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Abstract

With the increasing cost of land, limited horizontal space, and the demand for optimal vertical utilization in urban
areas, the construction of high-rise buildings has grown significantly in recent decades. Integrating efficient
architectural design and structural engineering is a major challenge in high-rise building development. The truss
belt and outrigger system is recognized as an effective mechanism to enhance seismic performance, control lateral
displacement, and improve architectural stability. In this study, nonlinear time-history analyses were conducted
on a high-rise steel building subjected to near-fault and far-fault earthquakes to investigate the impact of truss
belt configuration on seismic behavior. Results show that the inclusion of truss belt and outrigger systems
increases the base shear by about 10% and 17% while reducing floor accelerations by approximately 14% and
23% under near- and far-fault earthquakes, respectively. Moreover, roof displacement and acceleration decreased
by 3% and 6% for near-fault and 9% and 8% for far-fault ground motions. The torsional response analysis
indicated a 26% reduction in floor plan twisting. The findings emphasize the importance of integrating
architectural form and structural systems to achieve optimal seismic performance and architectural stability in
high-rise steel buildings.

Keywords: High-rise building, Truss belt system, Outrigger, Seismic performance, Architectural design, Near-fault
earthquake, Far-fault earthquake.

1| Introduction

Located on the Alpine—Himalayan seismic belt, Iran has experienced more than 130 earthquakes with
magnitudes of 7.5 or greater over the past centuries. Seismic hazard zoning maps indicate that over two-thirds
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of the country’s area lies within high-risk seismic regions, where most of the densely populated cities are also
located.

During the past century, approximately 3,500 earthquakes have occurred in Iran, among which 535 events
had magnitudes greater than 4. On average, one major earthquake with a magnitude of 7 or higher occurs
every ten years, and around two hundred smaller and larger earthquakes are recorded annually. Moreover,
while earthquake-related fatalities worldwide have accounted for about 1% of the global population during
the last century, this figure in Iran has reached approximately 6%, emphasizing the country’s high seismic
vulnerability.

These statistics highlight the importance of improving the seismic performance of structures and the urgent
need for structural strengthening and retrofitting.

Seismic loads act on buildings in two perpendicular directions; therefore, a building must be designed to resist
earthquake-induced forces in both orthogonal axes (X and Y). Earthquake forces are applied alternately and
repeatedly in these two directions, making the bidirectional seismic design of structures essential for ensuring
their safety and stability.

An earthquake is a natural phenomenon that can lead to the destruction of buildings, loss of life, economic
damage, and disruption of vital lifelines. On average, Iran experiences a major earthquake approximately every
ten years, a fact that underscores the necessity for increased awareness and preparedness among the

engineering community [1], [2].

An earthquake is a natural phenomenon that can lead to the destruction of buildings, loss of life, economic
damages, and disruption of vital lifelines. On average, Iran experiences a major earthquake approximately
every ten years, a fact that underscores the necessity for increased awareness and preparedness among the
engineering community [1], [2].

In a study by Shah and Gore [2], titled “Review on Behavior of Tall Buildings Equipped with Outrigger
Systems”, published in the International Journal of Engineering and Technology, a new concept of outrigger
systems was introduced. The authors conducted this study to investigate the use of truss belt systems alone
for improving the performance of high-rise buildings under dynamic loads.

Their research concluded that the implementation of outrigger systems in tall buildings reduces overall lateral
displacement, base shear, and inter-story drift. Furthermore, the use of multiple outrigger systems enhances
the structural performance compared to a single-outrigger configuration. It was also demonstrated that the
combined use of outrigger and truss belt systems significantly increases the stiffness and stability of the

building, while simultaneously reducing the maximum deformation of the structure [3].

In a study by Rahgozar et al. [4], titled “A simple mathematical model for approximate analysis of tall
buildings”, a mathematical model was presented to facilitate the approximate analysis of high-rise buildings.
The authors demonstrated the simplicity and practicality of the proposed model through several numerical
examples, showing that it can be effectively used in preliminary design due to its accuracy, efficiency, and

logical formulation.

Their findings indicated that the optimal placement of the truss belt system can minimize lateral
displacements, stresses, and strains induced by lateral loads, thereby enhancing the overall structural
performance [5]. In a study by Abdi Moghadam and Meshkat-Dini [3], titled “Effect of truss belt level on the
performance of tall buildings under Near-Fault earthquakes”, published in Amirkabir Journal of Engineering,
nonlinear time-history dynamic analyses were conducted for three far-fault and three near-fault earthquakes.
A detailed evaluation of the analysis results revealed that the presence of a truss belt system significantly
increases structural stiffness while reducing inter-story drift and base shear. Moreover, it was found that in
structures where the truss belt is positioned at 0.5 of the building height, the maximum drift occurs at
approximately 0.83 to 0.9 of the normalized building height [0].

In a study by Tavakoli et al. [5], titled “Optimal truss belt position in tall buildings using multiple criteria
under blast loads,” published in the journal of civil engineering, the authors investigated the optimal
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placement of truss belts for various types of loads. Their findings indicated that the base shear during blast
loading differs significantly when the truss belt is located on the first floor compared to its placement on
other floors [7].

In a study by Daril John and Srinidhilakshmish [6], titled “Compatison of seismic performance of outrigger
and belt truss system in a RCC building with vertical irregularity”, published in the International Journal of
Engineering and Technology Research, a 30-story building was modeled using ETABS software. The study
compared base shear, ultimate displacement, and inter-story drift. Based on the results of base shear and
ultimate load, it was concluded that tall buildings equipped solely with a truss belt system exhibit better seismic
performance compared to buildings with only an outrigger system or those with both outrigger and truss belt
systems [8].

In a study by Alhaddad et al. [7], titled “A comprehensive introduction to outrigger and truss belt systems in
High-Rise buildings”, published in 2020, the authors examined the advantages and disadvantages of outrigger
and truss belt systems. Their research highlighted that these systems are among the most effective methods
for reducing ultimate loads in tall and super-tall buildings. However, they also emphasized that the
implementation of these systems requires careful consideration of numerous aspects and detailed analyses to

ensure reliable structural behavior. This study serves as an initial reference point for further research in this

field.

In a study by Patil and Sangle [8], titled “seismic behavior of tall steel buildings equipped with truss belt
systems”, published in 2016, high-rise steel buildings with 20, 25, 30, and 35 stories were analyzed using
nonlinear pushover analysis. The study compared various truss belt locations, base shear, inter-story drift, and
increases in stiffness. The authors concluded that the optimal position of the truss belt may vary depending
on different loading patterns.

In a study by Zhou et al. [9], titled “A decision framework for optimal installation of truss belt systems in tall
buildings,” published in 2018, the proposed framework was applied to a 600-meter-tall building. Their
research indicated that the truss belt system is expected to ensure structural safety and stability in high-rise

construction.

In a study by Bayati et al. [10], titled “Optimal use of multiple outrigger systems in stiff high-rise buildings”,
presented at the world conference on earthquake engineering, the authors reported the results of a study on
reducing inter-story drift in buildings equipped with stiff outrigger systems. The findings indicated that the
optimal use of multiple outrigger systems can significantly improve the seismic response of high-rise

buildings.

In a study by Kamgar and Rahgozar [11], titled “Determination of optimal flexible truss belt system location
in irregular tall buildings using the energy method”, published in the international journal of civil engineering
optimization, a tall building was modeled with a combined system of truss belt, outrigger, central core, and
braced frame. The study investigated the optimal truss belt location under three types of lateral loads: uniform,
triangular, and concentrated. The results indicated that for different central core stiffnesses and truss belt
systems, multiple optimal configurations were identified, which can be used to determine the best placement
of truss belt and outrigger systems [12].

In a study by Khandelwal and Singh [13], titled “Optimal configuration and location of truss belt systems for
tall buildings under seismic loads”, published in the international journal of innovative technology and
exploring engineering, a 30-story building with one truss belt, a 45-story building with two truss belts, and a
60-story building with three truss belts were analyzed. The results indicated that the optimal truss belt
locations were on the 10th, 15th, and upper floors, respectively [14].

2| Structural Description, Earthquakes, and Modeling in Software

At the beginning of this chapter, the structural specifications, geometric dimensions, and the locations of the
truss belt along the building height are defined. It should be noted that the building under study was designed
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in accordance with the seismic design provisions of the Iranian code for seismic resistant design of buildings
[5]. Next, the characteristics of the applied earthquakes and the method of scaling them are described. The
building was modeled in SAP2000, version 20, and plastic hinges were assigned to the structural members
using the ASCE 41-13 provisions available within the software.

1.2 | Geometric Specifications of the Building

The building considered in this study is a 30-story braced steel structure with concentric cross-bracing, in
which truss belts are installed at two configurations: every 15 floors and every 10 floors. The building is
assumed to be located in a very high seismic hazard zone on soil type 11, according to Iranian Standard 2800,
4th Edition. The structural plan is regular, with bay lengths of 5 meters in both X and Y directions, and all
floor heights are 3 meters. The dead and live loads applied on the floors are 750 kg/m? and 200 kg/m?,
respectively.

Fig. 7 illustrates the structural plan and 3D view of the building. Tabl 7 presents the cross-sectional
dimensions of beams, columns, and braces used in the structure.
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Fig. 1. Plan and 3D view of the building under study.
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Table 1. Cross-sectional dimensions of structural members used in the building under study.

Column Section Exterior Column Floor Number

at Brace Bay Section (Dimensions

Beam Section Brace Section

(Central Core) in cm)
IPE 400 2UNP200 BOX 50X50 BOX 60X60 1-6
IPE 400 2UNP200 BOX 45X45 BOX 50X50 7-11
IPE 400 2UNP160 BOX 45X45 BOX 45X45 12-15
IPE 400 2UNP180 BOX 45X45 BOX 45X45 16-18
IPE 400 2UNP160 BOX 45X45 BOX 45X45 19-20
IPE 400 2UNP160 BOX 40X40 BOX 40X40 21
IPE 400 2UNP140 BOX 40X40 BOX 40X40 22-23
IPE 300 2UNP140 BOX 40X40 BOX 40X40 24-25
IPE 300 2UNP140 BOX 35X35 BOX 35X35 25-30

The center of stiffness of a building is the point at which the structure resists applied lateral forces. Since the
cross-sectional properties of the structural members do not change during the building’s service life, the
location of the stiffness center remains constant. On the other hand, the center of mass is the point where
lateral forces act. This point can change over time due to factors such as modifications in building usage,
uneven redistribution of mass in the plan, or other alterations during the building’s service life.

The distinction of this study from previous research is that it assumes the floor mass centers of the studied
buildings have shifted due to changes in building use by occupants. Consequently, the force couple generated
between the center of mass and the center of stiffness leads to increased torsion in the structure, which was
not considered in the initial design by the engineer. Most seismic design codes assume an accidental
eccentricity of 5% of the building dimension at each floor in the direction perpendicular to the applied lateral
force.

Fig. 2 illustrates the considered locations of the centers of mass for the studied buildings. It is assumed that,
in these buildings, the center of mass at each floor is located at 7.5% of the building dimension perpendicular
to the lateral force.

e (F)
T T

Fig. 2. Location of the floor mass centers in the building.
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According to Clause 1-7 of Iranian Standard 2800, 4th Edition, buildings ate considered irregular if they
exhibit any of the following characteristics in terms of geometric shape, mass distribution, or stiffness
distribution in plan and elevation; otherwise, they are classified as regular.

The building selected for this study, although having a regular geometric plan, is classified as irregular in terms
of structural configuration due to the significant distance between the center of mass and the center of
stiffness, taking into account accidental torsion [5], [15].

3| Data Analysis

The building was initially designed in ETABS software and then analyzed in SAP2000. In this study, three
30-story steel buildings were modeled:

1. A building with a central core only, without any truss belts or outrigger systems.
II. A building with a central core, two truss belts, and outrigger systems.
III. A building with a central core, three truss belts, and outrigger systems.

All models were subjected to nonlinear time-history dynamic analysis to investigate the effects of the central

core and truss belt systems. The truss belts were connected to the central core via outrigger systems.

In this chapter, the responses of the building with two truss belts located on the 15th and 30th floors are
compared first. Then, based on the nonlinear analysis results, the building with three truss belts located on
the 10th, 20th, and 30th floors is analyzed and compared.

3.1| Comparison of Inter-Story Drift in the X and Y Directions

In this section, the inter-story displacements of the two considered structures under near-fault and far-fault
carthquakes are compared, as illustrated in Fg. 5.

3.1.1| Inter-story drift under seismic ground motions
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Fig. 3. Inter-story drift under the Northridge-Rinaldi earthquake.
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Fig. 4. Inter-story drift under the Kobe-Takatori earthquake.

Cape-Petrolia-Y Cape-Petrolia-X
30
28
26
24
22
T 20
> 18
2 16
- 14
16 12
+ 10
w 3 )
—a— Without Outrigger 6 —o— Without Qutrigger
—8— With Outrigger : —s— With Outrigger
0
0.20 0.40 0.60 0.80 1.00 1.20 1.40 0.00 0.20 0.40 0.60 0.80 1.00 120 1.40
Maximum Drift Ratio (%) Maximum Drift Ratio (%)

Fig. 5. Inter-story drift under the Cape-Petrolia earthquake.

erved in Fig. 5, the inter-story drift in the building with truss belts shows a significant reduction in the
equipped with truss belts and outrigger systems. Moreover, in the remaining floors and across all

directions, the building also exhibits a reduction in drift compared to the structure without truss belts.

2.1.3]

Inter-story drift under far-fault earthquakes
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Fig. 6. Inter-story drift under the Northridge-Beverly earthquake.
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Fig. 7. Inter-story drift under the Landers-CoolWater earthquake.
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Fig. 8. Inter-story drift under the Tabas-Ferdows earthquake.

As observed in Figs. 8, the inter-story drift of the building with truss belts and outrigger systems under far-
fault earthquakes shows a decreasing trend compared to the building without truss belts and outriggers, with
the most significant reduction occurring in the floors equipped with truss belts. Moreover, the drift reduction
under far-fault earthquakes is more significant than that observed under near-fault earthquakes.

2.3 | Comparison of Floor Accelerations

In this section, the floor accelerations of buildings with and without truss belt systems are compared, as
illustrated in Fig. 71.
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1.2.3 | Floor accelerations under near-fault earthquakes
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Fig. 9. Floor accelerations under the Northridge-Rinaldi earthquake.
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Fig. 10. Floor accelerations under the Kobe-Takatori earthquake.
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Fig. 11. Floor accelerations under the Cape-Petrolia earthquake.

As observed in Fig. 77, the floor accelerations in the building equipped with truss belts and outrigger systems
are reduced by approximately 90% of the structure compared to the building without truss belts and outriggers

under near-fault earthquakes.
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2.2.3| Floor accelerations under far-fault earthquakes
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Fig. 12. Floor accelerations under the Northridge-Beverly earthquake.
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Fig. 13. Floor accelerations under the Landers-CoolWater earthquake.
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Fig. 14. Floor accelerations under the Tabas-Ferdows earthquake.
As observed in Fig. 74, the floor accelerations in the building equipped with truss belts and outrigger systems
are reduced in most floors compared to the building without truss belts and outriggers under far-fault

earthquakes.
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3.3 | Comparison of Floor Displacements

1.3.3 | Floor displacements under near-fault earthquakes

Northridge-Rin-X . Northridge-Rin-Y
- 28
: -
%
i 122 p})
0 2 T 0
2 18 > 18
9 0
i ix
> 1
o gn
& lg —o— Without Outrigger &2 12 —#— Without Outrigger
6 ~a— With Outrigger 6 =&~ With Outrigger
4 4
2 2
0 0
000 020 040 060 08 100 120 000 020 040 060 08 100 120
Maximum Displacement(m) Maximum Displacement(m)
Fig. 15. Floor displacements under the Northridge-Rinaldi earthquake.
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Fig. 16. Floor displacements under the Kobe-Takatori earthquake.
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Fig. 17. Floor displacements under the Cape-Petrolia earthquake.



Interaction between atrchitectural design and seismic performance of high-rise .... 288

As observed in Fig 17, the floor displacements under near-fault earthquakes are reduced in the building
equipped with truss belts and outrigger systems compared to the building without truss belts and outriggers.

2.3.3 | Floor displacements under Far-Fault earthquakes
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Fig. 18. Floor displacements under the Northridge-Beverly earthquake.
Landers-Cool-X Landers-Cool-Y
30
gg 28
% =
o 2
T2 R
> > 18
v 18 ]
- 16 R
>1 14
cy V)
0 0 10
& 1g —o— Without Outrigger & 3 —o— Without Outrigger
g =&~ With Outrigger g =&~ With Outrigger
2 2
00— 0
0000 0200 0400 0600 0800 1000 1200 0000 0200 0400 0600 0800 1000 1200
Maximum Displacement(m) Maximum Displacement(m)
Fig. 19. Floor displacements under the Landers-CoolWater earthquake.
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Fig. 20. Floor displacements under the Tabas-Ferdows earthquake.

Under far-fault earthquakes, similar to near-fault earthquakes, the truss belts and outrigger systems contribute
to a reduction in floor displacements compared to the structure without truss belts and outriggers.
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4| Conclusion

The analyses conducted in this study aimed to compare the seismic performance of steel buildings equipped

with truss belt and outrigger systems. The main findings are summarized as follows:

L

II.

II1.

IV.

VI

Plastic hinge formation in buildings equipped with truss belt systems provides a better performance level

compared to structures without truss belts.

Equipping the structure with truss belts and outrigger systems leads to an increase in base shear, as adding
outriggers increases the structural weight. Under near-fault earthquakes, the minimum base shear increase
occurs in the X-direction of the Kobe earthquake with 1.38%, while the maximum increase is in the X-
direction of the Petrolia earthquake with 17.02%. For far-fault earthquakes, the minimum base shear increase
occurs in the X-direction of the Tabas earthquake (4.58%) and the maximum in the Y-direction of the
Northridge-Beverly earthquake (25.75%). On average, the base shear of the structure increased by 10% and
17% under near-fault and far-fault earthquakes, respectively.

Examination of inter-story displacement diagrams reveals that equipping the structure with truss belts and
outrigger systems yields the best performance in reducing inter-story displacements on the 15th floor. Under
near-fault and far-fault earthquakes, the maximum reduction in this floor is 51% (Kobe) and 70% (Tabas),
respectively. On average, inter-story displacements decreased by 14% and 23% under near-fault and far-fault
earthquakes. Overall, floors equipped with truss belts and outriggers exhibit superior drift reduction

compared to other floors.

Analysis of floor acceleration diagrams indicates that the 15th floor also shows the best performance in
reducing floor accelerations when the structure is equipped with truss belts and outriggers. Under near-fault
earthquakes, the maximum acceleration reduction in this floor occurs in the Petrolia earthquake (23%), and
under far-fault earthquakes, the Tabas earthquake shows a maximum reduction of 31%. On average, floor

accelerations decreased by 8% and 6% under near-fault and far-fault earthquakes, respectively.

Evaluation of maximum floor displacements shows that the 11th floor demonstrates the best performance
under near-fault earthquakes, with the Kobe earthquake showing a 19% reduction. Under far-fault
earthquakes, the 30th floor shows the best performance in the Tabas earthquake with a 21% reduction. On
average, the maximum floor displacements decreased by 5% under both near-fault and far-fault earthquakes.

Considering the importance of roof acceleration in tall buildings, the results indicate that the truss belt and
outrigger system is effective in reducing roof acceleration. Under near-fault earthquakes, the minimum
reduction occurs in the X-direction of the Rinaldi earthquake (0.58%), and the maximum reduction occurs in
the X-direction of the Petrolia earthquake (13.09%). For far-fault earthquakes, the minimum and maximum
reductions occur in the X-direction of the Landers (0.80%) and Tabas (21.85%) earthquakes, respectively. On
average, the system reduces roof acceleration by 6% and 8% under near-fault and far-fault earthquakes.
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