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A B S T R A C T   

Chevron or inverted V-braced frames (IVBFs), despite their high stiffness and strength, exhibit weak post- 
buckling behavior. In these systems, the buckling of the brace’s compressive member in a particular story 
causes an unbalanced vertical force at the mid-span of the beam, leading to the concentration of damage in that 
story and, ultimately, the collapse of the structure. This paper aims to propose and investigate a novel bracing 
system called the half-elliptic-braced steel moment frame (HEB-MF) to overcome the drawbacks of conventional 
IVBFs. This system is composed of two quarter-elliptic bracing members. The elliptical geometry of these bracing 
members not only mitigates the unbalanced force and deflection at the beam’s mid-span but also enhances 
energy absorption. At the outset, the hysteric performance of this bracing system is evaluated in comparison with 
the IVBF system. Afterward, considering eight three-dimensional archetypes with varying numbers of stories in 
two distinct seismic design categories (SDC Cmax and Cmin), the seismic performance factors (SPFs) of this system 
are determined based on the FEMA P695 procedure, and the fragility curve is plotted for each archetype. The 
results reveal that employing this system not only effectively reduces the unbalanced force and beam deflection 
but also enhances ductility and energy absorption compared to the IVBF systems. Furthermore, this system’s 
response modification, over-strength, and deflection amplification factors have been obtained as 7.5, 3, and 7.5, 
respectively.   

1. Introduction 

Concentrically braced frames (CBFs) outperform other structural 
systems in effectively reducing lateral displacements in steel structures 
when confronted with lateral forces. The chevron-braced frame is one of 
the configurations of CBFs and possesses dynamic stability characteris-
tics, especially during strong earthquakes. Due to lateral displacements 
caused by an earthquake, the compressive member of this bracing sys-
tem undergoes dynamic buckling, resulting in a gradual reduction in its 
axial strength. Meanwhile, the force on the tensile member can increase 
until it reaches the yield point. The consequence of this process will be 
the emergence of an unbalanced vertical force in the mid-span of the 
beam. The formation and expansion of non-linear behavior character-
istics with large amplitude in the beam element and the support con-
nections exacerbate the probability of soft-story mechanism formation. 
In order to reduce the occurrence probability of the described circum-
stance, which is accompanied by dynamic instability, it is necessary to 
design a stronger beam. It is obvious that the disproportionate obser-
vance of this criterion will lead to the design of a resistant but 

uneconomical structure [1–7]. Several approaches have been proposed 
in recent years to overcome the unbalanced vertical force and beam 
deflection in chevron-braced frames. Among them, certain approaches 
counteract the unbalanced vertical forces by using zipper columns 
[8–10] and employing a strong beam in the braced spans [11,12]. 
Additionally, some approaches aim to prevent the emergence of un-
balanced forces in the beam of the braced span. These methods include 
using buckling restrained braces (BRBs) [13,14], employing V-shaped 
braces and inverted V-shaped braces simultaneously (split-X braces) 
[15–17], and utilizing a reduced brace section (RBS) or a brace with 
different geometry [18,19]. Implementing localized structural fuses 
within specific segments of the bracing members’ length is one of the 
methods that can not only resolve the problem of unbalanced vertical 
forces but also enhance the ductility and energy absorption of CBFs [20, 
21]. Rezai et al. examined the cyclic load-displacement hysteretic curves 
of CBFs by implementing elliptical-shaped incisions as structural fuses in 
HSS bracing members [22]. Bontetti evaluated the performance of CBFs 
by incorporating an oval cut at the termination of the bracing member 
[23]. Ahlehagh and Mirghaderi proposed balanced bracing systems to 
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enhance the behavior of inverted V-braced frames (IVBFs), counter-
acting the unbalanced force and reducing the discrepancy between 
tensile and compressive capacity values. In these bracing systems, the 
tensile or compressive yielding capacity decreases by reducing the 
cross-sectional area of a portion of the bracing member’s length. How-
ever, with the consideration of appropriate details, the buckling capacity 
of the bracing system does not undergo a significant change [19]. In 
order to improve seismic performance and reduce seismic demand in the 
connections of angle-shaped CBF, Legeron et al. conducted a compre-
hensive investigation on ductile fuses. In this empirical study, they 
established a ductile fuse at a defined distance from both ends of the 
angle-shaped bracing members, designed with a tensile capacity lower 
than that of the bracing connection [24]. Kachooee and Kafi focused on 
enhancing the behavior of CBFs by introducing a novel approach, uti-
lizing both experimental and numerical studies. They utilized a localized 
fuse along the length of the bracing member, enclosing it with auxiliary 
elements to prevent localized buckling under compressive loading [18]. 
Over the past two decades, researchers have utilized ductile bending 
elements as fuses in bracing systems due to their increased deformation 
amplitude, introducing novel perspectives. In this regard, notable 
research has been carried out by Bazzaz et al. and Andalib et al., focusing 
on the application of steel rings to enhance ductility and augment energy 
absorption in bracing systems. The load-carrying capacity of the steel 
ring in these bracing systems is a function of its length, radius, thickness, 
and yield stress. This enables the possibility of designing a ring element 
proportional to the structural requirements by altering any of these 
factors [25–28]. Trombetti et al. developed crescent-shaped brace (CSB) 
systems to eliminate the buckling issue of CBFs in the 
performance-based seismic design framework. They found that 
employing this bracing system in buildings mitigates the risk of creating 
the first soft-story and overall building instability owing to hardening at 
large deformations caused by geometric non-linearity as well as sym-
metric cyclic behavior [29]. Through comprehensive analytical and 
experimental studies on CSBs, Palermo et al. discovered that these 
bracing systems possess notable ductility capacity and ultimate hard-
ening, efficiently averting damage from second-order effects. Further-
more, their research findings indicated that the initial yield strength and 
initial lateral stiffness in these braces are independent, and they can 
serve as a viable alternative to BRBs due to their sustainable cyclic 
behavior and energy dissipation without stiffness and strength deterio-
ration [30–33]. Omar et al. also assessed the performance of CSBs by 
utilizing pushover and time history analyses. They examined their 
applicability to multi-story concrete structures with shear behavior 
[34]. In order to reduce the drawbacks of CBFs and enhance their 
ductility and energy absorption capacity, Jouneghani et al. proposed 
elliptical braced systems, while Boostani et al. suggested circular 
(OGrid) braced system [35–39]. Moreover, Jouneghani et al. presented a 
precise approach for determining elliptical braced systems’ elastic 
lateral stiffness, employing strain energy and Castigliano’s theorem [40, 
41]. One notable disadvantage of these two bracing systems is the 
connection between bracing members and columns, as improper 
implementation and the imposition of high shear forces from these 
members to the columns elevate the possibility of creating a plastic 
hinge at the middle of the column [42–44]. Shamivand and Akbari 
resolved the issue of these two bracing systems using quasi-columns and 
introduced novel ring-shaped braces called Shami lateral bracing (SLB) 
systems [45]. Fanaie and Shirpour proposed a solution to the problems 
of earlier CBF systems and the absence of connection between bracing 
members and frame members (columns and beams) by introducing a 
new bracing system termed the quarter-elliptic-braced steel moment 
frame (QEB-MF). In addition to presenting a precise analytical formu-
lation for computing the elastic stiffness of these systems employing 
Castigliano’s theorem and concepts of strain energy, they assessed their 
seismic performance under near-field and far-field ground motion re-
cords compared with moment-resisting frames [46,47]. In continuing 
their investigation, they introduced two innovative quasi-x bracing 

systems with quarter-elliptic members and thoroughly evaluated the 
performance of moment-resisting frames equipped with these braces 
using analytical and numerical methods [48,49]. 

In order to effectively employ and design a lateral force-resisting 
system as a conventional structural system while adhering to the regu-
lations outlined in the codes, it is imperative to ascertain its seismic 
performance factors (SPFs), including the response modification factor 
(R), deflection amplification factor (Cd), and over-strength factor (Ω). 
The R factor is utilized in seismic loading standards to attenuate the 
forces imposed on structures due to their non-linear behavior and 
ductility. When structures are designed for reduced forces, the resulting 
displacement values are lower than the actual displacements of the 
structures during earthquakes. Hence, the Cd factor is utilized in seismic 
codes to predict actual structural displacements. In the design of a 
ductile structure, the behavior of certain members may be brittle. 
Therefore, to tackle this issue and in accordance with seismic standards, 
they are designed for a greater force employing the Ω factor [50,51]. The 
response modification factor (R) was initially presented in the ATC3–06 
report, which was based on observations of previous earthquakes [52]. 
Afterward, this factor underwent refinement in the ATC-19 and ATC-34 
reports [53,54]. Numerous researchers have endeavored to determine 
the R factor for various bracing configurations using the provided 
methods. Maheri and Akbari investigated the R factor of X and knee 
braces [55]; Kim and Choi examined the R factor of chevron braces [56]; 
and Mahmoudi and Zaree scrutinized the R factor of X, V, and inverted V 
braces [57]. 

Recently, new approaches have been suggested for estimating the R 
factor based on the base shear obtained from incremental dynamic 
analysis (IDA). Notably, the Mwafy and Elnashai approach stands out in 
this regard [58]. By employing this method, Fanaie and Ezzatshoar 
determined the R factor of gate braces [59], and Jouneghani et al. ob-
tained the R factor of elliptical braces [43]. The emergence of modern 
structural systems necessitated the development of a comprehensive and 
reliable method for assigning values to SPFs. The FEMA P695 procedure, 
which is based on probabilistic analyses and the fragility curves result-
ing from the earthquake spectrum, provided a comprehensive method-
ology for determining these factors [60]. Utilizing this methodology, 
Farahi and Mofid quantified SPFs for chevron knee bracing systems 
[61]; Asghari and Saharkhizan for knee-element connections frames 
(KCFs) [62]; Ghasemi et al. for cable-cylinder bracing systems [63]; 
Shahiditabar et al. for self-centered y-shaped (SCY) bracing systems 
[64]; and Bakhshivand et al. for special moment frames combined with 
special concentrically braced frames (SMF-SCBFs) [65]. 

This study investigates the novel half-elliptic-braced steel moment 
frame (HEB-MF) system. The elliptical geometry of this bracing system 
effectively reduces unbalanced force and beam deflection, which is a key 
challenge in chevron or inverted V-braced frames (IVBFs). This bracing 
system is initially modeled using Abaqus software and subjected to cy-
clic loading. This system’s hysteresis curves, energy dissipation, unbal-
anced force, and beam mid-span deflection are assessed compared to the 
IVBF system. Then, the seismic performance factors (SPFs) of HEB-MFs 
are quantified as per the FEMA P695 procedure. To accomplish this, 
eight three-dimensional archetypes with varying numbers of stories are 
designed in two separate seismic design categories (SDC Cmax and Cmin) 
based on presumed SPFs. Utilizing OpenSees software, non-linear 
models of each archetype are constructed. The period-based ductility 
(μT) and the over-strength factor (Ω) are specified through non-linear 
static (pushover) analysis. In addition, incremental dynamic analysis 
(IDA) is carried out utilizing 44 far-field ground motion (FFGM) records 
to evaluate structural collapse capacity and compute the adjusted 
collapse margin ratio (ACMR). The accuracy of the initial R factor is 
assessed by comparing the acquired ACMRs from IDA curves with the 
acceptable values provided in FEMA P695. Finally, the deflection 
amplification factor (Cd) and over-strength factor (Ω) for HEB-MFs are 
determined according to FEMA P695. 

A. Shirpour and N. Fanaie                                                                                                                                                                                                                    



Engineering Structures 311 (2024) 118189

3

2. Design procedure for the quarter-elliptic bracing members 

The HEB-MF systems are comprised of two quarter-elliptic bracing 
members. According to Fig. 1, these members have been designed so 
that the semi-major axis (a) of the ellipse equals the half-beam length 
(Lb/2), and the semi-minor axis (b) of the ellipse equals the column 
length (Lc). 

If this system is subjected to lateral load, an axial force Pb is applied 
to both sides of the quarter-elliptic bracing member CE. As illustrated in 
Fig. 2a, when the bracing member CE encounters the axial force Pb, an 
additional moment (Pbe) is established owing to its eccentricity. To 

determine the eccentricity length, it is required to initially draw the 
diameter that connects the endpoint of the semi-major axis (vertex) to 
the endpoint of the semi-minor axis (co-vertex) in the first quarter of an 
ellipse, as depicted in Fig. 2b. The diameter CE equation is as follows: 

y = −
b
a

x + b (1) 

Subsequently, it is necessary to draw a tangent parallel to the 
diameter CE within the first quarter of the ellipse. The tangent GH 
equation is as follows: 

y = −
b
a

x +
̅̅̅
2

√
b (2) 

The eccentricity length is equal to the distance between the diameter 
CE and the tangent GH, as obtained by Eq. (3): 

e =

̅̅̅
2

√
b − b

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
b
a

)2

+ 1

√ =

( ̅̅̅
2

√
− 1

)
LbLc

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Lb

2 + 4Lc
2

√ (3) 

Conforming to Fig. 2a, the maximum stress (σmax) experienced by the 
member CE subjected to axial force Pb is situated at its internal face and 
can be calculated through Eq. (4): 

Fig. 1. Geometry of HEB-MF systems.  

Fig. 2. Quarter-elliptic bracing member CE; (a) maximum stress point, (b) coordinate geometry.  

Fig. 3. Half-Elliptic-Braced Steel Moment Frames (HEB-MFs); (a) elevation view, (b) mid-span gusset plate, (c) corner gusset plate.  
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σmax =

Pbe
(

d
2

)

Iq
+

Pb

Aq
=

6Pbde
d4 − (d − 2t)4 +

Pb

d2 − (d − 2t)2 (4)  

where Iq, d, and t represent the quarter-elliptic bracing cross-section’s 
moment of inertia, depth, and thickness, respectively. When the 
maximum stress is equivalent to the material yielding stress 

(
σy
)
, the 

bracing member achieves yielding and efficiently dissipates energy. 
Consequently, yielding strength 

(
Py
)

of quarter-elliptic bracing mem-
bercan be computed utilizing Eq. (5): 

Py =
4tσy(d3 − 3d2t + 4dt2 − 2t3)

d2 − 2dt + 2t2 + 3de
(5) 

In line with this equation, the yielding strength of a quarter-elliptic 
bracing member relies not only on almost constant parameters such as 
cross-sectional dimensions and material yielding stress, but also on the 
bracing member’s magnitude of eccentricity. The eccentricity decreases 
under tensile loading, particularly post-yielding of the bracing member, 
and is expected to lead to increased stiffness. In contrast, under 
compressive loading, the eccentricity increases, resulting in decreased 
stiffness after the bracing member yields. 

3. Comparing HEB-MF and IVBF bracing systems 

In this section, both the HEB-MF and IVBF bracing systems were 
modeled using Abaqus finite element software and subjected to identical 
displacement-controlled cyclic loading to compare their hysteresis 
curves, energy dissipation, unbalanced force, and mid-span deflection of 
beams. 

3.1. Details of the examined models 

The studied HEB-MF and IVBF bracing frames are illustrated in 
Figs. 3 and 4, respectively. As shown in Figs. 3a and 4a, both frames have 
a span width of 2.5 m and a story height of 1.5 m. Furthermore, HEB 140 
cross-sections were employed for columns and IPE 200 cross-sections for 
beams. In the HEB-MF model, BOX 100 × 10 cross-sections were used 
for braces, while in the IVBF model, 2UNP 60 cross-sections were uti-
lized. The geometric properties of the considered cross-sections are lis-
ted in Table 1. In the HEB-MF model, as shown in Fig. 3b and c, beams 
were connected to columns using rigid connections, and bracing mem-
bers were linked to the gusset plate through pin connections. In the IVBF 
model, as illustrated in Fig. 4b and c, all the members are connected 
through hinge connections, and to accurately simulate the beam-column 
hinge connections, 80% of the beam web was continued and linked to 
the column flange. 

In addition, the IVBF model’s gusset plates were designed using the 
concept of Whitmore’s effective width and considering a linear clear-
ance of 2tg (where tg is the gusset plate’s thickness) [66]. The tie 
constraint was utilized to model welded connections between steel el-
ements in the Abaqus software. Likewise, for pinned connections, the 
MPC pin constraint was employed. The S4R element was chosen for the 
modeling of both frames. This element is a linear four-node element, 
with each node possessing six degrees of freedom for displacement and 
rotation, and it utilizes the reduced integration method for solving in-
tegrals [67]. Due to the out-of-plane buckling of IVBF bracing members, 
0.1% of their effective length based on buckling modes was regarded as 
an initial geometric imperfection [68]. All components of the two frames 
were fabricated from S235JR steel grade as per the EN1993–1-1 stan-
dard, with Fy = 235 MPa, Fu = 360 MPa and E = 210 GPa [69]. The 
combined hardening model was selected to accurately simulate steel 

Fig. 4. Inverted V-braced frames (IVBFs); (a) elevation view, (b) mid-span gusset plate, (c) corner gusset plate.  

Table 1 
Geometric properties of the members in the studied frames.  

Members Section Depth (mm) Width (mm) Web thickness (mm) Flange thickness (mm) 

Column HEB 140 140 140 7 12 
Beam IPE 200 200 100 5.6 8.5 
Half-elliptic brace BOX 100 × 10 100 100 10 10 
Inverted-V brace 2UNP 60 60 60 6 6  
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materials’ plastic behavior. The true stress-true strain curve was drawn 
employing the power law relationship, which is expressed as: 

σ = Kεn (6)  

where σ, ε, K, and n represent true stress, true strain, strength coeffi-
cient, and strain hardening exponent, respectively [70]. The true 
stress-true strain curve of S235JR steel is depicted in Fig. 5a. The study 
frames subjected to displacement-controlled cyclic loading were placed 
based on the ATC-24 loading protocol, as presented in Fig. 5b [71]. A 
non-linear static general analysis was performed on both bracing 
models, and the resulting outcomes were compared to each other. 

3.2. Verification of finite element modeling 

The outcomes of the experiments carried out by Jouneghani et al. on 

an elliptical braced resisting frame (ELBRF) were used to verify the ac-
curacy of finite element modeling in this study. They quasi-statically 
loaded a single-span, single-story elliptical bracing frame with a hy-
draulic jack. The beam-to-column and brace-to-frame connections were 
considered rigid in this model [72]. Fig. 6 shows the bracing frame di-
mensions and cross-sections utilized for its members. In addition, the 
bracing frame underwent quasi-static loading using the ATC-24 loading 
protocol [71]. Table 2 provides the mechanical properties of the steel 
materials used for the cross-sections, derived from tensile coupon 
testing. 

The finite element modelling accuracy of the bracing frame was 
assessed under cyclic loading employing Abaqus software. The experi-
mental and numerical hysteresis and backbone curves of the ELBRF, 
along with the contour plot of von Mises stress distribution, are depicted 
in Fig. 7. It is clear that a close agreement is observed between the 

Fig. 5. Abaqus software input data; (a) S235JR steel’s true stress-true strain curve, (b) displacement-controlled cyclic loading based on ATC-24 [71].  

Fig. 6. Details of the ELBRF system’s experimental test [72].  

Table 2 
Mechanical properties of steel materials from the tension coupon tests [72].  

Sections Fy [N/mm2] Fu [N/mm2] E [N/mm2] Yield strain Hardening strain Ultimate strain 

HEB 160 355 512 203200 0.17% 1.86% 25% 
BOX 100 × 10 360 551 205600 0.18% 3.28% 20%  
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experimental and numerical results. 

3.3. Numerical study results 

The contour plots of von Mises stress distribution in the HEB-MF and 
IVBF models are shown in Fig. 8. As depicted in this figure, the IVBF 
model’s mid-span gusset plate experiences higher stress levels than the 
HEB-MF model due to the out-of-plane buckling of its bracing member. 
Similarly, the IVBF model encounters a higher beam mid-span deflection 
than the HEB-MF model because of a greater unbalanced vertical force. 

Fig. 9 portrays the curves derived from analyzing two HEB-MF and 
IVBF bracing models, encompassing hysteresis, backbone, beam mid- 
span deflection, unbalanced force, and dissipated energy curves. Ac-
cording to Fig. 9a, the comparison of hysteresis curves reveals that as the 
lateral force increases in the IVBF model, the strength and stiffness 
initially increase and then decrease upon buckling of the bracing 
members. In contrast, the strength and stiffness of the HEB-MF model 

are not dependent; strength increases as stiffness decreases. The com-
parison of backbone curves in Fig. 9b demonstrates that the initial 
stiffness of the HEB-MF model is lower than that of the IVBF model, 
while its ultimate strength is greater by 59%. As shown in Fig. 9c and d, 
the HEB-MF model indicates a noteworthy reduction of 557% in beam 
mid-span deflection and 264% in unbalanced vertical force as compared 
to the IVBF model. 

Additionally, as per Fig. 9e, the HEB-MF model exhibits a 51% in-
crease in energy dissipation compared to the IVBF model. As a result, the 
comparison of outcomes discloses that employing HEB-MF systems not 
only effectively reduces unbalanced vertical forces and beam mid-span 
deflection but also enhances ultimate strength, ductility, and energy 
dissipation compared to IVBF systems. 

4. Designing and developing HEB-MF system archetypes 

In order to achieve comprehensive coverage of the structural 

Fig. 7. Comparison of the numerical and experimental results of the ELBRF system.  

Fig. 8. Contour plots of von Mises stress distribution (in Pa); (a) HEB-MF model, (b) IVBF model.  
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system’s design space, it is necessary to determine and design a specified 
number of archetypes within the framework of the FEMA P695 pro-
cedure after selecting the intended structural system [60]. To this end, 
considering the key parameters influencing the structure’s performance, 
eight archetypes with varying numbers of stories in two separate seismic 
design categories (SDC Cmax and Cmin) were selected for this study. These 
archetypes were classified into four performance groups (PGs) based on 
the period domain and different SDCs, as presented in Table 3. 

As depicted in Fig. 10, the studied archetypes possess a symmetrical 
and regular plan with three bays per side. The length of each bay is 6 m, 
and a height of 3.2 m is considered for each story. The perimeter frames 
are also equipped with the HEB-MF system, and the bracing members 
are placed at their mid-bays. The archetypes are intended for residential 
use with an intermediate seismic importance factor . In this study, IPE 
cross-sections were assigned to beams and BOX cross-sections to col-
umns and bracing members. S235JR steel grade was employed for all 

Fig. 9. Comparison of HEB-MF and IVBF models results; (a) hysteresis curves, (b) backbone curves, (c) beam mid-span deflection curves, (d) unbalanced force 
curves, (e) dissipated energy curves. 
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members as per the EN1993–1-1 standard [69]. The composite steel 
deck was allocated to the gravity load-resisting systems of all floors 
under the assumption of a rigid floor diaphragm. The gravity loads for 
designing archetypes were assumed based on the typical values of live 
and dead loads stipulated in the ASCE/SEI 7–22 standard [73]. The 
values assigned to gravitational dead and live loads are outlined in 
Table 4. 

The seismic loading was carried out according to the ASCE 7–22 
standard [73], with an assumed initial R factor of 7.5. The equivalent 
lateral force (ELF) method was used to analyze the archetypes within the 
ETABS software by considering the effects of P-Delta and the vertical 
earthquake. These archetypes were designed according to the 
ANSI/AISC 360–16 standard and the ANSI/AISC 341–16 seismic pro-
vision [74,75]. The ASCE/SEI 7–22 standard was also utilized to control 
stories’ drift and structural stability post-design [73]. 

5. Non-linear modeling of HEB-MF system archetypes 

In this study, two-dimensional non-linear models of HEB-MF arche-
types were selected to assess the structural system’s seismic perfor-
mance. This choice is based on the regularity observed in the height and 
plan of the studied archetypes, which also aids in reducing computa-
tional costs. In order to perform non-linear modeling and analysis, these 
models were simulated using the OpenSees software, which adheres to 

the stipulated conditions in the FEMA P695 guidelines [76]. To this end, 
a side frame in the x direction was chosen from each archetype and 
modeled in this software, as illustrated in Fig. 11. The designed 
cross-sections for two-dimensional HEB-MF archetypes are listed in 
Table 5. 

The structural mass must be appropriately shifted from a three- 
dimensional model to a two-dimensional model to ensure accuracy in 
seismic force calculations arising from dynamic analyses using ground 
motion records. Given the symmetric plan of the structure, the selected 
frames provide half of the lateral stiffness of the three-dimensional ar-
chetypes in the x direction. Accordingly, 50% of the overall mass of the 
three-dimensional archetypes, encompassing both dead loads and a 
portion of live loads, was extracted from the ETABS software and 
assigned as concentrated mass at the column element’s end nodes at 
each story of selected frames. 

Furthermore, the gravitational loads caused by the eliminated in-
termediate frames were transferred to the leaning columns. The com-
plete non-linear modeling of the archetypes, accompanied by the 
deterioration model, specified elements for members, panel zone, and 
leaning column, is depicted in Fig. 12a. As shown in this figure, due to 
the lack of two low-cycle fatigue parameters for elliptical braces, the 
softening and degradation of archetype members were evaluated using 
the lumped-plasticity modeling approach [77]. The middle elements of 
the columns and beams were considered elastic, while the ends were 

Table 3 
Performance groups (PGs) for assessing the HEB-MF system.  

PG 
NO. 

Archetype ID Design load level Period domain Number of stories 

Gravity Seismic 

PG-1 HEB-MF-2 H Residential (Ie=1) SDC Cmax Short 2 
PG-2 HEB-MF-4 H Long 4 

HEB-MF-6 H 6 
HEB-MF-8 H 8 

PG-3 HEB-MF-2 L SDC Cmin Short 2 
PG-4 HEB-MF-4 L Long 4 

HEB-MF-6 L 6 
HEB-MF-8 L 8  

Fig. 10. HEB-MF archetypes configuration; (a) three-dimensional view, (b) bracing frame elevation view.  

Table 4 
Assigned gravitational loads for designing archetypes.   

Dead (kN/m2) Live (kN/m2) Wall (kN/m2) Partition (kN/m2)

Roof loads 4.80 1.50 1.76 0.00 
Floor loads 4.30 2.00 1.76 0.50  
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equipped with plastic hinges. Likewise, a set of twelve elastic elements 
and five plastic hinges was used to enhance the modeling precision of 
the quarter-elliptical bracing members. The structural connections have 
been modeled in this study as fixed supports, and the effects of the 
structure-soil interaction have been ignored. A modified 
Ibarra-Medina-Krawinkler (ModIMK) deterioration model was inte-
grated with a bilinear hysteretic response (Bilin material) to evaluate all 
members’ moment-rotation behavior [78–80]. In Fig. 12b, the ModIMK 
model is portrayed, which consists of a number of effective parameters. 
These parameters are effective elastic stiffness (Ke), capping strength 
and associate rotation for monotonic loading (Mc and θc), effective yield 
strength and rotation 

(
My and θy

)
, residual strength (Mr), pre-capping 

rotation capacity for monotonic loading 
(
θp
)
, post-capping rotation ca-

pacity 
(
θpc

)
, cyclic deterioration parameter (κ) and ultimate rotation 

capacity (θu). These parameters were computed based on the findings of 
studies by Lignous et al. and complying with the NIST 2017b guidelines. 
This guideline recommends applying equations from the first cycle en-
velope curve for non-linear static analysis and equations related to the 
monotonic backbone curve for non-linear dynamic analysis [78–81]. 
Considering the period of the primary two modes, the Rayleigh damping 
model with a damping ratio of 2.5% was used for all archetypes based on 
the ASCE/SEI 7–22 standard’s recommendation [73]. Each level’s nodes 
were constrained in the OpenSees software using the equalDOF com-
mand to simulate the rigid floor diaphragm [76]. In this investigation, 
the panel zone was simulated by applying the Gupta and Krawinkler 
method, aiming to attain complete and exact modeling. This method 
encompasses the configuration illustrated in Fig. 12c, wherein the panel 
zone is defined by eight rigid elements and a rotational spring arranged 
rectangularly. The rotational spring utilizes hysteretic materials with 
trilinear behavior to simulate shear force-deformation behavior in the 
panel zone [82]. 

The effects of other parallel frames with the studied frame in three- 
dimensional space and the P-Delta effects were considered using the 
leaning column in OpenSees software. To achieve this, an extra bay was 
added to the frame, and the eliminated loads from the middle frames 
were applied to this bay’s columns, which had been connected to the 
main frame through pinned connections. In this bay, rigid elements were 
used for the columns and truss elements for the beams. Additionally, the 
leaning columns were connected together by rotational springs pos-
sessing negligible stiffness to prevent moment absorption [81]. 

6. Non-linear modeling verification 

The results of the experiments conducted by Jouneghani et al. on an 

elliptical braced resisting frame (ELBRF) were utilized to validate the 
accuracy of non-linear modeling in this section as well [72]. The bracing 
frame’s dimensions, member cross-sections, and mechanical properties 
of the steel materials used for them are shown in Fig. 6 and Table 2. The 
bracing frame’s non-linear modeling accuracy was evaluated through 
OpenSees software under cyclic loading. For this purpose, the concen-
trated plasticity method with the ModIMK deterioration model and 
Krawinkler’s panel zone model were employed [78–82]. The ELBRF’s 
experimental and numerical hysteresis and backbone curves were 
plotted and compared in Fig. 13. The examination of the curves illus-
trates a proper conformity between the numerical and experimental 
outcomes. Due to the lack of stiffener modeling in the OpenSees soft-
ware, there is a tiny difference in the bracing frame’s hysteresis curves 
and energy absorption. 

7. Non-linear analyses of HEB-MF system archetypes 

7.1. Non-linear static (pushover) analysis 

As per FEMA P695 guidelines, non-linear static (pushover) analysis is 
conducted to determine the values of the period-based ductility (μT) and 
the over-strength (Ω) factors, as well as to validate and verify the seismic 
behavior of structural archetypes. A gravity load combination and a 
lateral load pattern are required to perform this analysis. In order to 
account for the second-order effect (P-Delta) in non-linear static ana-
lyses, FEMA P695 introduces the gravity load combination specified by 
Eq. (7): 

1.05D+ 0.25L (7) 

where D and L denote the nominal dead and live loads, respectively. 
Additionally, in accordance with this guideline, the archetypes need to 
undergo lateral displacement aligned with the first mode shape. Eq. (8) 
presents the lateral force distribution along the structure’s height (Fx)

for performing non-linear static analysis, where mx represents the 
structure’s mass at each floor level (x) and φ1,x signifies the structure’s 
first mode at that level [60]. 

Fx∝mxφ1,x (8) 

Fig. 14 demonstrates the pushover curves of the HEB-MF system 
archetypes. As depicted in this figure, all archetypes exhibit positive 
post-yield stiffness, and the post-capping strength deterioration in large 
deflections is attributed to considering the P-Delta effects. According to 
this figure, V, Vmax, and W signify the design base shear, the maximum 
base shear capacity in pushover analysis, and the structure’s total 

Fig. 11. Plan view of HEB-MF system archetypes.  
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weight, respectively. Cs denotes the seismic response coefficient in ELF 
analysis and is calculated based on ASCE/SEI 7–22 for each archetype 
[73]. δu represents the ultimate displacement of the structure’s roof 
resulting from a reduction of 20% in the maximum base shear capacity. 
δy,eff signifies the effective yield displacement of the structure’s roof and 
is calculated utilizing Eq. (9): 

δy,eff = C0
Vmax

W

[ g
4π2

]
(max(T,T1) )

2 (9)  

where g, T, and T1 denote the gravitational acceleration, the structure’s 
fundamental period as per ASCE/SEI 7–22 standard relationships, and 
the structure’s fundamental vibration period as determined by the 
eigenvalue analysis. 

Furthermore, C0 indicates the first-mode excitation coefficient at the 
structure’s roof level. This coefficient is computed with regard to the 
ASCE/SEI 41–06 standard through Eq. (10): 

C0 = φ1,r

∑N
x=1mxφ1,x

∑N
x=1mxφ1,x

2
(10)  

where mx, and φ1,x signify the structure’s mass and the structure’s first 
mode at each floor level (x). N designates the total number of floors, and 
φ1,r denotes the structure’s first mode at the roof level [73,83]. The Ω 
factor is computed using Eq. (11), while the μT factor is determined 
through Eq. (12) based on FEMA P695 procedures. 

Ω =
Vmax

V
=

Vmax

CsW
(11)  

μT =
δu

δy,eff
(12) 

Table 6 provides a summary of the results derived from the HEB-MF 
system archetypes’ pushover curves and the aforementioned equations. 
Regarding the outcomes in both SDCs, the 2-story HEB-MF archetypes 
have the highest Ω factor, while the 8-story HEB-MF archetypes have the 
highest μT factor. 

7.2. Incremental dynamic analysis (IDA) 

In order to quantify the SPFs of HEB-MF systems conforming to 
FEMA P695 procedures, the median collapse intensity (ŜCT) values must 
first be determined for all archetypes using incremental dynamic anal-
ysis (IDA). Selecting appropriate intensity measure (IM) and damage 
measure (DM) parameters is essential in IDA analysis. A suitable IM 
reduces the dispersion of structure responses under different earth-
quakes, enhancing accuracy in statistical approximations for these re-
sponses. According to the standard procedure in numerous other studies 
and the FEMA P695 recommendations, this parameter was considered 
equivalent to the first mode-5% damped spectral acceleration, Sa (T1,

5%). Likewise, the DM parameter was considered equivalent to the 
maximum inter-story drift ratio (MIDR). As per FEMA P695, the collapse 

Table 5 
The designed cross-sections for HEB-MF system archetypes.  

PG 
NO. 

Archetype ID Story 
NO. 

Column Beam Brace 

Exterior Interior 

PG-1 HEB-MF-2 H 1 BOX 200 × 10 BOX 200 × 10 IPE 300 BOX 100 × 10 
2 BOX 200 × 10 BOX 150 × 10 IPE 270 BOX 100 × 10 

PG-2 HEB-MF-4 H 1 BOX 250 × 10 BOX 250 × 10 IPE 330 BOX 100 × 10 
2 BOX 250 × 10 BOX 250 × 10 IPE 330 BOX 100 × 10 
3 BOX 200 × 10 BOX 200 × 10 IPE 330 BOX 100 × 10 
4 BOX 200 × 10 BOX 200 × 10 IPE 300 BOX 100 × 10 

HEB-MF-6 H 1 BOX 300 × 10 BOX 300 × 10 IPE 360 BOX 120 × 12 
2 BOX 300 × 10 BOX 300 × 10 IPE 360 BOX 120 × 12 
3 BOX 250 × 10 BOX 250 × 10 IPE 360 BOX 120 × 12 
4 BOX 250 × 10 BOX 250 × 10 IPE 330 BOX 100 × 10 
5 BOX 200 × 10 BOX 200 × 10 IPE 330 BOX 100 × 10 
6 BOX 200 × 10 BOX 150 × 10 IPE 270 BOX 100 × 10 

HEB-MF-8 H 1 BOX 300 × 15 BOX 300 × 15 IPE 400 BOX 120 × 12 
2 BOX 300 × 15 BOX 300 × 15 IPE 400 BOX 120 × 12 
3 BOX 300 × 10 BOX 300 × 10 IPE 400 BOX 120 × 12 
4 BOX 250 × 10 BOX 300 × 10 IPE 360 BOX 120 × 12 
5 BOX 250 × 10 BOX 250 × 10 IPE 360 BOX 100 × 10 
6 BOX 250 × 10 BOX 250 × 10 IPE 330 BOX 100 × 10 
7 BOX 200 × 10 BOX 200 × 10 IPE 330 BOX 100 × 10 
8 BOX 200 × 10 BOX 150 × 10 IPE 300 BOX 100 × 10 

PG-3 HEB-MF-2 L 1 BOX 200 × 10 BOX 150 × 10 IPE 300 BOX 100 × 10 
2 BOX 200 × 10 BOX 150 × 10 IPE 270 BOX 100 × 10 

PG-4 HEB-MF-4 L 1 BOX 200 × 10 BOX 250 × 10 IPE 300 BOX 100 × 10 
2 BOX 200 × 10 BOX 200 × 10 IPE 300 BOX 100 × 10 
3 BOX 200 × 10 BOX 150 × 10 IPE 300 BOX 100 × 10 
4 BOX 200 × 10 BOX 150 × 10 IPE 270 BOX 100 × 10 

HEB-MF-6 L 1 BOX 250 × 10 BOX 250 × 10 IPE 330 BOX 100 × 10 
2 BOX 250 × 10 BOX 250 × 10 IPE 330 BOX 100 × 10 
3 BOX 200 × 10 BOX 200 × 10 IPE 330 BOX 100 × 10 
4 BOX 200 × 10 BOX 200 × 10 IPE 300 BOX 100 × 10 
5 BOX 200 × 10 BOX 150 × 10 IPE 300 BOX 100 × 10 
6 BOX 200 × 10 BOX 150 × 10 IPE 270 BOX 100 × 10 

HEB-MF-8 L 1 BOX 300 × 10 BOX 300 × 10 IPE 330 BOX 100 × 10 
2 BOX 300 × 10 BOX 300 × 10 IPE 330 BOX 100 × 10 
3 BOX 250 × 10 BOX 250 × 10 IPE 330 BOX 100 × 10 
4 BOX 250 × 10 BOX 250 × 10 IPE 330 BOX 100 × 10 
5 BOX 250 × 10 BOX 200 × 10 IPE 330 BOX 100 × 10 
6 BOX 200 × 10 BOX 200 × 10 IPE 300 BOX 100 × 10 
7 BOX 200 × 10 BOX 150 × 10 IPE 300 BOX 100 × 10 
8 BOX 200 × 10 BOX 150 × 10 IPE 270 BOX 100 × 10  
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criteria for IDA analysis have been considered to encompass the 
reduction of the IDA curve’s slope to 20% of the initial elastic slope, 
dynamic instability, a significant increase in inter-story drift, and non- 
simulated fracture [60]. The FEMA P695 assessment method employs 
near-field ground motion (NFGM) and far-field ground motion (FFGM) 
records to estimate archetypes’ seismic responses in non-linear dynamic 
analysis. The FFGM records, comprising 22 pairs of horizontal records 
positioned 10 km or more from the fault rupture line, estimate the 
seismic performance of archetypes designed under SDC B, C, and D. In 
contrast, the NFGM records, including 28 pairs of horizontal records 
located less than 10 km from the fault rupture line, assess seismic per-
formance for archetypes designed under SDC E in special research 
[60–65]. Therefore, only FFGM records were used to evaluate the ar-
chetypes’ seismic performance in this study. Table 7 lists selected FFGM 
records, whose acceleration and median response spectra are depicted in 
Fig. 15. It is impossible to specify the required steps for achieving 
collapse during the IDA analysis, and the number of such analyses may 

be considerable owing to the time-consuming nature of reaching the 
collapse brink. In order to confront this challenge, the advanced “hunt 
and fill” algorithm was implemented, aimed at minimizing the number 
of steps needed to reach the collapse point [84]. 

The median collapse intensity (ŜCT) values, indicating the point 
where half of the records lead to structural collapse, are extracted from 
IDA curves. Then, each structure’s collapse margin ratio (CMR) values 
are computed through Eq. (13) in conformity with FEMA P695: 

CMR =
ŜCT

SMT
(13)  

where SMT signifies the maximum considered earthquake (MCE) ground 
motion intensity, determined by the structure’s fundamental period (T)
for different SDCs as outlined in FEMA P695 [60]. Fig. 16 shows the 
HEB-MF system archetypes’ IDA curves with 16%, 50%, and 84% frac-
tile curves subjected to FFGM records. As indicated in this figure, the 
increase in the number of archetypes’ stories in both SDC Cmax and Cmin 

Fig. 12. OpenSees non-linear modeling; (a) HEB-MF system archetypes, (b) components of Krawinkler’s panel zone model, (c) ModIMK deterioration model.  

Fig. 13. Numerical model vs. experimental test of the ELBRF system; (a) hysteresis curves, (b) backbone curves.  
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has reduced the ŜCT value. 
To consider the influences of frequency content and statistical dis-

crepancies among the utilized records, the CMR is modified by the 
spectral shape factor (SSF), and the adjusted collapse margin ratio 
(ACMR) is elicited for each archetype through Eq. (14) [85,86]. The μT 
factor and T (fundamental period) are used to select this factor for each 
structure, relying on the tables presented in FEMA P695 [60]. 

ACMR = CMR × SSF (14) 

There are multiple sources of uncertainty affecting the distribution of 
collapse capacity. As per FEMA P695, modeling uncertainty (βMDL), test 
data uncertainty (βTD), design requirements uncertainty (βDR), and 
record-to-record uncertainty (βRTR) significantly impact the seismic 
assessment of structures. Values of 0.1, 0.2, 0.35, or 0.5 are individually 

Fig. 14. Pushover curves of the HEB-MF system archetypes.  

Table 6 
Results of HEB-MF system archetypes’ modal and pushover analyses.  

PG 
NO. 

Archetype ID T(s) T1/T Vmax/W Cs C0 δy,eff (%) δu (%) μT Ω Ωave 

PG-1 HEB-MF-2H 0.29 3.86 0.175 0.066 1.216 1.038 4.79 4.62 2.65 2.65 
PG-2 HEB-MF-4H 0.49 3.52 0.100 0.054 1.304 0.756 3.57 4.72 1.86 2.16 

HEB-MF-6H 0.67 3.19 0.083 0.039 1.387 0.680 3.53 5.19 2.13 
HEB-MF-8H 0.82 3.02 0.079 0.032 1.417 0.669 4.88 7.29 2.48 

PG-3 HEB-MF-2L 0.32 3.88 0.152 0.044 1.208 1.103 4.62 4.19 3.46 3.46 
PG-4 HEB-MF-4L 0.54 3.67 0.080 0.032 1.306 0.801 3.88 4.84 2.51 2.46 

HEB-MF-6L 0.74 3.47 0.056 0.024 1.347 0.649 3.55 5.47 2.35 
HEB-MF-8L 0.92 3.21 0.048 0.019 1.381 0.560 3.52 6.29 2.52  
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assigned to the βMDL, βTD, and βDR uncertainties, contingent upon their 
associated quality levels. These values are related to specific quality 
levels: 0.1 for quality level A (superior), 0.2 for quality level B (good), 
0.35 for quality level C (fair), and 0.5 for quality level D (poor). In 
contrast, the βRTR uncertainty relies on the value of the μT factor and is 
computed through Eq. (15): 

0.2 ≤ βRTR = 0.1+0.1μT ≤ 0.4 (15) 

Regarding the archetypes’ characteristics and their modeling re-
quirements, quality level A (equal to 0.2) was appointed in this study for 
the βMDL, βTD, and βDR uncertainties, and the βRTR uncertainty was 
obtained using Eq. (15). 

Archetypes’ seismic performance is assessed using the standard de-
viation of the total collapse uncertainty (βTOT) due to the uncertainties’ 
statistical independence, as outlined in Eq. (16): 

βTOT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

βMDL
2 + βTD

2 + βDR
2 + βRTR

2
√

(16) 

The fragility curves demonstrate the probability of structural 
collapse for various earthquake intensities and can ascertain the prob-
ability of collapse occurrence for each level of spectral acceleration. To 
draw these curves, the initial step involves determining collapse- 
associated spectral accelerations for various records using IDA anal-
ysis. The probability of exceeding different spectral accelerations is then 
computed by applying a probability cumulative distribution function 
(CDF) such as the normal distribution function to this dataset, and the 
fragility curve is drawn [60]. Fig. 17 depicts the HEB-MF system 

archetypes’ fragility curves under FFGM records, considering un-
certainties. In the two dashed fragility curves, βRTR and βTOT were 
considered the standard deviation parameters in the log-normal distri-
bution. Also, the solid fragility curve (shifted fragility curve) was 
delineated by multiplying the fragility curve with the standard deviation 
parameter βTOT in SSF. As illustrated in Fig. 17, when the standard de-
viation amount rises, the slope of fragility curves experiences a reduc-
tion, resulting in an increased collapse probability of SMT. 

8. Quantifying the SPFs of HEB-MF systems 

8.1. The response modification factor (R)

In order to confirm the assumed R factor according to the FEMA P695 
guidelines, the collapse probability for each archetype should be under 
10%, and for each performance group, it should be under 20% under 
MCE earthquakes. 

In FEMA P695, the expressed probable objectives are indirectly 
assessed through the acceptable values of ACMR. Hence, the suggested R 
factor value is deemed acceptable if Eqs. (17) and (18) are fulfilled [60]. 

ACMRi ≥ ACMR20% (17)  

ACMRi ≥ ACMR10% (18)  

where ACMRi and ACMRi signify the adjusted collapse margin ratio 
value for each archetype and the average value of the adjusted collapse 
margin ratio for each performance group, respectively. Additionally, 
ACMR10% and ACMR20% represent the acceptable values of the adjusted 
collapse margin ratio. These values are determined based on βTOT, as 
outlined in FEMA P695 guidelines [60]. The ACMR values of the 
HEB-MF system archetypes are compared in Fig. 18. This figure illus-
trates that the ACMR value decreases as the number of stories increases, 
except for the 8-story archetype in SDC Cmax. This difference could be 
due to the drift control as per ASCE/SEI 7–22 and the more robust 
consideration of cross-sections (specifically beams) for the 8-story 
archetype [73]. 

Table 8 provides a summary of the achieved outcomes for HEB-MF 
systems in comparison with the acceptable values specified in FEMA 
P695. Based on the results, the two conditions outlined in Eqs. (17) and 
(18) have been met for all HEB-MF system archetypes. Therefore, the 
assumed response modification factor (R = 7.5) is corroborated. 
Moreover, there is no necessity to augment the R factor given the 

Table 7 
Summary of FFGM records recommended by FEMA P695 [60].  

ID No. Event name Year Magnitude Station Site class (NEHRP) PGAmax (g) PGVmax(cm/s)

1 Northridge 1994 6.7 Beverly hills D 0.52 63 
2 Northridge 1994 6.7 Canyon country-WLC D 0.48 45 
3 Duzce, Turkey 1999 7.1 Bolu D 0.82 62 
4 Hector Mine 1999 7.1 Hector C 0.34 42 
5 Imperial valley 1979 6.5 El Centro array # 11 D 0.38 33 
6 Imperial valley 1979 6.5 Delta D 0.35 42 
7 Kobe, Japan 1995 6.9 Nishi-Akashi C 0.51 37 
8 Kobe, Japan 1995 6.9 Shin-Osaka D 0.24 38 
9 Kocaeli, Turkey 1999 7.5 Duzce D 0.36 59 
10 Kocaeli, Turkey 1999 7.5 Arcelik C 0.22 40 
11 Landers 1992 7.3 Yermo Fire Station D 0.24 52 
12 Landers 1992 7.3 Coolwater D 0.42 42 
13 Loma Prieta 1989 6.9 Capitola D 0.53 35 
14 Loma Prieta 1989 6.9 Gilroy Array # 3 D 0.56 45 
15 Manjil, Iran 1990 7.4 Abbar C 0.51 54 
16 Superstition Hills 1987 6.5 El Centro Imp. Co. Cent D 0.36 46 
17 Superstition Hills 1987 6.5 Poe Road D 0.45 36 
18 Cape Mendocino 1992 7.0 Rio dell overpass D 0.55 44 
19 Chi-Chi Taiwan 1999 7.6 CHY101 D 0.44 115 
20 Chi-Chi Taiwan 1999 7.6 TCU045 C 0.51 39 
21 San Fernando 1971 6.6 LA-Hollywood Stor FF D 0.21 19 
22 Friuli, Italy 1976 6.5 Tolmezzo C 0.35 31  

Fig. 15. Acceleration response spectra of the FEMA P695 FEGM records [60].  
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proximity of the ACMR value of PG-2 to ACMR10%. It is worth 
mentioning that in this study, the R factor of HEB-MF systems was 
assumed to be 6.5 initially and then increased to 7. Due to the fulfillment 
of the two aforementioned conditions with a significant margin for these 
values, the R factor increased, and ultimately, a R factor of 7.5 was 
selected for HEB-MF systems. 

8.2. The over-strength factor (Ω)

According to FEMA P695, the first step in determining structural 
systems’ over-strength factor (Ω) is to calculate the Ω factor values for 

performance groups by averaging the Ω factors obtained from arche-
types. Then, the maximum Ω factor among the performance groups is 
selected as the Ω factor for the intended structural system. Aligned with 
FEMA P695 guidelines, this value should stay below 1.5 times the 
structural system’s R factor and 3, and it should be rounded conserva-
tively to 0.5 unit intervals [60]. Based on the pushover analysis out-
comes detailed in Table 6, PG-3 has the maximum value of the Ω factor, 
with a value of 3.46. Accordingly, the determined over-strength factor 
(Ω) for designing HEB-MF systems is 3. 

Fig. 16. IDA curves of the HEB-MF system archetypes under FFGM records.  
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8.3. The deflection amplification factor (Cd)

Conforming to FEMA P695, a direct relationship exists between the R 
factor and the deflection amplification factor (Cd) [60]. Therefore, this 
factor is determined by dividing the ultimate R factor by the BI coeffi-
cient, as per Eq. (19): 

Cd =
R
BI

(19) 

The BI coefficient value relies on the structural system’s effective 
damping (βI) under examination. As outlined by ASCE/SEI 7–22 [73], 
the BI coefficient is determined according to Table 9 and is calculated 
to equal 0.83 for a 2.5% of critical damping through linear interpola-
tion. In accordance with FEMA P695 guidelines, this value can be 

conservatively considered equal to 1.0 (equivalent to 5% of critical 
damping). Aligning the Cd factor with the R factor is based on the 
Newmark rule, which assumes that the inelastic displacement is nearly 
equal to the elastic displacement at the roof. Research findings have 
demonstrated that this assumption is appropriate for systems with 5% of 
critical damping and fundamental periods, T, greater than the transition 
period, Ts (long-period systems) [60]. Consequently, the specified 
deflection amplification factor for designing HEB-MF systems is also 
considered to be 7.5. 

9. Conclusions 

This study proposed a novel system called the half-elliptic-braced 
steel moment frame (HEB-MF) to mitigate unbalanced vertical force 

Fig. 17. Fragility curves of the HEB-MF system archetypes under FFGM records.  
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and beam deflection in chevron or inverted V-braced frames (IVBFs). 
Initially, this bracing system was modeled using Abaqus software and 
subjected to displacement-controlled cyclic loading based on the ATC- 
24 loading protocol. Compared to the IVBF system, the hysteresis 
curves, energy dissipation, unbalanced force, and beam mid-span 
deflection of this system were examined. Subsequently, the seismic 
performance factors (SPFs) of HEB-MFs were determined according to 
the FEMA P695 procedure. To this end, eight three-dimensional arche-
types with different numbers of stories were designed in two distinct 
seismic design categories (SDC Cmax and Cmin) using assumed SPFs. Non- 
linear models of each archetype were constructed employing the 
lumped-plasticity modeling approach in OpenSees software. Non-linear 
static (pushover) analysis was conducted to validate the non-linear 
modeling and calculate the period-based ductility (μT) and over- 
strength factor (Ω) per archetype. Afterward, incremental dynamic 
analysis (IDA) was performed under 44 far-field ground motion (FFGM) 
records to assess the collapse capacity of archetypes and compute the 
adjusted collapse margin ratio (ACMR). The main conclusions of this 
study are as follows:  

• HEB-MF systems reduce the probability of the first soft-story and 
overall building instability due to hardening at large deformations 
and symmetric cyclic behavior. 

• In the IVBF model, as the lateral force increases, strength and stiff-
ness initially increase and then decrease upon the buckling of the 
bracing members. Conversely, in the HEB-MF model, strength and 
stiffness are not dependent; strength increases as stiffness decreases.  

• The initial stiffness of the HEB-MF model is lower than that of the 
IVBF model, while its ultimate strength is greater by 59%. Addi-
tionally, the HEB-MF model demonstrates a 51% increase in energy 
dissipation compared to the IVBF model.  

• The HEB-MF model exhibits a notable reduction of 557% in beam 
mid-span deflection and 264% in unbalanced vertical force 
compared to the IVBF model.  

• In SDC Cmax and Cmin, the 2-story HEB-MF archetypes possess the 
maximum Ω factor, while the 8-story HEB-MF archetypes possess the 
maximum μT factor.  

• The ACMR value decreases as stories increase, except for the 8-story 
archetype in SDC Cmax. This exception is due to using stronger cross- 
sections in line with the ASCE/SEI 7-22 standard to control drift.  

• The increase in standard deviation (total uncertainty) reduces the 
slope of fragility curves and raises the probability of collapse at the 
MCE ground motion intensity (SMT). 

• The results indicate that HEB-MF systems’ assumed response modi-
fication factor (R) fulfills FEMA P695 requirements. Therefore, the R 
factor of 7.5 is suitable for designing HEB-MF systems.  

• Regarding the pushover analysis outcomes, PG-3 has the maximum 
over-strength factor (Ω) value, with a value of 3.46. Hence, the 
appropriate Ω factor for designing HEB-MF systems is 3.  

• Conforming to FEMA P695, if the effective damping of a system is 
approximately 5% of the critical damping, the deflection amplifica-
tion factor (Cd) is equal to the R factor. Accordingly, the proper Cd 
factor for designing HEB-MF systems is 7.5. 

The present study revealed that using the HEB-MF system instead of 
the IVBF system not only reduces the unbalanced vertical force and 
beam mid-span deflection but also enhances energy dissipation due to 
increased ductility. Additionally, this bracing system improves seismic 
performance due to its elliptical geometry. Consequently, it could serve 
as an ideal replacement for IVBF systems. 
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Fig. 18. Comparison of the HEB-MF system archetypes’ ACMR values.  

Table 8 
ACMRs of HEB-MF archetypes in comparison to acceptable FEMA P695 values.  

PG 
NO. 

Archetype ID SMT (g) ŜCT CMR SSF ACMR ACMR20% ACMR10% Pass/Fail 

PG-1 HEB-MF-2H 0.75 2.05 2.73 1.10 3.00 1.56  Pass 
Mean of performance groupe   3.00  1.96 Pass 

PG-2 HEB-MF-4H 0.61 1.29 2.10 1.10 2.31 1.56  Pass 
HEB-MF-6H 0.45 0.86 1.93 1.14 2.20 1.56  Pass 
HEB-MF-8H 0.37 0.76 2.07 1.19 2.47 1.56  Pass 
Mean of performance groupe   2.33  1.96 Pass 

PG-3 HEB-MF-2L 0.50 2.06 4.11 1.09 4.48 1.56  Pass 
Mean of performance groupe   4.48  1.96 Pass 

PG-4 HEB-MF-4L 0.37 0.95 2.56 1.10 2.82 1.56  Pass 
HEB-MF-6L 0.27 0.62 2.29 1.14 2.62 1.56  Pass 
HEB-MF-8L 0.22 0.43 1.97 1.19 2.35 1.56  Pass 
Mean of performance groupe   2.59  1.96 Pass  

Table 9 
Damping coefficient [73].  

Effective damping, βI (percentage of critical) Damping coefficient, BI 

≤2 0.8 
5 1.0 
10 1.2 
20 1.5 
30 1.8 
40 2.1 
50 2.4 
60 2.7 
70 3.0 
80 3.3 
90 3.6 
≥100 4.0  
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