in controlling the seismic response of steel 
structures subjected to strong ground motions. In this research, the structural performance of three-
dimensional (3D) steel buildings designed with concentrically braced frames (CBFs) and eccentrically 
braced frames (EBFs) under near-fault ground excitations (NFGEs). A 3D steel building with dual bracing 
systems, including inverted-V-shaped EBFs and CBFs, were designed under the influence of NFGE. The 
response of 4 and 8-story structures subjected to NFGE was assessed using nonlinear time history analyses 
(NTHAs), which were categorized into small-pulse (SP), medium-pulse (MP), and large-pulse (LP) 
scenarios. This research aims to assess how pulse characteristics affect lateral story and inter-story 
displacements in buildings of different heights, as these displacement demands are critical indicators of 
seismic performance and structural strength degradation. This study provides a systematic evaluation of the 
seismic response of low- and mid-rise CBF and EBF systems under different pulse-type near-fault ground 
motions, highlighting the role of lateral story displacements as a key performance indicator. The results 
demonstrate that seismic performance is highly dependent on building height and pulse characteristics, with 
EBFs showing superior performance in mid-rise buildings under medium-pulse excitations, while CBFs 
are more effective in low-rise structures, emphasizing the need for height- and pulse-specific bracing 
strategies.

Keywords: Concentrically braced frames (CBFs), Eccentrically braced frames (EBFs), Inverted-V bracing, 
steel frames, Near-fault seismic excitation, Pulse effects, Shear and axial hinges

1. Introduction
The dynamic behavior of steel structural systems under seismic loading has been a critical research topic 

in earthquake engineering, particularly for structures employing bracing systems to enhance lateral stiffness 
and seismic resilience. Steel braced frames are widely used due to their efficiency in resisting seismic base 
shear, where inelastic behavior is intentionally concentrated in specific structural components while the 
remaining members are designed to remain essentially elastic [1]. Among these systems, concentrically 
braced frames (CBFs) and eccentrically braced frames (EBFs) are two of the most commonly adopted 
configurations in earthquake-resistant design, each offering distinct advantages and limitations that have 
been extensively discussed in the literature [2-6]. According to the Turkish Building Earthquake Code 
(TBEC 2018) [7], typical brace configurations for CBFs and EBFs are illustrated in Figure 1.

CBFs are characterized by their truss-like behavior, in which braces align with beams and columns to 
provide high lateral stiffness and strength. Despite their structural simplicity and effectiveness in resisting 
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lateral loads, CBFs are prone to brittle brace buckling and fracture under severe cyclic loading, which may 
lead to significant strength degradation and potential collapse [8]. In contrast, EBFs combine the favorable 
stiffness characteristics of braced frames with the ductility of moment-resisting frames (MRFs) by 
introducing eccentricity in brace connections. This configuration enables improved seismic performance 
through controlled energy dissipation, reduced force transmission to primary structural members, and 
greater architectural flexibility [9, 10]. Consequently, EBFs have been shown to outperform CBFs in terms 
of ductility and seismic energy dissipation, particularly under strong ground motions.

Diagonal brace X brace Inverted V brace V brace K brace
(a) CBFs

Inverted V-
type brace

D-type 
brace

V-type 
brace

Inverted Y-type 
brace

K-type 
brace

D-type 
brace 

with two 
ends

Eccentric X-
type brace

(b) EBFs
Figure 1. Brace configuration of (a) CBFs, (b) EBFs according to TBEC 2018 code (adapted from [7])

In EBF systems, seismic energy dissipation is intentionally concentrated in short beam segments known 
as link elements, which are designed to undergo controlled yielding in shear, flexure, or a combination of 
both [11, 12]. According to Eurocode 8 [13], plastic deformations should be confined to the link elements, 
while braces, columns, and beam segments outside the links are expected to remain essentially elastic. A 
defining characteristic of EBFs is that axial forces induced by the braces are transferred to adjacent members 
primarily through shear and bending actions in the link segment. The global stiffness and seismic response 
of EBFs are therefore highly dependent on the link length-to- the span length ratio (e/L). When the link 
length approaches the span length (e=L), the system behaves similarly to an MRF with relatively low 
stiffness, whereas decreasing the link length (e) increases stiffness of the EBFs, reaching its maximum 
when the link length is zero (i.e., e=0), which is equivalent to a CBFs configuration [14]. However, 
excessively short links must still be capable of sustaining large cyclic deformations without premature 
failure, necessitating careful balance between stiffness and ductility.
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The seismic performance of EBFs has been extensively investigated through experimental and 
numerical studies focusing on link behavior, deformation mechanisms, and design optimization. Prior 
research has demonstrated that short links provide stable hysteretic behavior, enhanced drift capacity, and 
improved fatigue resistance [15-18]. Previous research on EBF link beams has demonstrated that their 
seismic performance is strongly governed by link type, detailing, and axial force demands. Okazaki and 
Engelhardt [19] showed that shear-dominated links are prone to web fracture, particularly when modern 
rolled sections are used, leading to the need for revised flange slenderness limits and improved detailing. 
Richards and Uang [20] confirmed that maintaining adequate web slenderness and flange strength is 
essential for achieving stable and ductile cyclic behavior in short links. Focusing on reliability, Mojarad 
and Daei [21] found that while short links generally meet target safety levels under seismic loading, longer 
links exhibit reduced reliability due to high axial force effects, indicating the necessity for design 
modification factors. Manganiello et al. [22] proposed empirical formulations for evaluating the 
overstrength and rotation capacity of short links under axial constraints, while Almasabha [23] reported 
that current AISC seismic provisions [24] may underestimate the plastic shear strength of short links. More 
recently, numerical and data-driven approaches have been employed to assess the influence of additional 
system components, such as masonry infill walls, on the seismic response of EBFs [25]. Tonyali [10] 
examined the seismic response of short-link EBFs subjected to pulse-type ground motions by implementing 
a Uniform Damage Distribution (UDD) design approach through story-wise variation of shear link cross-
sections. NTHAs demonstrated that the UDD-based design significantly reduces inter-story drift demands 
and displacement responses, confines inelastic deformations within IO–LS performance levels, and 
promotes a more uniform distribution of hysteretic energy dissipation under strong velocity pulses. 
Collectively, these studies emphasize the critical role of the link element in governing the global seismic 
behavior of EBF systems.

In addition to structural configuration, the characteristics of earthquake ground motions significantly 
influence seismic response. NFGEs are typically characterized by pulse-like velocity demands occurring 
early in the shaking, resulting in substantial energy input and amplified structural response [26, 27]. 
Conversely, FFGEs, although generally associated with lower velocity amplitudes, can still induce 
significant structural damage due to their longer duration and cumulative energy input, particularly in 
medium- to high-rise buildings [28]. Differences between near-fault (NF) and far-fault (FF) ground motions 
are influenced by several factors, including earthquake magnitude, rupture mechanism, source depth, 
distance to the fault, and local site conditions [29, 30]. To better characterize pulse-like ground motions, 
near-fault records are commonly classified based on pulse period into SP, MP, and LP categories. Each 
pulse category imposes distinct demands on structural systems. SPs, characterized by rapid velocity 
changes, can induce high stress concentrations and localized damage, potentially exceeding elastic limits 
[31-33]. MPs involve a combination of low- and high-frequency content, often leading to complex 
structural responses such as increased lateral displacements and torsional effects [34-36]. LPs, commonly 
associated with large-magnitude or distant earthquakes, predominantly affect flexible structures, such as 
high-rise buildings, where responses are governed by fundamental vibration modes and may result in large 
global displacements [37, 38].

Recent studies have further demonstrated that the seismic performance of CBF and EBF systems is 
strongly dependent on building height, bracing configuration, and the adopted energy dissipation 
mechanism. The studies on CBFs subjected to NFGEs have reported complex dynamic responses, including 
concentration of damage in weaker stories and heightened collapse probability under fault-normal pulse 
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components [39-42]. Many of these investigations focused on limited building heights, single-story 
systems, or did not explicitly distinguish between pulse-period categories. In contrast, EBFs offer a hybrid 
structural solution capable of enhancing both ductility and energy dissipation through controlled yielding 
of link elements, thereby delaying brace buckling and preserving global stability under severe seismic 
demands [43-45]. Comparative investigations indicate that EBFs generally exhibit reduced story 
displacement demands and enhanced energy dissipation capacity compared to CBFs under similar seismic 
loading conditions, particularly in mid- to high-rise structures, owing to their ability to accommodate 
inelastic deformations through link yielding [46]. Parametric and performance-based studies on multi-story 
steel frames retrofitted with various bracing systems have shown that while CBFs are more effective in 
low-rise buildings, EBFs configurations provide superior damage mitigation and ductility in taller 
structures [47, 48]. Additional numerical and experimental studies have highlighted that brace eccentricity, 
link configuration, and brace typology significantly influence stiffness, displacement control, and energy 
dissipation characteristics, leading to distinct damage mechanisms in CBF and EBF systems [49, 50]. Under 
NFGEs, EBFs have been reported to outperform CBFs in terms of controlled inelastic behavior, reduced 
lateral displacements, and improved achievement of target yield mechanisms, particularly when forward-
directivity effects are considered within performance-based design frameworks [45, 51]. Moreover, 
investigations on composite systems subjected to both NF and FF ground motions have confirmed that 
damage is predominantly concentrated in link elements, with its extent governed by link length and building 
height, while overall drift demands are significantly reduced through the inclusion of bracing systems [52]. 
More recent studies on advanced steel frame systems have also emphasized that residual drift mitigation, 
self-centering capability, and enhanced post-yield stiffness are critical performance objectives for modern 
braced steel frames [53-55] Despite these advances, a systematic comparison of CBF and EBF systems 
under pulse-type NFGEs, explicitly accounting for pulse-period characteristics across different building 
heights, remains limited.

The present study investigates the seismic response demands of 3D low- and mid-rise steel buildings 
equipped with dual lateral load-resisting systems consisting of inverted V-shaped CBFs or EBFs combined 
with MRFs. The main objective is to comparatively evaluate the response of 4- and 8-story CBF and EBF 
systems under the selected NFGEs categorized according to pulse period as SP, MP, and LP records. 
Previous studies have examined the seismic behavior of CBFs and EBFs under NFGEs; however, a 
systematic comparison of inverted V-shaped CBF and EBF systems across different building heights while 
explicitly considering pulse-period categories remains limited. In particular, the combined influence of 
building height, bracing-system mechanism, and pulse-period characteristics on lateral displacement, inter-
story drift, brace/link performance, and force–displacement response has not been sufficiently clarified. 
Building upon the findings of Tonyali et al. [40], who reported that inverted V-shaped bracing provided a 
favorable response among different CBF configurations under NFGEs, the present study extends the 
investigation by directly comparing inverted V-shaped CBF and EBF systems in 3D steel buildings. The 
novelty of this study lies in its height-dependent and pulse-period-based assessment of CBF and EBF 
response mechanisms under selected NFGEs. Unlike previous studies that generally focused on a single 
bracing system, limited building heights, or NFGEs without explicitly distinguishing SP, MP, and LP pulse 
categories, this study evaluates how the interaction between pulse characteristics and structural 
configuration affects global and local seismic response demands. The specific contributions of this study 
are as follows: (i) a comparative nonlinear dynamic assessment of 4- and 8-story inverted V-shaped CBF 
and EBF systems under SP, MP, and LP near-fault pulse records; (ii) evaluation of height-dependent 
displacement and inter-story drift demand trends for the two bracing systems; (iii) interpretation of the 
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observed response differences in terms of structural stiffness, pulse-to-structure period interaction, velocity-
pulse intensity, effective momentum transfer, brace yielding/buckling, and link yielding mechanisms; and 
(iv) identification of record-dependent response trends that clarify the limitations of attributing seismic 
response demands to pulse duration alone.

2. Material and Method
2.1. Near Fault Ground Excitations (NFGEs)

Earthquakes are inevitable natural phenomena that pose significant hazards due to the uncertainty 
associated with their occurrence. Consequently, a thorough consideration of ground excitations (GEs) is 
essential for mitigating earthquake risk through effective urban planning, safer structural design, and 
improved understanding of their potential impact on structures. In this context, the characteristics of ground 
motion play a more critical role in governing structural response than earthquake magnitude alone. The 
seismic response of a structure is governed by both structural parameters (i.e., mass, natural period, 
damping, and stiffness) and ground-motion characteristics (i.e., amplitude, duration, and frequency 
content).

GEs are classified in earthquake engineering according to the distance between the fault and the 
damaged region. The two primary GEs categories, which are essential to the design of earthquake-resistant 
structures and the assessment of seismic hazards, are FFGEs and NFGEs. These categories enable the 
construction of more resilient buildings by revealing the various seismic wave forms and their effects on 
structures. In these excitations, as seismic waves pass through the Earth's crust, they lose a significant 
amount of their intensity, resulting in more distributed, lower energy shaking in these places. Also, it affects 
a greater region and can nevertheless provide serious threats to structures, especially those that are 
susceptible to long-duration shaking, even though it often results in less severe ground acceleration than 
NFGE. FFGEs tend to show longer and more complex waveforms, although their velocity pulses are less 
noticeable [56]. As for NFGEs, which are known as the GMs that occur near the fault of the earthquake, 
they take place within 20 km of the rupture (𝑅𝑟𝑢𝑝 ≤ 20𝑘𝑚) [57, 58]. This type of GM is characterized by 
intense shaking over a short period, often with a significant velocity pulse. This pulse-like excitation occurs 
when seismic waves are focused in the direction of fault rupture. NFGEs can generate large displacements 
and velocities that place extreme demands on buildings and infrastructure, especially those with longer 
natural periods. In addition, these excitations with large velocity pulses bring about high seismic demands 
for structures. The unique features of NFGEs, such as high energy concentration and directional effects, 
make them a critical consideration for structures located near active fault zones [59, 60].

In structural earthquake design, large-amplitude coherent pulses, which are usually identified in the 
velocity time histories, are a common characteristic of earthquake GMs recorded at a close distance to the 
fault. These coherent pulses, which are generally lacking in typical FFGEs, are strongly influenced by the 
tectonic movement-induced permanent ground displacement at the site as well as the rupture mechanism 
and slip direction relative to the site [40, 61]. Compared to FFGEs, velocity pulses exhibit a long period 
and short duration, resulting in noticeably stronger seismic responses [62, 63]. In NF locations, these short 
and strong pulses are the main sources of structural damage. Pulse-like records are well recognized for their 
potential to impose higher demands on structures when compared with ordinary records [64].

Pulse like GMs (i.e, forward-directivity, or the fling-step effects) often have enormous amplitudes and 
are focused in a narrow-band frequency region. These excitations are characterized by a distinct, large 
intensity velocity pulse at the beginning of time-history records. Nevertheless, not every NFGE is pulse-
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type, and some may not even exhibit pulse-like features [65]. As a consequence, pulse effects produce 
uncommon response spectral shapes, with an amplified bump in the medium- to long-period range that is 
centered near the pulse period (𝑇𝑃) [66-68]. Also, it is generally accepted that the pulses are the result of 
either the fling-step effects (FSEs) or the forward-directivity effects (FDEs) [65], depending on the 
characteristics of the earthquake source, the location of the recording station with respect to the fault 
rupture, and the site conditions. However, recent research [69, 70] has shown that the pulses may be 
impacted simultaneously by both the FSEs and the FDEs. The FSEs happens the consequence of a fault 
rupture that leads to a permanent displacement of the ground during seismic GMs. Whereas the FDEs take 
place when the fault ruptures in the direction of the site at a speed about equivalent to the shear wave 
velocity (𝑉𝑠30) [71]. Also, FDE does not produce any permanent ground displacement and hence two-sided 
velocity pulses. As a result, the wavefront arrives as a single, massive pulse in FDEs [65].

NFGE is defined by specific characteristics that distinguish it from other types of seismic activity, 
primarily due to its proximity to the seismic fault. Various studies have outlined different criteria to identify 
and classify NFGE. Some of the main criteria are proximity to the fault, velocity pulses, GM’s duration and 
amplitude, and directivity effect [72]. NFGEs typically occur within 𝑅𝑟𝑢𝑝 ≤ 20𝑘𝑚 of the fault and are 
characterized by high-intensity shaking and velocity pulses [57, 58, 73]. The ratio of peak ground velocity 
(PGV) to peak ground acceleration (PGA) must be greater than 0.10 s, and the velocity pulse duration must 
be greater than 1.0 s [74]. Besides these, 𝑇𝑝/𝑇1 is a critical number which is a ratio of the pulse duration 
to the first mode period for specifying the structural response under NFGEs with pulse. Although GMs with 
long 𝑇𝑝/𝑇1 have larger mode effects and maximum reaction at higher stories, the short period structures 
under the records with a large pulse have a maximum ductility demand in bottom stories [40, 75, 76]

In the present study, 4- and 8-story CBF and EBF systems were analyzed under NFGEs exhibiting 
different pulse durations. The pulse period (𝑇𝑝) is identified as the time needed to complete a full velocity 
cycle and is obtained in the velocity time histories (VTHs) of the selected ground excitations. The duration 
of the extracted pulse period is considered by selecting a proper NFGE, and selected excitations are also 
classified sets as LP, MP, and SP, as shown in Table 1. The large, medium, and small pulse periods are 
respectively over 3 s., a range of about 1.5 s. and about 2.9 s., and smaller than about 1.2 s. Besides, every 
record set given in Table 1, which contained three types of NFGE, is nearly the same 𝑃𝐺𝑉/𝑃𝐺𝐴.

Table 1 Dynamic characteristics of NFGEs considered in the study [77]

Excitation
Type RSN Earthquake 𝑀𝑤

𝑅𝑟𝑢𝑝
(km)

𝑃𝐺𝐴
(g)

𝑃𝐺𝑉
(cm/s)

𝑃𝐺𝑉
𝑃𝐺𝐴

(s) 𝑇𝑃
(s)

NFS1 4100 Parkfield-02, CA 6.00 3.01 0.373 44.80 0.12 1.08
NFS2 1106 Kobe, Japan 6.90 0.96 0.630 76.11 0.12 1.09
NFS3   569 San Salvador 5.80 6.99 0.534 72.99 0.14 1.13NFS*

NFS4   148 Coyote Lake 5.74 7.42 0.256 29.58 0.12 1.16
NFM1 1013 Northridge-01 6.69 5.92 0.324 47.38 0.15 1.62
NFM2 1119 Kobe, Japan 6.90 0.27 0.614 86.25 0.14 1.81
NFM3   723 Superstition Hills-02 6.54 0.95 0.384 53.06 0.14 2.39

NFM*

NFM4   828 Cape Mendocino 7.01 8.18 0.662 88.51 0.14 2.99
NFL1 1085 Northridge-01 6.69 5.19 0.449 60.41 0.14 3.53
NFL2   802 Loma Prieta 6.93 8.50 0.326 45.97 0.14 4.57
NFL3 1165 Kocaeli, Turkey 7.51 7.21 0.165 22.33 0.14 5.37

NFL*

NFL4   143 Tabas, Iran 7.35 2.05 0.862 123.4 0.15 6.19

NFS*    NF ground excitations (small-pulse period)
NFM*  NF ground excitations (medium-pulse period)
NFL*   NF ground excitations (large-pulse period)
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In addition, the VTHs of GMs with the associated extracted pulses for small, medium, and large pulse 
periods of selected excitations are given in Figure 2. The pulse velocities associated with selected 
excitations are drawn using SeismoSignal [78] software according to the method proposed by Kardoutsou 
et el. [79]. Overall, Figure 2 clearly demonstrates that pulse period significantly influences both the timing 
and duration of velocity demand imposed on structures. While NFS motions concentrate velocity demand 
early and over short durations, NFL motions impose sustained velocity pulses that control the response of 
flexible systems. NFM motions represent a transitional behavior between these two extremes. This clear 
distinction justifies the classification of the selected ground motions into SP, MP and LP categories and 
highlights the necessity of explicitly considering pulse period effects when evaluating the seismic 
performance of CBF and EBF systems

a) NFS pulse velocity

b) NFM pulse velocity

c) NFL pulse velocity

Figure 2 Pulse velocity graphics of the selected excitations, a) NFS, b) NFM, and c) NFL pulses
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2.2. Nonlinear Material Behavior and Structural Properties

To investigate the nonlinear characteristics of 3D steel buildings with CBFs and EBFs, nonlinear 
modeling techniques were employed. These models account for material and geometric nonlinearity to 
accurately simulate the complex behavior of steel bracing systems in nonlinear dynamic analyses. The 3D 
nonlinear modeling was performed using SAP2000 software. The material used in this research is the S355 
steel, widely used in the construction field due to its good strength characteristics as well as good welding 
properties, and its material properties is given in Table 2. The stress-strain curve of the material used in the 
non-linear analyses was drawn in Figure 3. The CBFs and EBFs were modelled with a multilinear material 
model characterized by a yield strength of 355 MPa, an elastic modulus of 210 GPa, and 1.5% post-yield 
strain hardening. NTHAs were performed to evaluate the response of low-rise, and mid-rise structures 
subjected to NFGEs, incorporating the influence of SP, MP, and LP ground motions. P-Delta effects were 
incorporated in the analysis to account for the interaction between axial forces and lateral displacements in 
the models. In the NTHAs, a constant damping ratio of 5% was applied uniformly across all vibration 
modes. This choice reflects the typical level of inherent energy dissipation observed in steel frame structures 
under dynamic loading conditions, as recommended by seismic design guidelines such as ASCE/SEI 41-
17 and Eurocode 8. This approach assumes equal damping for each mode to represent the energy dissipation 
capacity of the structure under dynamic loading conditions. The study captures critical nonlinear 
parameters, such as lateral displacement, stiffness degradation, and energy dissipation, to assess the 
dynamic performance of CBF and EBF systems under varying seismic conditions.

 
Figure 3 Stress-strain curve of the steel material

Table 2 Material properties of steel

Property
Steel grade : S355
Weight per unit volume (kN/m3) : 76.97
Modulus of elasticity (kN/m2) : 2.1x108

Poisson ratio : 0.3
Modulus of Shear (kN/m2) : 80769231
Minimum yield stress (kN/m2) : 355000
Minimum tensile stress (kN/m2) : 510000
Directional symmetry type : Isotropic
Strain at onset of strain hardening : 0.015
Strain at maximum stress : 0.11
Strain at rapture : 0.17
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2.3. Modelling of the horizontal shear link element
In EBFs, a capacity design approach is adopted to ensure that inelastic deformations are confined 

exclusively to the shear links, while all other structural members are proportioned to remain essentially 
elastic under seismic loading. Due to the critical role of the link in energy dissipation, extensive 
experimental and analytical research has focused on its seismic behavior. One of the main factors 
influencing an EBF system's stiffness, strength, ductility, and behavior is the link element’s length (e). 
Properly detailed link elements exhibit significant energy dissipation capacity and stable hysteretic behavior 
under strong ground motions. Moreover, in combination with braces, they provide high lateral stiffness and 
mitigate damage under low-intensity seismic events [80, 81]. A straightforward way to measure the yield 
behavior is to use the link element length ratio, which is represented the symbol ρ, and it is calculated by 
the following formula as 𝜌 = 𝑒 (𝑀𝑝 𝑉𝑝), where 𝑀𝑝 and 𝑉𝑝 represent for the link element's plastic 
bending moment and plastic shear force capabilities, respectively. The inelastic response of a link is 
strongly influenced by the link length and the 𝑀𝑝 𝑉𝑝 ratio of the link element. [12, 23, 82]. 𝑀𝑝 and 𝑉𝑝 
can be calculated as below:

    2
3

yw
p w f

F
V t d t= -  (1)

    
2

4
yw w

p yf f w f
F t d

M F t b t d t= - - +  (2)

where ywF  and yfF  are the web and flange yield strength, respectively. wt , ft , d , b  are the web 

thickness, the flange thickness, the overall beam depth, and the flange width, respectively. Based on the 
geometric and material properties of the selected section, the plastic shear capacity and plastic moment 
capacity of the link were calculated as 𝑉𝑝 = 1213𝑘𝑁 and 𝑀𝑝 = 1596𝑘𝑁𝑚, respectively.

Previous studies [19, 83] have demonstrated that horizontal beam shear links exhibit excellent ductility 
and energy dissipation, provided their length is designed to enable shear yielding without web buckling. 
Significant strain hardening behavior, consistent with an isotropic hardening assumption, was observed 
together with pronounced bending–shear interaction, leading to enhanced plastic moment and shear 
capacities of the link elements. At ultimate load, shear and moment capacities reached approximately 1.5𝑉𝑝 
and 1.2𝑀𝑝, respectively. To ensure shear yielding precedes bending yielding, the link length e must be 
limited [14, 84]:

 
2 1 2

 =1.6
1 5

p p

p p

* . M M
e

. V V
£  (3)

The classification is based on the normalized link length (ρ) defined as;

 p

p

V
e

M
=r  (4)

Link beams are categorized into three groups: i) short (shear-dominated, 𝑒 ≤ 1.6𝑀𝑝/𝑉𝑝), ii) intermediate 
(shear-flexural, 1.6𝑀𝑝/𝑉𝑝 < 𝑒 < 2.6𝑀𝑝/𝑉𝑝), and iii) long (flexural-dominated, 𝑒 ≥ 2.6𝑀𝑝/𝑉𝑝). Short 
shear link are generally preferred due to their enhanced ductility, lateral stiffness, and energy dissipation 
capacity under seismic loading [23]. The shear links (i.e., 𝑒 ≤ 1.6𝑀𝑝/𝑉𝑝 or 𝜌 ≤ 1.6) have a maximum link 
rotation of 0.08 rad under the design seismic loading and yield mostly in shear [85]. However, architectural 
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constraints often necessitate the use of intermediate and long links in practice [86]. Also, there are 
substantial differences between the behavior of short and long links. Short links perform significantly better 
than long links under severe cyclic loading, particularly in terms of strength and ductility, as shown by early 
experimental studies from Roeder and Popov [14, 87]. Over time, Popov et al. [88] suggested various 
practical limits for shear-dominated behavior, ultimately determining a limit of ρ ≤ 1.6, which is still used 
in design standards such as AISC 341-10 [24].

In this study, the link element of the EBF system is explicitly modeled using nonlinear frame elements. 
The link length and span length are 1.0 m and 6.0 m, respectively, resulting in a link length to span length 
ratio (e/L) of 0.17. The corresponding normalized link length ratio (ρ) are obtained as ρ=0.76, which 
classifies the link as a short (shear-dominated) link according to the AISC 341-10 [24]. This ratio is a critical 
parameter influencing the seismic performance of EBFs, as it governs the deformation capacity, energy 
dissipation, and overall lateral stiffness of the system. In the model, to simulate the inelastic response under 
seismic loading, plastic hinges were assigned in the middle of the link element. These hinges were defined 
using a shear hinge model (V3 direction), calibrated according to FEMA 356 guideline to represent 
nonlinear shear behavior. The details of link element’s hinge properties are given in Figure 4.

Figure 4. Force-deformation curve of the shear hinge defined for the link beam (adapted from FEMA 356 
[89] and AISC [90])

2.4.Modelling of the axial hinge on the brace
In CBF systems designed according to force-based seismic provisions, energy dissipation is primarily 

achieved through axial yielding of braces in tension and global or local buckling in compression, rather 
than through the development of stable, distributed ductility mechanisms. Under strong ground motions, 
braces typically exhibit a highly asymmetric axial force–deformation response characterized by stable 
yielding in tension and rapid strength degradation following buckling in compression [24, 91]. Accurately 
capturing this behavior is therefore essential for realistic nonlinear time-history analyses of CBF systems. 
In this study, the inelastic axial behavior of brace elements was modeled in SAP2000 by assigning axial 
plastic hinges with user-defined axial force–displacement backbone curves. This curve is presented in 
normalized form as illustrated in Figure 5. The axial force is normalized by the axial yield force of the 
brace (𝑁𝑦 ), while the axial displacement is normalized by the corresponding axial yield displacement (∆𝑦). 
This normalization allows the backbone curve to be defined in a dimensionless form and consistently 
implemented within the SAP2000 axial plastic hinge framework, independent of the absolute brace size 
and material strength. To avoid artificial stiffness concentration at member ends and to better represent the 
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distributed nature of axial yielding and buckling, the axial hinge was located at the mid-length of each brace 
member, which is a commonly adopted assumption in nonlinear brace modeling. Similar hinge placement 
strategies have been employed in previous numerical studies focusing on brace buckling and cyclic 
degradation [92, 93].

Figure 5 Normalized axial force–displacement backbone curve adopted for brace axial hinge modeling
The axial hinge backbone was defined in terms of normalized axial force and normalized axial 

displacement, following a piecewise-linear representation consisting of five characteristic points (A–B–C–
D–E). The backbone curve was defined independently for tension and compression to reflect the inherent 
asymmetry of brace behavior. The adopted axial hinge backbone curve is illustrated in Figure 5. In this 
Figure, the positive branch (A–E) represents the tensile behavior of the brace, while the negative branch 
corresponds to compressive behavior, including buckling and post-buckling strength degradation. The post-
buckling residual compressive strength was assumed to be 1050kN, which corresponds to a normalized 
compressive force level of 1050/𝑁𝑦  in the adopted axial backbone curve. The initial elastic stiffness of the 
brace was defined as:

axial
EAk
L

=  (5)

where E is the elastic modulus, A is the cross-sectional brace area, and L is the brace length. This stiffness 
governs the response up to the axial yield point in tension or the critical buckling load in compression. In 
tension, the axial yield force 𝑁𝑦 was calculated as:

y yN A f=  (6)

where 𝑓𝑦 is the yield stress of the steel material. Beyond yielding, a slight post-yield hardening was 
introduced to represent material strain hardening, with a hardening ratio on the order of 1–2% of the elastic 
stiffness. This assumption ensures numerical stability while remaining consistent with experimental 
observations of steel brace behavior. The post-yield branch was extended until the target deformation 
capacity was reached, without explicitly modeling fracture, as brace rupture was not the focus of the present 
study. In compression, brace capacity was governed by elastic buckling. The critical buckling load 𝑁𝑐𝑟 was 
calculated using Euler’s formula:

2

2cr
EIN

( KL )
=

p
 (7)

where I is the weak-axis moment of inertia and K is the effective length factor. Upon reaching the buckling 
load, a sudden strength degradation was introduced in the backbone curve to simulate post-buckling 
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behavior. Following common practice in nonlinear brace modeling, the residual compressive strength was 
assumed to drop to a fraction of the peak buckling load and to remain approximately constant at larger 
compressive deformations [94, 95].

An isotropic hysteretic rule was adopted for the axial hinge to account for stiffness degradation and 
strength deterioration under cyclic tension–compression loading. Load-carrying capacity beyond the 
ultimate deformation point (E) was assumed to drop to zero, preventing unrealistically high force transfer 
at excessive axial deformations. This assumption is consistent with the collapse prevention philosophy 
adopted in FEMA 356 and ASCE 41. Performance limits corresponding to Immediate Occupancy (IO), 
Life Safety (LS), and Collapse Prevention (CP) were defined in terms of normalized plastic axial 
displacement and used exclusively for performance evaluation during post-processing. In SAP2000, the 
term hinge state refers to the internal force–deformation condition of a plastic hinge (A–B–C–D–E), which 
directly reflects the progression of inelastic behavior. In contrast, hinge status indicates the performance 
level (e.g., IO, LS, CP) assigned based on acceptance criteria defined in seismic design and assessment 
standards, such as ASCE 41, FEMA 356, or similar performance-based guidelines. In this study, 
interpretations are primarily based on hinge states, as they provide a direct and unambiguous representation 
of the physical response.

The axial yield displacement of the brace, ∆𝑦 , represents the axial deformation at which yielding 
initiates under tensile loading and constitutes the reference deformation used to normalize the axial hinge 
backbone curve. In the present study, the yield displacement was computed based on linear elastic axial 
deformation theory as:

y
y

N L
AE

D =  (8)

where 𝑁𝑦  is the axial yield force of the brace, L is the brace length, E is the elastic modulus of brace, and 
A is the cross-sectional area of brace. The calculated yield displacement was subsequently used as the 
displacement normalization parameter in the axial hinge definition. Such normalization is consistent with 
common nonlinear brace modeling practices and facilitates objective comparison of inelastic deformation 
demands across different brace configurations. By defining the axial hinge backbone in terms of normalized 
force 𝑁 𝑁𝑦  and displacement ∆ ∆𝑦, the modeling approach avoids dependence on absolute deformation 
values and ensures scalability of the hinge properties with respect to brace length and section characteristics.
The mechanical and geometric properties of the brace members, together with the parameters used for axial 
hinge definition, are summarized in Table 3. The axial hinge backbone curve was derived directly from 
these quantities, ensuring consistency between section properties, elastic stiffness, axial yield capacity, and 
buckling behavior. The force–displacement backbone of the axial hinge (Figure 5) was constructed by 
normalizing the axial force and displacement with respect to the yield force 𝑁𝑦  and yield displacement ∆𝑦 
reported in Table 3, while post-buckling degradation in compression was defined based on the buckling 
ratio and residual strength factor β.

Table 3 Axial hinge modeling parameters adopted for brace elements
Parameter Symbol Value Unit

Brace section - IPE400 -
Cross-section A 0.00846 m2

Steel yield strength 𝑓𝑦 355 MPa
Elastic modulus E 210 GPa
Brace length L 4.6 m
Weak-axis moment of inertia 𝐼𝑦 1.318×10-5 m4
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Axial yield force 𝑁𝑦 3000 kN
Axial elastic stiffness 𝑘𝑎𝑥𝑖𝑎𝑙 0.3856x109 N/m
Yield displacement ∆𝑦 7.78 mm
Critical buckling load 𝑁𝑐𝑟 1290 kN
Buckling to yield ratio 𝑁𝑐𝑟 𝑁𝑦 0.43 -
Post buckling strength factor 𝛽 0.35 -
Residual compressive strength 𝑁𝑝𝑏 = 𝛽𝑁𝑦 1050 kN

The adopted nonlinear modelling strategy was checked and justified by comparing its assumptions 
with previously published experimental and numerical studies. The steel material model, plastic hinge 
definitions, brace axial hinge backbone, shear link hinge model, and damping assumptions are consistent 
with established seismic assessment guidelines and commonly used nonlinear modelling approaches in the 
literature [89, 90]. In particular, the CBF model captures the expected asymmetric brace response, including 
tensile yielding, compressive buckling, and post-buckling strength degradation, as reported in previous 
studies on brace cyclic behavior [96-98]. Similarly, the EBF model concentrates inelastic deformation in 
the shear link, which is consistent with capacity design principles and previous experimental observations 
on shear-dominated link behavior [23, 85, 86, 99]. Therefore, the adopted modelling approach is considered 
suitable for evaluating the comparative nonlinear response trends of the selected CBF and EBF systems.

2.5. Numerical Examples
The x-z elevation view of the structural configuration of the analyzed CBF and EBF is illustrated in 

Figure 6. Each building model was developed for two different heights: 4-story (low-rise) and 8-story (mid-
rise). Each model has a 4-span in the x-direction and y-direction; the end span length in both directions is 
6m, the interior span length is 4m, the first story height is 3.5m, and the other stories' heights are 3m. The 
story diaphragms are assumed to behave as rigid within their plane. The floors were modelled with rigid 
diaphragms, assuming that in-plane deformations of the slabs are negligible compared to their out-of-plane 
flexibility. This rigid diaphragm assumption ensures uniform displacement distribution across the plan for 
each floor under lateral loading. CBF and EBF configurations were placed in the corner bays of the frames 
in both the x- and y-directions for both building heights, as shown in Figure 6. This placement aims to 
enhance lateral stiffness and energy dissipation under seismic excitations while minimizing interference 
with architectural planning. 3D FEM of the CBFs and EBFs models is given in Figure 7. The NTHAs were 
carried out in the 3D numerical models of CBFs and EBFs. Young’s modulus of the steel was taken as 
2.1×105 MPa. The H400×237, H400×593, and IPE400 profile sections were used in the beam, column, and 
diagonal brace, respectively.

CBF EBF
a) 4 story
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CBF EBF
b) 8 story

Figure 6 Two-dimensional view of CBF and EBF (a) 4-story and (b) 8-story building models

CBF EBF
a) 4-story

CBF EBF
b) 8-story
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c) floor plan

Figure 7 3D model of the building for CBF and EBF (a) 4-story, (b) 8-story and (c) floor plan of the 
model

3. Results and Discussion

3.1. Modal results
This study aims to investigate the dynamic behavior of CBF and EBF systems for 4- and 8-story 

buildings subjected to NFGEs. NTHAs were carried out to evaluate the dynamic response characteristics 
of the considered building configurations. A total of 12 NFGEs, classified according to LP, MP, and SP 
periods, were selected for the analyses. The modal properties obtained from the modal analysis of the CBF 
and EBF systems are summarized in Table 4 and the first three mode shapes are illustrated in Figure 8. 
The fundamental mode is dominated by translational motion, while the second mode represents translation 
in the orthogonal direction, indicating a relatively uniform lateral stiffness distribution. The third mode 
exhibits significant torsional behavior, highlighting the contribution of three-dimensional effects in the 
structural response. The modal analysis results indicate noticeable differences in the natural periods and 
frequencies of the structures depending on both the number of stories and the inverted-V bracing 
configuration. As expected, the fundamental period increases with increasing building height for both CBF 
and EBF systems, reflecting the reduction in global stiffness associated with taller structures. For the 4-
story buildings, the fundamental period of the CBF system is 0.207 s, whereas it increases to 0.244 s for 
the EBF system. This corresponds to a reduction of approximately 15.2% in the fundamental period of the 
CBF configuration compared to the EBF configuration, indicating a stiffer structural response. Similarly, 
for the 8-story buildings, the fundamental period of the CBF system is 0.437 s, while that of the EBF system 
is 0.532 s, representing a reduction of about 17.8% in the fundamental period for the CBF system. These 
results demonstrate that, for both building heights, the CBF configuration exhibits shorter natural periods 
and higher modal frequencies than the corresponding EBF configuration. This behavior confirms that the 
CBF system provides higher global stiffness compared to the EBF system. Overall, the observed trend is 
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consistent with theoretical expectations, whereby increased building height leads to longer natural periods, 
while stiffer bracing configurations result in reduced fundamental periods.

Table 4 Modal properties for CBFs and EBFs
4-Story 8-Story

CBF EBF CBF EBFMod
T
(s)

f
(Hz)

T
(s)

f
(Hz)

T
(s)

f
(Hz)

T
(s)

f
(Hz)

1 0.20697   4.83165 0.24396   4.09905 0.43702 2.28823 0.53167 1.88085
2 0.20467   4.88588 0.24001   4.16643 0.43386 2.30492 0.52774 1.89488
3 0.14199   7.04233 0.16752   5.96915 0.29140 3.43170 0.36850 2.71368
4 0.09817 10.18680 0.09870 10.13159 0.14507 6.89307 0.17718 5.64409
5 0.09807 10.19722 0.09851 10.15149 0.14367 6.96028 0.17536 5.70255

1st mode 2nd mode 3rd mode

Figure 8 Mode shapes of the building models

3.2. Lateral floor displacement

The displacement performance differences between CBF and EBF for all scenarios and building heights 
are highlighted in Table 5. Maximum story displacements of the CBF and EBF for 4- and 8-story under 
NFGEs, including SP, MP, and LP scenarios, are depicted in Figures 9-11, respectively. In these figures, 
the solid lines represent the CBF system, whereas the dashed lines correspond to the EBF system.

Figure 9 presents the maximum story displacement envelopes along the height of the 4-story CBF and 
EBF models subjected to the NFS, NFM, and NFL pulse sets. For the selected NFGEs, the displacement 
demand generally increases with story height, and the maximum values occur at the roof level. Overall, the 
EBF model develops higher peak story displacements than the CBF model. This behavior is mainly 
associated with the lower initial lateral stiffness of the EBF system and the intended yielding mechanism 
of the link elements, whereas the higher initial stiffness of the CBF system limits lateral displacement 
demand more effectively. Considering the modal properties given in Table 4, the fundamental period of the 
4-story model is approximately 𝑇1 ≈ 0.207𝑠 for the CBF and 𝑇1 ≈ 0.244𝑠 for the EBF. In contrast, the 
selected pulse periods listed in Table 1 range between 𝑇𝑝 ≈ 1.08𝑠 ― 1.16𝑠 for NFS, 𝑇𝑝 ≈ 1.62𝑠 ― 2.99𝑠 
for NFM, and 𝑇𝑝 ≈ 3.53𝑠 ― 6.19𝑠 for NFL motions. Therefore, for all pulse groups, (𝑇𝑝 ) is considerably 
larger than (𝑇1 ), indicating that the response is not governed by classical resonance, but rather by an off-
tuned impulsive response mechanism associated with velocity-pulse momentum and energy transfer. In 
Figure 9a (in the case of NFS pulse), the largest displacement demand for both systems occurs under the 
NFS2 (Kobe) record. Consistent with the displacement profiles, the top floor displacement reaches 
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approximately 2.37 cm in the CBF system and about 5.0 cm in the EBF system. The highest PGV (76.11 
cm/s) and PGA (0.63g) are observed NFS2 whereas the lowest PGV (29.58 cm/s) and PGA (0.26g) 
observed NFS4 (Coyote Lake) record (see, Table 1). The relatively high PGV and PGA of NFS2 Kobe 
record, combined with a pulse period (𝑇𝑝 ≈ 1.09𝑠) much larger than 𝑇1 , indicates that a short-duration 
but high-momentum pulse significantly amplifies the structural response. Conversely, the lowest 
displacement demand is observed for the NFS4 (Coyote Lake) record having the lowest PGA and PGV, 
where both systems exhibit similar roof displacements (0.90cm for CBF and 0.96cm for EBF). 
Consequently, for records with comparable PGV/PGA characteristics, ground motions combining high 
PGV with moderately lower 𝑇𝑝 /𝑇1  ratios tend to induce the most severe displacement responses, 
particularly in the more flexible EBF systems in the selected records. This highlights that seismic demand 
under near-fault pulse excitations is controlled by a combined interaction of pulse timing and velocity 
amplitude, rather than by 𝑇𝑝 /𝑇1 alone. In Figure 9b (in the case of NFM pulse), displacement demands 
are generally higher than those observed under NFS excitations, and the difference between the two 
structural systems becomes more pronounced. Similar to the other pulse groups, displacement demand 
increases monotonically with story height for all records, with peak values occurring at the top level. Among 
the selected NFM records, NFM2 (Kobe) produces the largest displacement demand in both structural 
systems. The top floor displacement reaches 2.74 cm in the CBF system and 7.61 cm in the EBF system, 
consistent with the values reported in Table 6. This response can be attributed to the combined effects of 
relatively high PGV (≈86 cm/s) and large PGA (≈0.6 g), together with a pulse period of 𝑇𝑝 = 1.81𝑠, which 
is significantly longer than the fundamental periods of the 4-story frames. For the NFL pulse group shown 
in Figure 9c, the largest displacement demands are observed among all pulse categories. The NFL4 (Tabas, 
Iran) record produces the maximum roof displacements, reaching approximately 4.15 cm for the CBF and 
11.02 cm for the EBF. This record has the longest pulse period and the highest PGV and PGA values among 
the NFL motions. Therefore, the amplified roof displacement response can be explained by the combined 
influence of long pulse duration, high velocity amplitude, and cumulative momentum transfer. In contrast, 
the lowest displacement demand is observed under the NFL3 (Kocaeli, Türkiye) record, which has the 
lowest PGA and PGV values, despite its relatively large (𝑇𝑝 /𝑇1 ) ratio.

Overall, the displacement response of the 4-story models indicates that the CBF system generally limits 
lateral floor displacements more effectively than the EBF system owing to its higher initial lateral stiffness. 
However, the larger displacements observed in the EBF model should not be interpreted directly as less 
favorable structural behavior, since they are associated with the more flexible response mechanism and the 
intended yielding of link elements for energy dissipation. The results also show that the displacement 
demand under NFGEs is not governed by pulse period or (𝑇𝑝 /𝑇1 ) ratio alone. Instead, the response is 
controlled by the combined effect of pulse intensity, particularly PGV and PGA, 𝑇𝑝 /𝑇1 , and the nonlinear 
deformation mechanism of the bracing system. For the selected 4-story case-study frames, short- and 
medium-period pulses with relatively high PGV produced significant displacement demands even when (
𝑇𝑝 /𝑇1 ) was not the largest, whereas the long-period pulse group produced the highest overall displacement 
demands due to the combined influence of large PGV, long pulse duration, and cumulative momentum 
transfer. Therefore, Figure 9 should be interpreted as evidence of record-dependent response trends for the 
selected models, rather than as a general conclusion on the superiority of one bracing system or the isolated 
effect of pulse duration.
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a) NFS pulse

b) NFM pulse

c) NFL pulse

Figure 9 Comparison of maximum displacement a) NFS, b) NFM and c) NFL pulse effect on 4-story 
system
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Figure 10 presents the maximum story displacement envelopes of the 8-story CBF and EBF models 
under the NFS, NFM, and NFL pulse sets. The displacement demands generally increase with elevation 
and reach their maximum values at the roof level. Unlike the 4-story models, where the NFL records 
produced the largest displacements, the 8-story models exhibit their peak displacement demands mainly 
under the NFM records. This shift can be explained by the change in dynamic compatibility between the 
pulse period and the structural period as the building height increases. In the 4-story models, 𝑇1  is much 
shorter than the NFL pulse periods, so the response is mainly governed by impulsive momentum input from 
long-period, high-PGV records. In the 8-story models, the longer fundamental periods reduce the 𝑇𝑝 /𝑇1  
ratios and bring the response closer to the effective range of medium-period pulses. Therefore, NFM records 
can transfer pulse-induced momentum more efficiently into the dominant deformation mode of the taller 
frames, resulting in larger displacement demands than NFL records for the selected 8-story models. For the 
NFS pulse group shown in Figure 10a and Table 6, the largest top-floor displacement occurs under the 
NFS3 record for the CBF system and under the NFS2 record for the EBF system. Although the pulse periods 
of the NFS records are close to each other, their displacement demands differ noticeably. This indicates 
that, within the narrow (𝑇𝑝 /𝑇1 ) range of the NFS set, the response is influenced mainly by pulse intensity 
measures, particularly PGV and PGA, together with the stiffness characteristics of the structural system. 
The EBF system is more sensitive to high-intensity velocity pulses because of its lower initial stiffness and 
link-yielding mechanism, whereas the CBF response appears more affected by record-specific pulse 
characteristics and the distribution of deformation along the height. For the NFM pulse group shown in 
Figure 10b, both systems experience their maximum displacement demands under the NFM2 record and 
their minimum demands under the NFM1 record. Although the (𝑇𝑝 /𝑇1 ) ratios of NFM2 are not the largest 
within the group, this record has considerably higher PGV and PGA values than NFM1. Therefore, the 
larger response under NFM2 can be explained by the combined influence of pulse intensity, effective 
momentum transfer, and pulse timing relative to the structural period. The much larger displacement 
demand in the EBF model reflects its more flexible lateral response and distributed link-yielding 
mechanism, which allows high-intensity velocity pulses to produce larger global deformation. For the NFL 
pulse group shown in Figure 10c, the largest displacement demand occurs under the NFL4 record in both 
systems. This record combines the longest pulse period with the highest PGV and PGA values within the 
NFL set, leading to significant accumulation of lateral displacement toward the upper stories. However, the 
NFL demands are generally lower than those induced by the NFM set in the 8-story models. This suggests 
that the response of the taller frames is not governed by long pulse duration alone. Instead, the closer 
interaction between the structural period and the medium-period pulses may produce more efficient 
momentum transfer and larger displacement amplification.

Overall, the displacement response of the 8-story models indicates that the governing pulse group 
changes with building height because the longer structural periods reduce the (𝑇𝑝 /𝑇1 ) ratios and alter the 
interaction between pulse timing and structural deformation modes. The CBF system generally limits lateral 
displacements more effectively because of its higher initial stiffness, whereas the EBF system develops 
larger roof displacements due to its more flexible configuration and link-yielding mechanism. The results 
also show that displacement demand is not controlled by (𝑇𝑝 /𝑇1 ), PGV, PGA, or pulse duration 
individually, but by their combined interaction with the nonlinear response mechanism of the bracing 
system.

Table 5 Pulse period to structure period ratio (𝑇𝑝 /𝑇1 ) for the selected NFGEs in 4- and 8-story systems
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𝑇𝑃

𝑇1

4-story 8-story

Excitation
Type Earthquake 𝑇𝑃

(s)

CBF EBF CBF EBF
NFS1 Parkfield-02, CA 1.08 5.22 4.43 2.47 2.08
NFS2 Kobe, Japan 1.09 5.27 4.48 2.49 2.05
NFS3 San Salvador 1.13 5.48 4.63 2.58 2.13NFS*

NFS4 Coyote Lake 1.16 5.60 4.75 2.65 2.18
NFM1 Northridge-01 1.62 7.83 6.64 3.71 3.05
NFM2 Kobe, Japan 1.81 8.74 7.42 4.14 3.40
NFM3 Superstition Hills-02 2.39 11.55 9.79 5.47 4.49

NFM*

NFM4 Cape Mendocino 2.99 14.45 12.26 6.84 5.62
NFL1 Northridge-01 3.53 17.06 14.46 8.08 6.64
NFL2 Loma Prieta 4.57 22.08 18.73 10.46 8.60
NFL3 Kocaeli, Turkey 5.37 25.94 22.01 12.29 10.10

NFL*

NFL4 Tabas, Iran 6.19 29.91 25.37 14.16 11.83

a) NFS pulse

b) NFM pulse
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c) NFL pulse

Figure 10 Comparison of maximum displacement a) NFS, b) NFM and c) NFL pulse effect on 8-story 
system

Figure 11 compares the displacement differences between the CBF and EBF systems for the 4- and 8-
story frames under the selected NFGEs. The EBF systems generally develop larger top-floor displacements 
than the corresponding CBF systems, and this difference becomes more pronounced in the 8-story frames. 
This trend is mainly related to the lower initial lateral stiffness of the EBF configuration and the intended 
yielding of the link elements, which allow larger but more uniformly distributed global deformations. In 
contrast, the higher initial stiffness of the CBF system limits lateral displacement demands more effectively, 
although brace yielding or buckling may result in more localized deformation patterns. The change in the 
governing pulse group from NFL in the 4-story models to NFM in the 8-story models indicates that 
displacement demand is governed by the combined interaction of structural period, pulse timing, pulse 
intensity, and nonlinear deformation mechanism rather than by pulse duration alone. Therefore, the results 
should be interpreted as record-dependent response trends for the selected models, not as a general 
conclusion on the superiority of one bracing system.

i) 4-story ii) 8-story

Figure 11 Max floor displacement comparison for CBF and EBF i) 4-story and ii) 8-story system

Table 6 Comparison of top-floor displacement between CBF and EBF models

Top-floor displacement (cm)
4-story 8-story Variation (%)Group Records

CBF EBF CBF EBF 4-story 8-story
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NFS

NFS1_Parkfield-02
NFS2_KobeJapan
NFS3_SanSalvador
NFS4_CoyoteLake

1.09
2.37
1.12
0.90

2.65
4.97
1.63
0.96

6.61
8.71
10.71
2.89

9.44
27.69
14.97
3.32

143.12
109.70
45.54
6.67

42.81
217.91
39.78
14.88

NFM

NFM1_Northridge-01
NFM2_KobeJapan
NFM3_SuperstitionHills-02
NFM4_CapeMendecino

1.42
2.74
1.79
1.57

2.92
7.61
2.52
4.67

5.44
10.89
6.77
9.87

11.44
36.67
17.75
18.42

105.63
177.74
40.78
197.45

110.29
236.73
162.19
86.63

NFL

NFL1_Northridge-01
NFL2_LomaPrieta
NFL3_Kocaeli
NFL4_TabasIran

2.05
1.89
1.11
4.15

4.99
2.01
3.22
11.02

4.17
4.88
3.67
10.51

6.13
10.57
7.99
22.99

143.41
6.35

190.09
165.54

47.00
116.60
117.71
118.74

3.3. Inter-story drift ratio (IDR)
Figure 12 presents the IDR distributions of the 4-story CBF and EBF systems under selected NFS, 

NFM, and NFL pulse-type ground motions. For all pulse categories, the maximum drift demands are 
consistently observed in the EBF system, reflecting its lower effective lateral stiffness and higher 
deformation capacity compared to the CBF system. Under NFS motions, the NFS2 (Kobe) record governs 
the drift response, producing a peak IDR of approximately 0.55% in the EBF model, while the remaining 
NFS records induce relatively low and closely clustered drifts, particularly in the CBF system. The larger 
separation among EBF responses suggests a greater record-to-record variability under short-duration 
velocity pulses, which may be associated with pulse intensity effects (PGV/PGA) in flexible systems. In 
Figure 12a, for NFS records, the EBF system exhibits a wider spread in IDR responses across different 
motions compared to the CBF system, indicating a more pronounced record-to-record variability. In Figure 
12b for the NFM set, NFM2 (Kobe) again controls the maximum drift demand, with peak IDR values 
approaching 0.85% in the EBF system. In contrast, NFM1, NFM3, and NFM4 exhibit similar and lower 
drift levels in the CBF model, highlighting the dominant role of pulse intensity (PGV/PGA) in governing 
drift demand for medium-pulse motions. In Figure 12c Under NFL excitations, the largest drift demands 
occur for the NFL4 (Tabas) record, reaching approximately 1.25% in the EBF system. The long-duration 
velocity pulse leads to pronounced drift amplification along the height, indicating a momentum-dominated 
response mechanism in the short-period 4-story structure. Overall, the results demonstrate that for 4-story 
buildings, drift demand is primarily controlled by pulse intensity and duration, while the EBF system 
consistently exhibits larger drifts than the CBF system due to its higher flexibility and distributed inelastic 
response.

a) NFS pulse

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



b) NFM pulse

c) NFL pulse

Figure 12 Comparison of IDRs between CBF and EBF models for 4-story building
Figure 13 compares the IDR distributions of the 8-story CBF and EBF systems under the selected NFS, 

NFM, and NFL pulse motions. Compared with the 4-story configuration, the 8-story models exhibit a more 
pronounced concentration of drift demands in the lower stories, particularly around the first and second 
floors. For the NFS pulse group shown in Figure 13a, the maximum IDR occurs under the NFS3 record in 
the CBF system and under the NFS2 record in the EBF system. Since the NFS records have similar pulse 
periods, the differences in IDR demand are mainly related to pulse intensity measures, particularly PGV 
and PGA, and to record-specific velocity-pulse characteristics. The EBF system develops larger and more 
distributed drift demands because of its lower effective lateral stiffness and link-yielding mechanism, 
whereas the CBF system tends to concentrate drift more locally in the lower stories. For the NFM pulse 
group shown in Figure 13b, both systems reach their maximum IDR demands under the NFM2 record, 
with peak drifts concentrated near the second story. Although this record does not have the largest 𝑇𝑝 /𝑇1  
ratio within the NFM set, its high velocity-pulse intensity produces a more effective momentum transfer to 
the 8-story frames. This explains why the largest overall IDR demand is observed under NFM2, especially 
in the EBF system. Therefore, the NFM results indicate that medium-period pulses can be particularly 
critical for the 8-story models when their intensity and timing interact efficiently with the structural period 
and deformation mechanism. For the NFL pulse group shown in Figure 13c, the largest IDR demands are 
produced by the NFL4 record in both systems. This response is associated with the combined effect of long 
pulse duration, high velocity amplitude, and large momentum input. However, the NFL results also show 
that large (𝑇𝑝 /𝑇1 ) ratios alone do not necessarily lead to the largest drift demand, since records with lower 
PGV and PGA values produce considerably smaller IDRs despite having large period ratios. Thus, for long-
period pulses, (𝑇𝑝 /𝑇1 ) acts more as an amplifying condition when accompanied by high pulse intensity, 
rather than as the sole governing parameter.
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Overall, the IDR response of the 8-story frames indicates that drift demand is controlled by the combined 
interaction of pulse intensity, pulse timing, structural period, and the nonlinear deformation mechanism of 
the bracing system. The EBF system consistently develops larger IDR demands because its lower lateral 
stiffness and link-yielding mechanism allows greater global deformation, while the CBF system limits 
overall drift more effectively but may concentrate deformation in lower stories after brace yielding or 
buckling. Therefore, Figure 13 should be interpreted as presenting record-dependent IDR trends for the 
selected 8-story models, rather than as a general conclusion regarding the isolated influence of pulse 
characteristics or the overall superiority of one bracing system.

a) NFS pulse

b) NFM pulse
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c) NFL pulse

Figure 13 Comparison of IDRs between CBF and EBF models for 8-story buildings
A combined evaluation of Figures 10-11 and Figures 12-13 indicates that near-fault pulse 

characteristics influence structural response through an interaction between global displacement demand 
and inter-story drift distribution. Records with high velocity-pulse intensity and effective momentum input 
tend to amplify global displacement demands, which are then transformed into IDR demands depending on 
the lateral stiffness and nonlinear deformation mechanism of the structural system. The EBF systems 
generally develop larger global displacements because of their lower effective lateral stiffness; however, 
their link-yielding mechanism allows these deformations to be distributed more uniformly along the height. 
In contrast, the CBF systems generally limit global displacements more effectively, but drift demands may 
become more localized in fewer stories after brace yielding or buckling. Therefore, the observed 
displacement and IDR responses should be interpreted as record-dependent trends governed by the 
combined effects of pulse intensity, pulse timing, structural period, and bracing-system deformation 
mechanism.

Table 7 presents a comparison of the maximum IDR demands obtained from the 4- and 8-story CBF 
and EBF models. The results show that the EBF system consistently produces larger maximum IDR 
demands than the corresponding CBF system for all selected pulse records and both building heights. For 
the 4-story models, the EBF/CBF IDR ratio ranges from 1.10 to 2.92, corresponding to an increase of 
approximately 10% to 191%. For the 8-story models, this ratio ranges from 1.05 to 2.91, with the IDR 
increase varying between approximately 5% and 191%. Among the pulse groups, the largest relative 
differences are generally observed under NFM and NFL records. In the 4-story models, the highest 
EBF/CBF ratio is obtained under NFL3, whereas in the 8-story models, the largest ratio occurs under 
NFM3. This indicates that the relative drift amplification in EBF systems is not governed by pulse category 
alone, but by the combined effects of pulse intensity, structural period, and bracing-system deformation 
mechanism. Overall, this comparison confirms that the CBF system limits maximum IDR demands more 
effectively due to its higher initial lateral stiffness. In contrast, the EBF system develops larger drift 
demands because of its lower effective stiffness and link-yielding mechanism. Therefore, the table clearly 
illustrates the stiffness–ductility trade-off between the two systems and provides a direct quantitative basis 
for comparing their seismic response under the selected NFGEs.

Table 7 Comparison of max IDR results between CBF and EBF models

Group Records Max IDR (%)
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4-story 8-story

CBF EBF EBF/CBF 
ratio

Variation 
(%) CBF EBF EBF/CBF 

ratio
Variation 

(%)

NFS

NFS1
NFS2
NFS3
NFS4

0.13
0.28
0.13
0.10

0.29
0.57
0.18
0.11

2.23
2.04
1.38
1.10

123
103
38
10

0.42
0.56
0.63
0.19

0.53
1.59
0.81
0.20

1.26
2.84
1.29
1.05

26
183
28
5

NFM

NFM1
NFM2
NFM3
NFM4

0.15
0.31
0.20
0.18

0.32
0.84
0.27
0.52

2.13
2.71
1.35
2.89

113
170
35
188

0.33
0.84
0.35
0.69

0.70
2.17
1.02
1.08

2.12
2.58
2.91
1.57

112
158
191
56

NFL

NFL1
NFL2
NFL3
NFL4

0.23
0.20
0.12
0.54

0.56
0.22
0.35
1.27

2.43
1.10
2.92
2.35

143
10
191
135

0.24
0.28
0.21
0.80

0.41
0.69
0.44
1.26

1.71
2.46
2.10
1.58

71
146
109
57

Table 8 summarizes the mean and COV values of the maximum IDR demands for the 4- and 8-story 
CBF and EBF models. The results show that the EBF systems consistently produce higher mean IDR 
demands than the corresponding CBF systems for all pulse groups and both building heights. For the 4-
story models, the highest mean IDR values are obtained under the NFL pulse group, whereas for the 8-story 
models, the highest mean IDR values occur under the NFM pulse group. This confirms that the governing 
pulse group changes with building height and structural period. The COV values range from approximately 
33% to 77%, indicating noticeable record-to-record variability within the selected pulse groups. Therefore, 
the statistical results support the main response trends observed in the deterministic comparisons, while 
also showing that the findings should be interpreted as record-dependent rather than statistically generalized 
conclusions.

Table 8 Statistical summary of maximum IDR demands for CBF and EBF models

Structural 
model Records Max IDR (%) values Mean IDR 

(%) SD COV 
(%)

4-story
CBF

NFS1 -NFS4
NFM1-NFM4
NFL1 -NLF4

0.13 – 0.28 – 0.14 – 0.10
0.15 – 0.31 – 0.20 – 0.17
0.24 – 0.21 – 0.12 – 0.54

0.164
0.210
0.278

0.081
0.070
0.183

49.27
33.16
65.83

4-story
EBF

NFS1 -NFS4
NFM1-NFM4
NFL1 -NLF4

0.29 – 0.57 – 0.18 – 0.11
0.32 – 0.84 – 0.27 – 0.52 
0.57 – 0.22 – 0.35 – 1.26

0.288
0.487
0.602

0.201
0.259
0.463

69.61
53.26
76.91

8-story
CBF

NFS1 -NFS4
NFM1-NFM4
NFL1 -NLF4

0.43 – 0.57 – 0.63 – 0.19
0.33 – 0.85 – 0.36 – 0.70
0.24 – 0.28 – 0.21 – 0.81

0.455
0.559
0.385

0.195
0.254
0.282

42.77
45.38
73.41

8-story
EBF

NFS1 -NFS4
NFM1-NFM4
NFL1 -NLF4

0.54 – 1.60 – 0.82 – 0.20
0.70 – 2.17 – 1.03 – 1.08
0.40 – 0.69 – 0.44 – 1.26

0.789
1.246
0.701

0.595
0.640
0.397

75.42
51.40
56.59

3.4. Top displacements
Figures 14-15 present the top-floor displacement time-history responses of the 4- and 8-story CBF and 

EBF systems under the selected NFGEs. These histories show that the velocity pulse does not necessarily 
coincide with the instant of maximum roof displacement. Instead, the pulse acts as an impulsive input that 
transfers momentum to the structure and initiates a subsequent oscillatory response, whose amplitude and 
decay depend on the structural period, effective stiffness, and nonlinear deformation mechanism. For the 
4-story models, the response remains relatively short in duration under NFS records but becomes larger and 
more sustained under NFM and NFL records as the pulse duration and velocity amplitude increase (see, 
Figure 14). For the 8-story models, the longer fundamental periods allow a stronger interaction between 
pulse timing and structural deformation, resulting in more pronounced displacement oscillations, especially 
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in the EBF system (see, Figure 15). The EBF models develop larger amplitudes and slower decay because 
of their lower effective lateral stiffness and link-yielding mechanism, whereas the CBF models generally 
limit global displacement more effectively through higher initial stiffness.

a) NFS pulse

b) NFM pulse

c) NFL pulse
Figure 14 Comparison of top displacements between CBF and EBF models for 4-story buildings

From Figure 15, under the NFS records, both systems exhibit relatively limited displacement amplitudes 
and short effective response durations. Although the EBF system generally develops larger displacements 
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than the CBF system, the difference between the two systems remains relatively limited under the NFS 
records. Under the NFM records, the displacement response becomes larger and more persistent, 
particularly in the EBF system. This can be attributed to the more efficient interaction between medium-
period velocity pulses and the longer fundamental periods of the 8-story frames. The lower effective 
stiffness and link-yielding mechanism of the EBF system allows the pulse-induced momentum input to be 
transformed into larger global displacement amplitudes, whereas the higher initial stiffness of the CBF 
system limits the overall displacement response more effectively. Under the NFL records, the response 
histories exhibit longer-duration oscillations and slower decay, especially in the EBF system. In these cases, 
the long pulse duration and high velocity amplitude provide a more sustained momentum input, causing the 
roof displacement response to continue after the main pulse interval. However, the results should not be 
interpreted as an effect of pulse duration alone, since the observed amplitudes also depend on pulse 
intensity, timing relative to the structural period, and the nonlinear response mechanism of the bracing 
system.

Overall, Figure 15 indicates that the time-history response of the 8-story models is governed by the 
coupled effects of pulse intensity, pulse timing, structural period, stiffness degradation, and bracing-system 
deformation mechanism. The EBF system exhibits larger and more sustained roof displacement histories 
due to its flexible link-yielding response, whereas the CBF system generally limits global displacement but 
may experience more abrupt response changes when brace yielding or buckling occurs. Therefore, the 
observed time-history responses should be interpreted as record-dependent dynamic response trends for the 
selected models rather than as a general conclusion based solely on pulse category.

a) NFS pulse

b) NFM pulse
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c) NFL pulse
Figure 15 Comparison of top displacements between CBF and EBF models for 8-story buildings 
under pulse type motions

3.5. Relationship between Base Shear Force and Top Displacement
Figures 16-17 show the base shear force–top-floor displacement relationships of the 4-story and 8-story 

CBF and EBF systems under the selected NFGEs. The CBF systems generally exhibit steeper response 
branches, indicating higher initial lateral stiffness and greater base shear mobilization at smaller 
displacement levels as can be seen in Figure 16. In contrast, the EBF systems develop flatter and wider 
response loops due to their lower effective stiffness and link-yielding mechanism, which allows larger 
global deformation and more distributed energy dissipation. Under NFS records, the curves remain 
relatively compact, suggesting limited sustained momentum input from short-duration pulses. Under NFM 
and NFL records, the curves expand more markedly, especially in the EBF systems, indicating that medium- 
and long-period pulses are more effective in transferring momentum into nonlinear displacement demand. 
Therefore, these curves should be interpreted as reflecting the interaction between pulse-induced inertia 
forces, system stiffness, and nonlinear energy dissipation mechanisms rather than as simple peak force–
displacement comparisons.

  
a) NFS pulse
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b) NFM pulse

 
c) NFL pulse

Figure 16 Comparison of base shear forces verse top displacements between CBF and EBF models for 
4-story buildings under pulse type motions

As shown in Figure 17, in the CBF system, higher base shear forces are mobilized at small displacements, 
while the EBF system exhibits flatter initial trends. However, under short-period pulse excitation, the 
overall spread of the curves remains limited in the 8-story systems as well, and differences between the two 
systems are relatively modest. Under NFM records, the base shear–top floor displacement diagrams of the 
8-story systems show a pronounced widening. In particular, the EBF system reaches higher base shear force 
levels in conjunction with larger displacement demands, resulting in a more distributed response pattern. 
In contrast, the curves of the CBF system generally cluster within a more compact band. This behavior 
indicates that, with increasing building height, the responses of EBF and CBF systems become more 
distinctly separated under medium-period pulses. Under NFL records, the base shear–top floor 
displacement relationships of the 8-story CBF and EBF systems display the broadest spread. In the EBF 
system, the curves extend toward substantially larger displacement demands, and under certain records, the 
base shear forces also reach relatively high levels. In contrast, the curves of the CBF system remain confined 
to a more limited displacement range.
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a) NFS pulse

  
b) NFM pulse

  
c) NFL pulse

Figure 17 Comparison of base shear forces verse top displacements between CBF and EBF models 
for 8-story buildings under pulse type motions

3.6. Story-level distribution of brace performance states under pulse-type earthquakes
Brace performance levels were classified based on hinge state results obtained from NTHAs. The hinge 

state (A–B–C–D–E) directly reflects the progression of inelastic deformation and was therefore preferred 
over hinge status, which is dependent on target performance settings and may lead to ambiguous 
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interpretation in envelope results. In the analyses, seismic excitations were applied in the global X direction. 
At each story level, the structural response was evaluated by considering a total of 16 brace members, 
consisting of 8 braces oriented in the X direction and 8 braces oriented in the Y direction. Accordingly, the 
4-story model includes a total of 64 brace elements (16 braces per story), while the 8-story model comprises 
128 brace elements in total. This multi-brace configuration ensures that the reported deformation-related 
performance indices, including IDRs and top-floor displacements, reflect the collective response of a 
distributed bracing system rather than the behavior of brace members.

Table 8 presents the distribution of brace performance levels along the height of the 4- and 8-story CBF 
models under the selected pulse records. The results indicate that brace demands become more severe and 
more vertically distributed as both pulse intensity and building height increase. Under NFS records, the 4-
story CBF model remains mostly within the Elastic or IO performance ranges, whereas the 8-story model 
shows more frequent LS and local CP demands, mainly in the lower stories. This suggests that even short-
period pulses may trigger localized brace inelasticity when the structural height increases. Under NFM and 
NFL records, the brace response shifts from a mostly stiffness-dominated behavior toward a more localized 
nonlinear mechanism. Inelastic demands initiate in the lower stories and, particularly in the 8-story model, 
may propagate toward the middle and upper stories. This upward spread reflects the combined effect of 
stronger velocity-pulse intensity, increased momentum transfer, and reduced elastic response margin in 
taller frames. However, the damage distribution remains record-dependent, since records with lower PGV 
and PGA values produce less severe brace demands despite having relatively large pulse-to-structure period 
ratios. Overall, Table 8 shows that the high initial stiffness of CBF systems is effective in limiting global 
displacement, but it may also promote localized brace yielding or buckling when pulse-induced inertia 
demands exceed the elastic range. Therefore, the observed brace performance levels should be interpreted 
as record-dependent trends for the selected CBF models rather than as a general damage classification for 
all near-fault pulse motions.
Table 9 Distribution of brace performance levels per story under different pulse scenarios for CBF model

Performance level
Elastic (A–B) IO (B-C) LS (C-D) CP (D-E) Total BracesPulse 

Type Scenario Story
4-F 8-F 4-F 8-F 4-F 8-F 4-F 8-F 4-F 8-F

1st 8 8 8 0 0 0 0 8 64 128
2nd 8 8 8 0 0 0 0 8 64 128
3rd 16 8 0 0 0 0 0 8 64 128
4th 16 8 0 0 0 0 0 8 64 128
5th - 8 - 0 - 6 - 2 - 128
6th - 8 - 8 - 0 - 0 - 128
7th - 12 - 4 - 0 - 0 - 128

NFS1

8th - 16 - 0 - 0 - 0 - 128
1st 8 8 0 0 0 0 8 8 64 128
2nd 8 8 0 0 0 0 8 8 64 128
3rd 8 8 0 0 8 0 0 8 64 128
4th 16 8 0 0 0 0 0 8 64 128
5th - 8 - 0 - 0 - 8 - 128
6th - 8 - 0 - 0 - 8 - 128
7th - 8 - 8 - 0 - 0 - 128

NFS2

8th - 16 - 0 - 0 - 0 - 128
1st 8 8 8 0 0 0 0 8 64 128
2nd 8 8 8 0 0 0 0 8 64 128
3rd 8 8 8 0 0 0 0 8 64 128
4th 16 8 0 0 0 0 0 8 64 128
5th - 8 - 0 - 0 - 8 - 128
6th - 8 - 0 - 0 - 8 - 128
7th - 8 - 8 - 0 - 0 - 128

NFS3

8th - 16 - 0 - 0 - 0 - 128

Small 
pulse

NFS4 1st 8 8 8 0 0 8 0 0 64 128
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2nd 8 8 8 8 0 0 0 0 64 128
3rd 16 8 0 8 0 0 0 0 64 128
4th 16 8 0 8 0 0 0 0 64 128
5th - 8 - 8 - 0 - 0 - 128
6th - 8 - 8 - 0 - 0 - 128
7th - 16 - 0 - 0 - 0 - 128
8th - 16 - 0 - 0 - 0 - 128
1st 8 8 8 0 8 0 8 8 64 128
2nd 8 8 0 0 8 0 0 8 64 128
3rd 8 8 8 0 0 0 0 8 64 128
4th 16 8 0 0 0 0 0 8 64 128
5th - 8 - 0 - 4 - 4 - 128
6th - 8 - 8 - 0 - 0 - 128
7th - 10 - 6 - 0 - 0 - 128

NFM1

8th - 16 - 0 - 0 - 0 - 128
1st 8 8 0 0 0 0 8 8 64 128
2nd 8 8 0 0 0 0 8 8 64 128
3rd 8 8 0 0 8 0 0 8 64 128
4th 16 8 0 0 0 0 0 8 64 128
5th - 8 - 0 - 0 - 8 - 128
6th - 8 - 0 - 0 - 8 - 128
7th - 8 - 0 - 2 - 6 - 128

NFM2

8th - 8 - 8 - 0 - 0 - 128
1st 8 8 8 0 8 0 8 8 64 128
2nd 8 8 0 0 0 0 8 8 64 128
3rd 8 8 8 0 0 0 0 8 64 128
4th 16 8 0 0 0 0 0 8 64 128
5th - 8 - 0 - 0 - 8 - 128
6th - 8 - 0 - 0 - 8 - 128
7th - 8 - 8 - 0 - 0 - 128

NFM3

8th - 16 - 0 - 0 - 0 - 128
1st 8 8 0 0 0 0 8 8 64 128
2nd 8 8 0 0 0 0 8 8 64 128
3rd 8 8 8 0 0 0 0 8 64 128
4th 16 8 0 0 0 0 0 8 64 128
5th - 8 - 0 - 0 - 8 - 128
6th - 8 - 0 - 0 - 8 - 128
7th - 8 - 8 - 0 - 0 - 128

Medium 
pulse

NFM4

8th - 16 - 0 - 0 - 0 - 128
1st 8 8 0 0 0 0 8 8 64 128
2nd 8 8 0 0 0 0 8 8 64 128
3rd 8 8 0 0 8 0 0 8 64 128
4th 12 8 0 0 4 6 0 0 64 128
5th - 8 - 4 - 4 - 0 - 128
6th - 8 - 8 - 0 - 0 - 128
7th - 12 - 4 - 0 - 0 - 128

NFL1

8th - 16 - 0 - 0 - 0 - 128
1st 8 8 0 0 0 0 8 8 64 128
2nd 8 8 0 0 0 0 8 8 64 128
3rd 8 8 4 0 4 0 0 8 64 128
4th 16 8 0 0 0 0 0 8 64 128
5th - 8 - 0 - 8 - 0 - 128
6th - 8 - 8 - 0 - 0 - 128
7th - 16 - 0 - 0 - 0 - 128

NFL2

8th - 16 - 0 - 0 - 0 - 128
1st 8 8 8 0 0 0 0 8 64 128
2nd 8 8 8 0 0 0 0 8 64 128
3rd 8 8 8 0 0 4 0 4 64 128
4th 16 8 0 2 0 6 0 0 64 128
5th - 8 - 8 - 0 - 0 - 128
6th - 8 - 8 - 0 - 0 - 128
7th - 16 - 0 - 0 - 0 - 128

NFL3

8th - 16 - 0 - 0 - 0 - 128
1st 8 8 8 0 8 0 8 8 8 128

Large 
pulse

NFL4 2nd 8 8 0 0 0 0 8 8 64 128

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



3rd 8 8 0 0 0 0 8 8 64 128
4th 8 8 8 0 0 0 0 8 64 128
5th - 8 - 0 - 0 - 8 - 128
6th - 8 - 0 - 0 - 8 - 128
7th - 8 - 0 - 0 - 8 - 128
8th - 10 - 6 - 0 - 0 - 128

4. Conclusion
This study investigated the nonlinear seismic response of low-rise (4-story) and mid-rise (8-story) steel 

buildings equipped with CBFs and EBFs subjected to pulse-type NFGEs. A series of NTHAs was 
conducted using ground motions categorized as SP, MP, and LP. The evaluation focused on displacement-
related performance indicators, including story displacements, IDRs, top-floor displacement time histories, 
and brace performance states. By comparing building height, bracing system type, and pulse-related record 
groups, the study provides insight into the response trends observed under the selected pulse-type NFGEs. 
Based on the analysis results, the following conclusions can be drawn:

• The comparison of the maximum IDR demands showed that the EBF systems consistently developed 
larger drift demands than the corresponding CBF systems for the selected motions. For the 4-story 
models, the EBF/CBF maximum IDR ratio ranged from 1.10 to 2.92, corresponding to an increase 
of approximately 10–191%. For the 8-story models, this ratio ranged from 1.05 to 2.91, 
corresponding to an increase of approximately 5–191%.

• For the 4-story models, the largest maximum IDR was obtained under the NFL4 record, reaching 
0.54% in the CBF system and 1.27% in the EBF system. For the 8-story models, the largest maximum 
IDR was observed under the NFM2 record, reaching 0.84% in the CBF system and 2.17% in the EBF 
system. These results indicate that the governing pulse group changes with building height.

• In terms of top-floor displacement, the EBF systems also produced larger demand than the CBF 
systems. For example, in the 8-story models, the NFM2 record produced top-floor displacements of 
10.89 cm in the CBF system and 36.67 cm in the EBF system, corresponding to an increase of 
approximately 237%. This confirms the higher displacement sensitivity of the more flexible EBF 
configuration under high-intensity medium-period pulse records.

• The observed response trends indicate that seismic response demands are influenced by the combined 
effects of building height, bracing system type, pulse intensity, pulse duration, and the pulse-to-
structure period ratio 𝑇𝑝/𝑇1 . As building height increases, 𝑇1becomes closer to the characteristic 
pulse periods, which may contribute to a transition from a predominantly stiffness-controlled 
response toward a more momentum-sensitive response.

• The CBF systems effectively limited global displacement demands due to their higher initial lateral 
stiffness. However, particularly in the 8-story configuration, drift demands tended to concentrate on 
fewer lower stories once inelastic behavior initiated. In contrast, the EBF systems developed larger 
but more distributed deformation demands owing to their lower effective stiffness and ductile link-
yielding mechanism.

• The influence of 𝑇𝑝/𝑇1on displacement and drift demand was not monotonic. NFL records produced 
the largest demands in the 4-story models when very large 𝑇𝑝/𝑇1ratios coincided with high PGA 
and PGV values. However, in the 8-story models, the maximum response occurred under NFM 
records, indicating that pulse amplitude, effective momentum transfer, and timing relative to the 
structural period may be more influential than pulse-period ratio alone.
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• The statistical evaluation based on mean, standard deviation, and COV values indicates noticeable 
record-to-record variability within the selected pulse groups. The COV values range from 
approximately 33% to 77%, showing that the response trends are not uniform across individual 
records. Therefore, although the mean values support the general trends observed in the analyses, the 
relatively high COV values confirm that the findings should be interpreted as record-dependent 
trends within the selected ground-motion set rather than statistically generalized conclusions.

Overall, it should be noted that the conclusions are based on a limited set of twelve pulse-type NFGEs, with 
four records in each pulse category. Therefore, the observed differences should be interpreted as record-
dependent response trends rather than statistically conclusive evidence of the isolated influence of pulse 
duration or pulse type. In addition, the study is limited to 4- and 8-story steel buildings with inverted V-
shaped CBF and EBF configurations; therefore, the findings should not be generalized to all bracing 
systems, building heights, or structural layouts. Future studies should consider a larger and more diverse 
ground-motion database, including a wider range of pulse periods, PGV/PGA levels, site conditions, and 
fault-normal/fault-parallel components. Further research may also extend the comparison to additional 
building heights, alternative bracing configurations, different link lengths, and other performance indicators 
such as residual drift, energy dissipation, collapse probability, and fragility functions. Such studies would 
allow a more statistically robust assessment of the interaction between pulse characteristics, building height, 
and bracing-system response mechanisms.
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