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Abstract

Plan torsional irregularity can amplify edge displacement in reinforced-concrete
(RC) buildings with asymmetrically distributed lateral stiffness. This numerical
study evaluates a hypothetical educational-building model comprising six main
stories and a roof level, an RC special moment-resisting frame, and an
asymmetrically located RC evacuation-core wall. A hybrid inverted-V eccentric
bracing system was introduced on the weaker facade; the diagonal braces were
modeled using BJ37 structural-steel H 400 x 400 x 13 x 21 sections, while the
intervening RC beam segment acted as the horizontal eccentric link. Four ETABS
Ultimate v22.0.0 Build 3628 models were compared by linear-elastic response-
spectrum analysis in accordance with SNI 1726:2019: an unbraced baseline and
three braced variants with geometric link lengths of 0.50, 1.00, and 1.50 m. Among
the three investigated variants, the 0.50 m model produced the lowest combined
CM-CR eccentricity and critical edge displacement. In the final signed +/-5%
accidental-eccentricity response-spectrum results, the uppermost comparable Joint
25 displacement decreased from 86.33 mm to 22.91 mm in the Y direction (73.5%)
and from 65.27 mm to 28.73 mm in the X direction (56.0%). The fundamental
period changed from 1.109 s for the baseline to 0.599 s, 0.672 s, and 0.755 s for the
0.50 m, 1.00 m, and 1.50 m variants, respectively. With 15 retained modes,
cumulative UX/UY mass participation was 92.88%/95.76% for Model 1,
93.49%/95.26% for Model 2, 93.26%/95.69% for Model 3, and 93.19%/95.50%
for Model 4. All four models exceeded 90% cumulative translational mass
participation in both principal directions. The signed accidental-eccentricity cases
were scaled independently to the applicable equivalent-static minimum base shear
before the reported responses were extracted. The bracing system reduced the
severity of the source-model torsional indices but did not eliminate torsional
irregularity at every story and in both directions. Because the analysis was linear
elastic and the link was an RC beam segment rather than a conventional steel EBF
link, the results demonstrate comparative global-response trends only and do not
establish nonlinear ductility, energy-dissipation capacity, connection adequacy,
foundation adequacy, or construction readiness.

Keywords: hybrid eccentric bracing; RC beam link; response-spectrum analysis;
SMREF structure; torsional irregularity
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INTRODUCTION

Horizontal plan irregularity remains a critical issue in seismic design
because a spatial separation between the center of mass (CM) and center of rigidity
(CR) couples translational and rotational response. Under a rigid diaphragm,
lateral inertia acts through the CM while lateral resistance is mobilized around the
CR, producing a torsional moment and unequal edge displacements. SNI
1726:2019 therefore evaluates torsional irregularity from the maximum and
average interstory drifts at opposite diaphragm edges under the same signed
accidental-eccentricity case [6], [9].

Stiffness asymmetry may arise from nonuniform wall placement,
discontinuous framing, or local concentration of lateral-force-resisting elements.
Conventional mitigation measures include additional RC walls and concentrically
braced frames, but these alternatives can substantially alter force paths and
architectural use. Eccentric steel bracing has been investigated as a means of
increasing lateral stiffness while retaining an intentional eccentric segment in the
beam line [1]-[5]. In deficient RC frames, eccentric steel-brace retrofit has been
shown to improve elastic stiffness and strength, although its local connection and
link behavior depends strongly on the adopted hybrid detail [1], [2].

The conventional all-steel EBF concept uses a steel link as the designated
inelastic fuse. The present study is materially different: BJ37 steel diagonal braces
are connected to an RC frame, and the segment of the existing RC beam between
brace connection points acts as the horizontal eccentric link. Consequently, steel-
link classification and rotation limits cannot be applied directly to the RC segment.
The present work is restricted to comparative global elastic response; it does not
demonstrate link yielding, cyclic energy dissipation, or connection capacity.

The available literature is dominated by all-steel EBFs and by strength- or
drift-oriented retrofit studies. Comparatively limited evidence is available on the
global torsional response of asymmetric RC frames strengthened by steel eccentric
braces when the existing RC beam acts as the horizontal link, particularly for
controlled variation of link geometry [1]-[5]. To address this narrower gap, a
hypothetical building model was developed from preliminary design, with an
asymmetrically placed RC evacuation-core wall intentionally creating the baseline
stiffness imbalance.

The objectives of this study are:

(1) To quantify CM-CR eccentricity and storywise global torsional-response
indices in the baseline and strengthened models.

(2) To compare absolute edge displacement and amplified design-story drift
under design response-spectrum loading.

(3) To quantify member-level axial force, shear, flexural moment, and torsional-
moment redistribution in selected beams and columns after brace
installation, while evaluating global diaphragm torsion separately.

Section 2 presents the governing torsional-response and hybrid EBF
concepts. Section 3 describes the case-study geometry, material properties,



numerical assumptions, accidental-torsion procedure, and response-spectrum
analysis. Section 4 reports the modal, base-shear, eccentricity, displacement, drift,
torsional-response, and internal-force results. Section 5 summarizes the findings,
limitations, and requirements for further nonlinear, connection-level, and
foundation research.

2. THEORETICAL BACKGROUND
A. Torsional Irregularity and CM-CR Eccentricity

For each rigid diaphragm i, the inherent plan eccentricity is calculated from
the coordinates of the CM and CR. The relevant coordinate difference is measured
perpendicular to the direction of seismic action. A large inherent eccentricity is an
indicator of stiffness imbalance, but the SNI torsional-irregularity classification is
based on the ratio of edge interstory drifts rather than eccentricity alone [9].

eoi = |CMi - CRi| (D

The maximum interstory drift at either extreme edge, Delta_max,i, is
compared with the mean of the two edge drifts, Delta_avg,i. Ratios above 1.2 and
1.4 indicate Type A and Type B torsional irregularity, respectively. The ratio must
be determined from the same load case and seismic direction, including accidental
torsion.

etai = D(i‘ltamax,i / Deltaavg,i (2)

Accidental torsion represents uncertainty in mass and stiffness distribution
by shifting the diaphragm mass center by 5% of the plan dimension perpendicular
to the applied force. Where amplification is required, SNI 1726:2019 defines the
torsional amplification factor as follows [9].

Axi = [Deltamax,i/ (12 Deltaavg,i)]z, 1.0 <= AX,i <=3.0 (3)
eai=0.05 bperp Ax (4)

The factor Ax amplifies the accidental-eccentricity component and is
evaluated story by story. Signed positive and negative accidental-eccentricity cases
are required because the governing edge response may reverse with the sign of the
offset.

B. Conventional Steel EBF Behavior and the Present Hybrid System

In a conventional steel EBF, brace forces are transferred through an
intentionally short beam segment that is proportioned to yield before the
surrounding brace, beam, and column members. Steel-link behavior is commonly
described using the normalized length e/(Mp/Vp), with shorter links tending
toward shear-dominated response and longer links toward flexural response [4],
[8]. These rules are relevant background for all-steel EBF mechanics but are not
adopted as acceptance criteria for the RC beam segment in this study.

Because the eccentric segment is reinforced concrete, the tested values of
0.50, 1.00, and 1.50 m are treated as geometric link-length variants used to



compare elastic global stiffness and torsional response. RC link strength, cracking,
confinement, anchorage, chord rotation, and cyclic degradation require separate
evaluation under RC provisions such as SNI 2847:2019 and through experimental
or validated nonlinear modeling [10]. Shayanfar [3] is cited only to illustrate the
sensitivity of EBF response to link configuration; that work used a vertical steel
link and does not directly validate the horizontal RC link considered here.

C. Scope of the Global Linear Evaluation

Linear response-spectrum analysis combines modal maxima and is
appropriate for comparative elastic demand assessment when code scaling and
directional combination rules are satisfied [6], [9], [16]. It cannot activate
concentrated plastic hinges or reproduce yielding sequence, brace buckling, cyclic
degradation, residual drift, or energy dissipation. Accordingly, this study
interprets shorter computed period, lower edge displacement, reduced CM-CR
eccentricity, and changed member forces as global elastic-response trends only.

3. METHODOLOGY

A. Case-Study Building and Geometry

The numerical case study is a hypothetical reinforced-concrete
educational-building model located in Malang, East Java, for seismic-input
purposes. It contains six main stories and a roof level. The first story is 4.725 m
high, Stories 2-6 are 4.0 m high, and the rooflevel is 2.1 m high, giving a total height
of 26.825 m. The plan dimensions are 32.4 m x 28.8 m, corresponding to
approximately 933.12 m2 per main floor. A 250 mm RC wall surrounds an
asymmetrically positioned evacuation core and intentionally creates the baseline
stiffness imbalance. Complete preliminary-design calculations, member schedules,
and drawings are intended for supplementary material.
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Figure 1. Schematic typical plan, asymmetric RC core, braced facade, and
representative extreme joints used for torsional-response evaluation.

Table 1. Summary of structural geometry used in the numerical model

Model parameter
Building type
Modeled levels
Plan dimensions

Approximate floor
area

Story heights
Total height

Primary beams

Secondary beams

Columns
Slab
Shear wall

Boundary condition

Adopted value
Hypothetical RC educational-building model
Six main stories plus roof level (seven levels total)
324mx28.8m

933.12 m2 per main floor

Level 1: 4.725 m; Levels 2-6: 4.0 m; roof: 2.1 m
26.825 m to roof peak

B1 350x600; B4 300x500; B6 250x500; B7 250x400; B8

250x350; B9 200x350 mm

B5 350x450; B6a 250x500; B7a 250x400; B9a 200x350;

B10a 200x300 mm
600x600 mm and 500x500 mm
120 mm RC slab; rigid diaphragm
250 mm RC wall at asymmetric evacuation core

Fixed bases; soil-structure interaction excluded



B. Materials and Hybrid Brace-Link Configuration

Concrete compressive strengths of f'c = 33.2 MPa and 24.9 MPa were used for
columns/walls and beams/slabs, respectively. The diagonal brace members were
modeled using B]J37 structural steel with fy = 240 MPa, fu = 370 MPa, and E = 200
GPa. This 240 MPa value applies to the structural-steel brace profile and not to the
RC longitudinal reinforcement. The final RC reinforcing-steel grade must be
confirmed from the ETABS material definition and reinforcement schedule; the
preliminary-design calculations use deformed reinforcement with fy = 420 MPa.

Table 2. Material and hybrid brace-link modeling properties

Component Property / modeling assumption

Columns and RC walls f'c=33.2 MPa
RC beams and slabs f'c =24.9 MPa
RC reinforcing steel Deformed bars; fy = 420 MPa in preliminary design
Brace structural steel BJ37; fy = 240 MPa; fu = 370 MPa; E = 200 GPa

. H 400x400x13x21; A = 218.69 cm2; Ix = 201000 cm4; ly =
Brace section

10800 cm4

!Srace.-enld Moment releases at both ends; predominantly axial response
idealization
Horizontal link Segment of the RC beam between brace connection points
Brace-to-RC Coincident global-model joints; local gusset/anchor behavior
connection excluded

The steel braces are arranged as inverted-V elements on the external facade
opposite the asymmetric core, where the baseline model exhibited lower lateral
stiffness and larger deformation. The RC beam segment between the brace
connection points forms the horizontal eccentric link. Brace ends are moment-
released so that the brace members primarily transfer axial force. Connection
nodes are idealized as coincident; gusset plates, anchors, local RC bearing,
confinement, and force transfer are not explicitly modeled.
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Figure 2. Building-height scheme and hybrid inverted-V steel-brace / RC beam-
link idealization.
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C. Structural Model Variants
Table 3. Controlled model variants

Model Description
Model 1 Baseline RC frame and asymmetric RC core; no added braces
Model 2 Hybrid inverted-V braces with geometric RC link length e = 0.50 m
Model 3 Hybrid inverted-V braces with geometric RC link length e = 1.00 m
Model 4 Hybrid inverted-V braces with geometric RC link length e = 1.50 m

All four models retain the same building geometry, material definitions,
gravity loads, diaphragm assumptions, and seismic input. Only the presence of the
brace system and the geometric distance between the brace connection points are
varied. The term “best-performing” is used only for the variant producing the
lowest combined elastic-response measures among these three tested link lengths;
no mathematical or nonlinear optimization is claimed.

D. Numerical Model and Seismic Analysis

The updated numerical analyses were performed in ETABS Ultimate
v22.0.0 Build 3628 [16]. RC beams and columns were represented by frame
elements, walls and slabs by shell elements, and floor slabs were assigned as rigid
diaphragms. Fixed supports were assigned at the base. Cracked-section stiffness
modifiers followed the source model: 0.70Ig for columns and walls, 0.35Ig for
beams, and 0.25Ig for slabs. Beam torsional stiffness was reduced to 0.001 of the
gross value to avoid unrealistically high torsional restraint. Gravity loads were
assigned in accordance with SNI 1727:2020 [11].



The site was classified as Site Class SD. The source model used Ss = 0.87, S1
=0.41,SDS = 0.668, and SD1 = 0.513, with Risk Category IV,le=1.5,R=7,Cd = 5.5,
and Omega0 = 2.5. Modal responses were combined using the complete quadratic
combination (CQC) method, and orthogonal directional effects were included
through the adopted 100%/30% combination [6], [9], [16]. Fifteen eigenmodes
were extracted for each final model. The cumulative translational participating-
mass ratios reached at least 90% in both principal horizontal directions for all four
models. Each response-spectrum result was scaled to the applicable equivalent-
static minimum base shear. This global base-shear scaling was applied
independently from the signed +/-5% accidental-eccentricity offsets.

All reported response quantities were obtained from linear-elastic RSA. No
nonlinear hinge response was activated or interpreted. Any hinge definitions
retained in preliminary model files do not contribute to a linear response-
spectrum case and are outside the present study.

E. Accidental Torsion and Drift Evaluation

Separate unshifted and signed accidental-eccentricity response-spectrum
cases were defined as RSX, RSX(+), RSX(-), RSY, RSY(+), and RSY(-). A diaphragm
mass-center offset equal to 5% of the plan dimension perpendicular to the
excitation direction was explicitly assigned in ETABS for each positive and negative
case. The governing response was selected from the signed cases. All reported
displacement, drift, torsional-response, and internal-force results were extracted
from these final +/-5% accidental-eccentricity cases after response-spectrum
base-shear scaling. The response-spectrum base-shear scale factor and the
storywise torsional amplification factor Ax are distinct quantities. The final
numerical models include the prescribed signed 5% accidental eccentricity; no
additional storywise Ax-based enlargement beyond the explicitly modeled 5%
offset is claimed.

Absolute joint displacement is distinguished from interstory drift. For the
drift evaluation, elastic story drift delta_e was calculated from the difference
between adjacent-level Joint 25 displacements obtained from the governing final
signed +/-5% accidental-eccentricity cases. The design drift was amplified as Delta
= (Cd/le)delta_e. For the adopted Risk Category IV model under the “all other
structures” category, the allowable drift was taken as Delta_a = 0.010hsx [9]. The
resulting tables provide a code-oriented screening at the evaluated edge line; they
do not replace verification of every required edge line and governing load
combination.

Deltai = (Cd / Ie) deltae, (5)



F. Evaluation Parameters and Model Verification
Table 4. Numerical-model verification and validation scope

Check Procedure Status

Beam, column, slab, and
wall dimensions checked by Completed in source report
hand under SNI 2847:2019

Software coordinates

Preliminary
member sizing

Completed; selected values in

CM and CR independently checked for supplement
selected levels upp
Computed T1 checked M1:1.109 s; M2: 0.599 s; M3:

against Ta and CuTa; modal 0.672323 s; M4: 0.754948 s.
tables and available solver = M3/M4 logs: 15 modes and zero
logs reviewed negative stiffness eigenvalues

Mode 15 SumUX/SumUY: M1
0.9288/0.9576; M2

Period bound

Cumulative translational

Ma(i‘('cis:li ation rs:;ﬁlgltpliggtn 91“030(/1111111;3)?;2(1 0.9349/0.9526; M3

particip v 0.9326/0.9569; M4
0.9319/0.9550.

Basg-shear RSA base shea.r scallle.d to Reported in Table 6

scaling equivalent-static minimum

External Experimental or validated T

benchmark hybrid-link benchmark Not performed; limitation

The comparison uses: (i) computed and code-limited periods; (ii) response-
spectrum base-shear scaling; (iii) CM-CR eccentricity; (iv) critical edge
displacement and amplified story drift; (v) storywise torsional ratio eta; and (vi)
axial, shear, flexural, and torsional demands in selected elements. Internal-force
envelopes were extracted from the same load-combination set for Models 1 and 2.
The ETABS modal participating-mass tables for all four models contain 15 modes.
At Mode 15, the cumulative UX/UY ratios are 0.9288/0.9576 for Model 1,
0.9349/0.9526 for Model 2, 0.9326/0.9569 for Model 3, and 0.9319/0.9550 for
Model 4. Thus, all four final models exceed 90% cumulative translational mass
participation in both principal directions.



4. RESULTS AND DISCUSSION

A. Modal Properties and Base-Shear Scaling
Table 5. Comparative fundamental periods and translational modal-mass

participation
Model Link (m) T1 (s) Mode at 90% X Mg‘())f}/:?t Sum UX at 15 Sum UY at 15
Modell -  1.109 12 15 0.9288 0.9576
Model2 050  0.599 11 14 0.9349 0.9526
Model3 1.00 0.672 11 14 0.9326 0.9569
Model4 150  0.755 12 15 0.9319 0.9550

The modal results show a clear change in both period and modal character after
bracing. Model 1 has T1 =1.109 s; its first mode is strongly coupled in Y translation
and torsion (UY = 0.3351; RZ = 0.3469), while the largest first-cycle X contribution
occurs in Mode 2 (UX = 0.5849). Model 2 has T1 = 0.599 s and a predominantly X-
translational first mode (UX = 0.5077); its largest torsional contribution occurs in
Mode 3 (RZ = 0.4830) together with UY = 0.2575. Model 3 has T1 = 0.672 s, with
coupled first-mode participation (UX = 0.3311; UY = 0.2570; RZ = 0.2225), and
Model 4 has T1 = 0.755 s, with UX = 0.2405, UY = 0.2985, and RZ = 0.2852 in Mode
1. Relative to the unbraced model, T1 is reduced by approximately 46.0%, 39.4%,
and 31.9% for Models 2, 3, and 4, respectively. The monotonic increase in T1 from
the 0.50 m to the 1.50 m link variant indicates a progressive reduction in global
elastic stiffness as the geometric link length increases. The cumulative-mass
criterion is satisfied by Model 2 at Modes 11 (X) and 14 (Y), by Model 3 at Modes
11 (X) and 14 (Y), and by Model 4 at Modes 12 (X) and 15 (Y). Model 1 reaches the
X threshold at Mode 12 and Y at Mode 15. The Model 3 and Model 4 solver logs
confirm 15 extracted modes, zero negative stiffness eigenvalues, and use of the
complete modal set in all signed RSA cases.

Table 6. Equivalent-static minimum and unscaled RSA base-shear values

Model Vstatic min. (kN) Vt,X (kN) Vt,Y (kN) Scale X ScaleY
Model 1 8997.1 5664.5 4493.6 1.588 2.002
Model 2 9063.3 5744.9 4945.6 1.578 1.833
Model 3 9061.0 5266.1 4560.2 1.721 1.987
Model 4 8815.2 5201.4 4456.5 1.695 1.978

The unscaled dynamic base shears and required scaling factors vary with both
period and modal response. Model 2 has a slightly higher equivalent-static
minimum than Model 1 because of the changed model mass and period treatment,
while Models 3 and 4 require larger X-direction scale factors than Model 2. These
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results demonstrate why brace effects should be interpreted from the complete
scaled response rather than from stiffness alone.

B. CM-CR Eccentricity
Table 7. Average total CM-CR eccentricity from the source models

Model eX (m) eY (m) Reduction X (%)  ReductionY (%)
Model 1 15.220 7.259 - -
Model 2 11.120 5.860 26.94 19.28
Model 3 12.870 6.320 15.44 12.94
Model 4 13.400 6.740 11.96 7.15

Average total eccentricity by model

mm  X-coordinate eccentricity

2 | Y-coordinate eccentricity

Average total CM-CR eccentricity (m)

M1 M2 M3 M4

Figure 3. Average total CM-CR eccentricity in the four source models.

Among the three braced variants, Model 2 achieved the lowest average total
eccentricity in both coordinate directions. Relative to Model 1, its average X- and
Y-coordinate eccentricities decreased by approximately 26.9% and 19.3%,
respectively. Models 3 and 4 also reduced eccentricity, but the effect diminished as
the geometric link length increased. The result supports selection of Model 2 as the
best-performing tested variant for the combined global elastic metrics, although it
does not by itself establish torsional regularity.
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C. Critical Edge Displacement and Story-Drift Screening

Table 8. Uppermost comparable main-story Joint 25 displacement

Model UY (mm) Y reduction (%) UX (mm) X reduction (%)
Model 1 86.33 - 65.27 -
Model 2 2291 73.5 28.73 56.0
Model 3 35.20 59.2 33.18 49.2
Model 4 47.80 44.6 41.37 36.6

The model contains six main stories and a roof level. The comparable extreme-
joint series terminates at Story 6 because the roof level has a different plan and
no geometrically consistent pair of edge joints. These are absolute joint
displacements, not interstory drifts.

Critical edge-joint displacement profile: Y directios - joint 25 Critical edge-joint displacement profile: X directsan - Jaint 25
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Figure 4. Critical edge-joint displacement profiles at Joint 25: (a) Y direction and
(b) X direction.

At Story 6, Model 2 reduced the critical Joint 25 displacement from 86.33 mm to
22.91 mm in the Y direction (73.5%) and from 65.27 mm to 28.73 mm in the X
direction (56.0%). Models 3 and 4 showed smaller reductions, consistent with
their longer periods and higher global flexibility. The former manuscript values of
23.21 mm and 7.08 mm were transcription errors and have been removed.

Table 9. Amplified design-drift screening - X direction

Story Delta_a M1: Delta (U,  M2:Delta (U,  M3:Delta (U,  M4: Delta (U,
(mm) P/F) P/F) P/F) P/F)
1 47.2 35.9 (0.76,P) 14.6(0.31,P) 20.3(0.43,P) 26.5(0.56,P)
2 40.0 50.2 (1.26,F) 179 (0.45,P) 22.8(0.57,P) 31.1(0.78,P)
3 40.0 51.8 (1.29,F) 19.9(0.50,P) 23.1(0.58,P) 30.8(0.77,P)
4 40.0 457 (1.14,F) 19.8(0.50,P) 21.6 (0.54,P) 27.5 (0.69, P)
5 40.0 34.4(0.86,P) 18.1(0.45P) 19.2(0.48,P) 215 (0.54,P)
6 40.0 21.4(0.53,P) 15.1(0.38,P) 14.7(0.37,P) 14.4(0.36,P)

12



Delta = (Cd/Ie) delta_e with Cd/Ie = 5.5/1.5; Delta_a = 0.010hsx for the adopted
Risk Category IV screening. U = utilization; P/F = screening pass/fail.

Stor

A U1 A W N

Table 10. Amplified design-drift screening - Y direction

Delta_a
(mm)

47.2
40.0
40.0
40.0
40.0
40.0

M1: Delta (U,
P/F)
52.2 (1.11,F)
69.3 (1.73,F)
68.9 (1.72, F)
58.8 (1.47,F)
42.6 (1.07,F)
24.8 (0.62, P)

M2: Delta (U,
P/F)
17.6 (0.37,P)
16.7 (0.42, P)
16.1 (0.40, P)
14.4 (0.36, P)
11.6 (0.29, P)
7.7 (0.19, P)

M3: Delta (U,
P/F)
28.1 (0.59,P)
27.8 (0.69, P)
25.7 (0.64, P)
21.9 (0.55,P)
16.3 (0.41, P)
9.3 (0.23,P)

M4: Delta (U,
P/F)
36.6 (0.77,P)
39.1 (0.98, P)
36.2 (0.91, P)
30.3 (0.76, P)
21.6 (0.54, P)
11.5(0.29, P)

Delta = (Cd/Ie) delta_e with Cd/Ie = 5.5/1.5; Delta_a = 0.010hsx for the adopted
Risk Category IV screening. U = utilization; P/F = screening pass/fail.

The screening indicates that the baseline critical-edge drift exceeds the adopted
allowable value in both directions, whereas the three braced variants remain
below the limit at the evaluated Joint 25 line. Model 4 approaches the Y-direction
limit at the lower stories. These outcomes are based on the final signed +/-5%
accidental-eccentricity and base-shear-scaled RSA cases. They should be
interpreted as a line-specific screening rather than a complete code-compliance
statement because all required edge lines and governing load combinations must
be checked.

D. Torsional-Irregularity Screening

Table 11. Storywise torsional-ratio ranges from the final signed accidental-

Model

Model 1
Model 1
Model 2
Model 2
Model 3
Model 3
Model 4
Model 4

eccentricity results

Direction

X

<X < X < X

eta range
1.05-1.45
1.60-1.83
1.09-1.31
1.22-1.65
1.02-1.36
1.24-1.74
1.03-1.40
1.34-1.79
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0/2/4
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Model 2 reduced the X-direction range from 1.05-1.45 to 1.09-1.31 and the Y-
direction range from 1.60-1.83 to 1.22-1.65. In the source classifications, the X
direction contains either no irregularity or Type A response, while Type B
response remains at several lower stories in the Y direction. Model 3 yields slightly
lower X-direction torsional ratios at several upper stories, but Model 2 performs
better in the critical Y direction and produces lower eccentricity and displacement
overall. Model 4 generally shows the largest remaining torsional ratios among the
braced variants.

These results support the conclusion that the brace system mitigates torsional
severity but does not render the building torsionally regular at every level. The
applicable amplification, analysis, and detailing requirements therefore remain
necessary. No blanket direction-wide “Type B to Type A” reclassification is made.

E. Internal-Force Redistribution

Table 12. Representative axial-force and shear-demand redistribution from
Model 1 to Model 2

Non-braced column P (kN) 1762.18 1606.23 -8.85%
C44 Non-braced column P (kN) 3466.37 3412.64 -1.55%
C59 Braced-zone column P (kN) 1881.69 -662.69 En‘;i:)er:f;;lign
Co4 Braced-zone column P (kN) 230519  -1833.72 En‘;gi}i‘i‘;;ign
B31 Braced-zone beam V2 (kN) 254.39 911.75 +258%
B37 Braced-zone beam V2 (kN) 197.21 1545.79 +684%
B83 Braced-zone beam V2 (kN) 157.94 1537.01 +873%
B111 Braced-zone beam V2 (kN) 272.84 1312.35 +381%
C59 Braced-zone column V2 (kN) 125.76 45.97 -63.4%
C64 Braced-zone column V2 (kN) 102.07 45.85 -55.1%

The braces create a new axial-force path and concentrate beam shear in the
braced bays. Representative braced beams show shear-demand increases of
approximately 258%-873%, substantially larger than the 136% value quoted in
the former condensed draft. In contrast, selected columns show lower shear
demand after brace installation. The axial-force envelope of C59 and C64 changes
sign, demonstrating a substantial redistribution of member demand. The physical
interpretation of tension or compression must follow the final ETABS sign
convention and governing load combination.
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Table 13. Representative member torsion and flexural-moment envelopes

Element Location TM1 (kNm) T M2 (kNm) IE/IISI)\II\I:[S IE/IISI,\II\I:[S
B31 Braced beam 6.42 0.83 -231.16 -191.53
B37 Braced beam 6.12 2.04 -340.93 -323.44
B83 Braced beam 6.28 2.24 -262.74 -307.27
B111 Braced beam 5.82 1.39 -306.74 -299.25
C59 Braced column 45.14 11.71 336.59 96.19
C64 Braced column 45.14 11.71 142.08 -39.79

Torsional demand decreases in the selected braced-zone elements,
whereas flexural-moment changes are not uniformly monotonic. The table reports
demand redistribution, not member capacity.

The selected braced-zone beams and columns exhibit markedly lower
member torsion in Model 2, but flexural moments do not decrease uniformly: for
example, the magnitude of B83 M3 increases. It is therefore inappropriate to
summarize the response as a universal 15%-40% moment reduction. The correct
interpretation is that the added brace system changes the distribution and sign of
axial, shear, flexural, and torsional demands across the frame.

The reported RC link-region shear is an elastic demand from the global model,
not a demonstrated RC link capacity. Construction application requires a separate
SNI 2847 strength and detailing check, including shear capacity, confinement,
anchorage, brace-gusset force transfer, and capacity protection of adjacent
members. Similarly, because the numerical model assumes fixed bases, the
observed axial-force redistribution cannot be interpreted as proof of foundation
adequacy. Governing support reactions must be checked for compression, uplift,
overturning, sliding, and soil or pile capacity before implementation.

F. Limitations, Constructability, and Further Research

The principal limitation is the linear-elastic analysis scope. The numerical
response does not establish RC link yielding, chord-rotation capacity, brace
buckling, cyclic degradation, residual drift, or energy dissipation. The brace-to-RC
connection is idealized by coincident nodes, and local gusset, anchor, concrete
bearing, splitting, confinement, and bar-anchorage mechanisms are excluded. The
fixed-base model excludes soil-structure interaction and foundation flexibility,
which may affect periods, torsional response, and support demand.

No cost estimate, construction sequence, fire or corrosion-protection study, or
operational-disruption assessment was performed. External facade placement
may reduce interior interference, but project-specific constructability must
address access, temporary shoring, gusset and anchor installation, RC beam local
strengthening, architectural conflicts, fireproofing, corrosion protection, and
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possible foundation strengthening. Accordingly, the system is not described as
cost-effective or construction-ready.

Future work should include nonlinear static analysis and incremental dynamic
analysis (IDA). For IDA, ground-motion records should be incrementally scaled
using 5%-damped Sa(T1) or an averaged spectral acceleration around T1, from
elastic response to dynamic instability, while monitoring maximum and residual
story drift, diaphragm rotation, RC link chord rotation, brace axial demand,
connection force transfer, and support reactions. Quasi-static cyclic testing of
representative RC link and steel-to-RC connection assemblies should quantify
cracking and yielding sequence, shear strength, chord rotation at first yield and
peak strength, rotation at 20% post-peak strength loss, stiffness and strength
degradation, cumulative energy dissipation, anchorage behavior, and failure mode.

5. CONCLUSION

This study compared the linear-elastic seismic response of a hypothetical RC SMRF
building before and after the addition of hybrid inverted-V steel braces connected
through RC beam-link segments. The following conclusions are drawn from the
final numerical-model results:

(1) Within the three tested geometric link lengths, the 0.50 m variant produced
the largest combined reduction in average CM-CR eccentricity and critical edge
displacement. The fundamental periods were 1.109 s for Model 1 and 0.599 s,
0.672 s, and 0.755 s for Models 2, 3, and 4, respectively. At Mode 15, Models 1-
4 achieved cumulative UX/UY participation of 92.88%/95.76%,
93.49%/95.26%, 93.26%/95.69%, and 93.19%/95.50%, respectively,
satisfying the 90% criterion in both principal directions. The 0.50 m model is
therefore the best-performing tested variant for the adopted global elastic-
response metrics, not a universally optimal EBF design.

(2) At the uppermost comparable main-story level, Model 2 reduced Joint 25
displacement from 86.33 mm to 22.91 mm in the Y direction and from 65.27
mm to 28.73 mm in the X direction. The final signed +/-5% accidental-
eccentricity drift screening indicates substantial improvement. At the evaluated
Joint 25 line, the three braced variants remained below the adopted drift limit;
full code compliance nevertheless requires verification of all prescribed edge
lines and governing load combinations.

(3) The source storywise torsional ratios decreased in both directions, but
torsional irregularity was not eliminated at every story. Model 2 should
therefore be described as mitigating torsional severity rather than rendering
the building fully regular. Applicable SNI amplification, analysis, and detailing
provisions remain in force for the remaining irregularities.

(4) Brace installation substantially redistributed member demands. Selected
braced-bay beams experienced large shear increases, selected columns
exhibited axial-envelope sign changes, and member torsion generally
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decreased in the sampled braced elements. These are demand trends and do
not demonstrate RC link, connection, adjacent-member, or foundation capacity.

(5) The study does not establish nonlinear RC link behavior, steel-to-RC
connection adequacy, soil-structure or foundation response, economic
feasibility, or construction readiness. Code-based member and connection
design, support-reaction and foundation checks, nonlinear static and dynamic
analyses, and cyclic tests of representative hybrid assemblies are required
before application.
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