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Abstract: 
 

This study investigates the influence of wind load intensity on the optimal location of outrigger 

systems in high-rise buildings, aiming to minimize the base moment and the maximum lateral 

displacement. The proposed analytical model assumes uniform material properties throughout 

the building height and identical flexural rigidity for all outrigger levels. Analyses are conducted 

for four wind load intensities and structural configurations incorporating one to four outriggers. 

The governing mathematical formulations are derived and implemented through MATLAB-

based numerical procedures to determine the optimal outrigger locations. The results 

demonstrate that increasing wind load intensity shifts the optimal outrigger positions toward 

higher elevations of the structure while reducing the vertical spacing between them. 

Furthermore, an increase in the flexural rigidity of the central core or a reduction in the flexural 

rigidity of the outriggers leads to a similar upward shift in the optimal locations. It is also shown 

that the optimal outrigger location for minimizing the base moment occurs at lower elevations 

compared to that required  to minimize the maximum lateral displacement.

D
 

1. Introduction 

In recent years, high-rise buildings have been widely 

constructed and continue to play a crucial role in meeting the 

growing demands of urban development. Owing to their 

importance in modern cities, tall buildings have become a 

fundamental component of urban infrastructure worldwide 

[1–3]. Rapid advancements in construction technologies, 

building materials, and sophisticated structural analysis and 

design methods supported by computer-based tools have 

further facilitated the proliferation of high-rise buildings, 

particularly in countries with emerging economies. Due to 

their relatively low inherent damping and long fundamental 

natural periods, high-rise buildings are especially sensitive 

to wind-induced loads. These characteristics may result in 

large- amplitude wind- induced vibrations, which can 

significantly affect both structural safety and occupant 

comfort [4]. 
 

* Corresponding Author: Assistant Professor, Department of Civil 

Engineering, Esfarayen University of Technology, Esfarayen, Iran. 

https://orcid.org/0000-0003-1480-9268; Email:s.baygi@esfarayen.ac.ir 

** Assistant Professor, Department of Civil Engineering, Esfarayen 

University of Technology, Esfarayen, Iran.  

https://orcid.org/0009-0007-8688-6306; Email:a.khazaie@esfarayen.ac.ir 

 

 

Consequently, the selection and implementation of efficient 

lateral load-resisting systems are essential to control lateral 

displacements and internal force demands in tall structures. 

Among various lateral load-resisting systems, outrigger and 

belt truss systems are recognized as one of the most effective 

and commonly adopted solutions for tall and super-tall 

buildings [5]. These systems function as cantilever-type 

structural components that extend from the central core to 

the perimeter columns, forming an integrated structural 

framework [6]. By redistributing lateral forces and 

enhancing global lateral stiffness, outrigger systems 

substantially reduce lateral displacements and improve the 

overall structural performance under lateral loading 

conditions [7]. Despite their widespread application, 

determining the optimal placement of outrigger systems 

remains a significant challenge in the structural design of 

high-rise buildings [8]. By acting as a large structural frame 

composed of the central core, perimeter columns, and 

outrigger trusses, the outrigger system enhances lateral 

stiffness and reduces lateral displacements and bending 

moments in the core under to wind or seismic loading [9,10]. 

Furthermore, belt truss systems connect the exterior columns 
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to the central core, enabling both components to resist core 

rotation, which in turn reduces overall structural drift and 

base moment in the core [11–13]. This study proposes a 

comprehensive analytical framework to investigate the 

influence of wind load intensity on the optimal placement of 

outrigger systems in high-rise buildings. Unlike previous 

studies that primarily focused on uniform lateral loads or 

relied on simplified assumptions, the present research 

systematically examines the effect of varying wind load 

intensities on the optimal outrigger locations with two 

distinct objectives: minimizing the maximum lateral 

displacement and minimizing the base moment of the central 

core. By deriving analytical formulations and implementing 

them within a numerical algorithm, this study provides 

quantitative results that can be directly applied in 

engineering design. The findings offer practical insights for 

optimizing outrigger systems in tall buildings subjected to 

wind loading. Numerous studies have been conducted to 

optimize the performance of outrigger systems in high-rise 

buildings. Xing et al. employed the pseudo-excitation 

method to investigate optimal outrigger locations and 

optimal damping parameters for combined energy-

dissipating outrigger systems subjected to wind and seismic 

loads [14]. Smith and Coull analyzed the optimal outrigger 

locations for minimizing the maximum lateral displacement 

in structures equipped with one to four outriggers [10]. Kim 

et al. determined the optimal placement of outriggers aimed 

at minimizing top-story lateral displacement in tall buildings 

using a gradient-based nonlinear programming approach 

[15]. Taranath investigated optimal outrigger locations using 

a simplified structural model in which the outriggers were 

assumed to be infinitely rigid; however, the study also 

highlighted that outrigger stiffness significantly affects 

global drift, core moment, and the optimal outrigger location 

for maximum drift reduction [16]. Lee and Tovar proposed 

a topology-optimization-based design method for 

determining the placement of outrigger systems in tall 

buildings, assuming rigid outriggers [17]. Kamgar and 

Rahgozar introduced an approach for identifying the optimal 

location of flexible outrigger systems based on maximizing 

the strain energy of belt truss–outrigger systems [18]. 

Additionally, Hoenderkamp et al. [19] analyzed outrigger 

systems in various structural configurations by 

incorporating the shear stiffness of braced frames and 

outriggers through modified analytical formulations. Wu 

and Li [20] investigated the optimal design of tall buildings 

with multiple outriggers by analyzing the effects of outrigger 

locations and structural stiffness on the upper drift and 

fundamental vibration period under uniform and triangular 

lateral loads. More recently, Afshar et al. [21] proposed 

several alternative configurations for damped outrigger 

systems and examined their dynamic performance through 

time- and frequency-domain analyses, focusing on vibration 

control and optimal damping parameters. Although these 

studies significantly advanced the understanding of 

outrigger behavior, they primarily addressed the 

optimization of outrigger configurations for given loading 

conditions or dynamic vibration control problems. A 

systematic analytical investigation of how variations in wind 

loading intensity influence the optimal outrigger locations 

corresponding to different structural performance objectives 

has received limited attention. The present study addresses 

this gap by developing closed-form analytical relationships 

that quantify the influence of wind loading intensity on the 

optimal placement of conventional outrigger systems for 

minimizing both the core base moment and the maximum 

lateral displacement. 

The present study evaluates the two structural performance 

objectives independently in order to clearly distinguish the 

influence of wind loading intensity on each response 

criterion. Although this approach provides valuable insight 

into the underlying structural mechanics, practical structural 

design generally requires a balance between multiple 

performance objectives. The analytical relationships 

developed in this study can therefore serve as efficient 

objective functions within future multi-objective 

optimization frameworks, such as Pareto-based 

optimization, to identify compromise outrigger 

configurations that simultaneously reduce both the base 

moment and the maximum lateral displacement. 

2. Analytical Formulation 

Although the present study focuses exclusively on 

equivalent static wind loading, practical design of tall 

buildings frequently requires consideration of both wind and 

seismic actions. Unlike wind loading, which is characterized 

by externally applied lateral forces with a prescribed lateral 

distribution, seismic loading generates inertia forces that 

depend on the mass distribution, vibration modes, and 

dynamic characteristics of the structure. Consequently, the 

optimal outrigger locations obtained under wind loading 

may differ from those corresponding to seismic excitation. 

Therefore, the analytical framework developed in this study 

may be extended in future research to investigate the 

influence of seismic loading or combined wind–earthquake 

loading on the optimal placement of outrigger systems. Such 

an extension would provide a more comprehensive basis for 

performance-based design of tall buildings.  

In this study, high-rise buildings equipped with outrigger 

systems are modeled as a central core connected to perimeter 

columns through outriggers and belt trusses. Due to the high 

number of structural parameters involved in analyzing such 

systems, the following simplifying assumptions are 

considered [10]: 

1. The structural behavior is assumed to be linearly elastic. 
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2. Shear forces in the columns are neglected. 

3. The outrigger-to-core connection is assumed rigid, while 

the outrigger-to-column connection is considered pinned. 

4. The flexural rigidity of the structural core, perimeter 

columns, and outrigger elements is assumed to remain 

constant over the entire building height. 

The present analytical formulation is based on the 

assumption of linear elastic structural behavior and therefore 

does not explicitly account for second-order geometric (P–

Δ) effects. This assumption was adopted to enable the 

derivation of closed-form analytical relationships and to 

facilitate a clear investigation of the influence of wind 

loading intensity on the optimal placement of outrigger 

systems. Although P–Δ effects may become significant in 

very slender or super-tall buildings subjected to severe 

lateral loading, the proposed model is primarily intended for 

preliminary design applications and analytical assessment 

within the elastic range. Future studies may extend the 

present formulation by incorporating geometric nonlinearity 

to evaluate its influence on the optimal outrigger 

configuration. 

The proposed analytical formulation neglects the 

contribution of shear lag in the perimeter columns, 

consistent with the assumptions adopted in many classical 

closed-form analytical models of outrigger systems. This 

simplification facilitates the derivation of explicit analytical 

relationships and enables a clear assessment of the influence 

of wind loading intensity on the optimal placement of 

outriggers. Nevertheless, shear lag may affect the 

distribution of axial forces and bending moments in 

perimeter columns, particularly in slender buildings with 

complex belt truss configurations. 

1.1 Structure with Two Outriggers 

To derive the governing analytical relations, a structure with 

two outriggers is initially considered, and the resulting 

equations are later generalized for a system with (n) 

outriggers.  

The equivalent static wind load acting along the height of 

the building is assumed to follow the following distribution: 

(1) ( ) ( )q x w H x    
Where q(x) is the lateral wind load intensity at elevation x, 

w is the reference wind load intensity, H is the total height 

of the structure, and β is the wind load distribution 

coefficient controlling the variation of the wind load along 

the building height. Higher values of β represent a greater 

concentration of the wind load toward the upper portion of 

the structure. The adopted wind load profile is illustrated 

schematically in Figure 1. The bending moment diagram and 

its equation for the central core in the absence of the 

outrigger, derived using equilibrium equations, are shown in 

Figure 1.

 

 
Fig. 1: Bending moment induce in the central core under wind load 

The presence of outriggers significantly reduces both 

lateral displacements and bending moments in the central 

core. The magnitude of moment reduction depends on the 

mechanical properties of the core, perimeter columns, and 

the flexural stiffness of the outriggers. Denoting the 

moment reduction provided by an outrigger at elevation x1 

as M1 and at x2 as M2, the resulting moment distributions 

with and without outriggers are depicted in Figure 2.  
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Figure. 2. Moment and displacement generated in a building with two outriggers. 

For a structure with two outriggers, the core rotations at 

levels x1 and x2 due to core bending are obtained from Eq. 

(1). 
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 Where (EI) represents the flexural rigidity of the central 

core, and (Ɵ1) and (Ɵ2) denote the rotations at elevations 

x1 and x2, respectively. 

Due to axial forces in the columns and bending in the 

outriggers, additional rotations occur at the outrigger–core 

connections. Considering these effects, the rotations at x1 

and x2 are expressed in Eqs. (3) and (4),  

(3) 
1 1 2 2 1

1 2 2

2 ( ) 2 ( )

12( )( ) ( ) oC C

M H x M H x M d

EId EA d EA


 
  

 

(4) 1 2 1 2

2 2

2( )( )

12( )( ) oC

M M H x M d

EId EA


 
   

Where (EA)C and (EI)o are the axial stiffness of the 

columns and the flexural stiffness of the outriggers, 

respectively. 

By enforcing rotational compatibility, the rotations of the 

outrigger and the core at the connection points must be 

equal. Accordingly, the compatibility relations at levels x1 

and x2 are given in Eqs. (5) and (6).  
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After algebraic simplification, the final governing relations 

are expressed in Eqs. (7) and (8). 

(7) 

   1 1 1 2 2

3 1

1 1 1 1

( ) ( )

2( ) ( 3)( ) ( ( ) 2 )

2( 1)( 2)( 3)

w
M S S H x M S H x

EI

H x H x H H x x  

  

 

    

      
 

   

 

(8) 
   1 2 2 1 2

3 1

2 2 2 2

( ) ( )

2( ) ( 3)( ) ( ( ) 2 )

2( 1)( 2)( 3)

w
M S H x M S S H x

EI

H x H x H H x x  

  

 

    

      
 

   

 

(9) 12

1 2
,

12( )( ) oC

d
S S

EI EId EA
  

 
By expressing Eqs. (7) and (8) in matrix form, Eq. (10) is 

obtained, enabling the calculation of the restraint moments 

at x1 and x2. Subsequently, the outrigger moments are 

determined from Eq. (11). 
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Finally, the base moment of the central core under wind 

load and the presence of two outriggers is computed using 

Eq. (12), where Me represents the base moment.  
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Moreover, the maximum lateral displacement at the top of 

the structure, considering the reduction in moment due to 

the outriggers, is calculated using the moment-area method 

and simplified into Eq. (13). 
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2.2. Structure with (n) Outriggers 

After deriving the relations for a structure with two 

outriggers, these equations are generalized for a system 

with (n) outriggers. In this case, Eq. (11) is rewritten in its 

general form as Eq. (14). 
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Accordingly, the base moment and maximum lateral 

displacement of the structure with (n) outriggers are 

computed from Eqs. (15) and (16). 
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It should be noted that the present study is based on the 

equivalent static representation of wind loading, which is 

commonly adopted during the preliminary design of tall 

buildings. The parameter β is employed to characterize 

different vertical distributions of wind loading intensity 

and is not intended to represent the complete dynamic 

characteristics of wind excitation. Consequently, 

important aerodynamic phenomena such as vortex 

shedding, cross-wind vibrations, aerodynamic damping, 

and aeroelastic interactions are beyond the scope of the 

present analytical formulation. Although these effects may 

become significant for very slender or super-tall buildings, 

the proposed analytical model provides an efficient 

framework for evaluating the influence of wind load 

intensity on the optimal placement of outrigger systems 

under equivalent static loading. Future studies may extend 

the present formulation by incorporating dynamic wind 

loading models and aeroelastic effects. 

3. Optimal Location of Outriggers for 

Minimizing Base Moment 

According to Eq. (15), the base moment of the central core 

is a function of the outrigger locations x1, x2, x3,. … , xn. 

To determine the optimal outrigger placement that 

minimizes the base moment, Eq. (15) must be minimized. 

Considering that the first term of this equation is constant, 

minimizing the base moment is equivalent to maximizing 

the second term of the equation. To achieve this, the 

derivative of the second term with respect to each outrigger 

location x1, x2, x3, …, xn is taken, and the resulting 

system of (n) equations, corresponding to Eq. (18), is set 

to zero: 
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Solving this system yields the optimal locations x1, x2, x3, 

…, xn that minimize the base moment of the structure. 

To account for the influence of all structural components 

and to eliminate the dependence of the governing 

equations on absolute geometric and material properties, 

dimensionless parameters are defined as expressed in Eq. 

(19) [10]. 

(19) 2
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( )
( ) ( )
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The parameter λ represents the stiffness ratio between the 

central core and the perimeter columns, while γ denotes the 

stiffness ratio between the central core and the outriggers. 

To incorporate the combined effects of all structural 

components on the optimal location of outriggers, a 

dimensionless parameter is defined by Eq. (20) [10]. 

(20) 
12(1 )







 
By introducing the parameter ꞷ, the behavior of outrigger-

supported structures can be described in a simplified and 

unified manner. For constant values of the other structural 

parameters, an increase in the flexural stiffness of the 

outriggers results in a decrease in ꞷ, whereas an increase 

in the axial stiffness of the perimeter columns leads to an 

increase in this parameter. By solving the governing 

equations in terms of ꞷ, the optimal outrigger locations 

that minimize the base moment of the structure can be 

determined. 

Wind loading is influenced by several factors, including 

the geographical location of the building, ground 

roughness characteristics, and surface irregularities in the 

surrounding environment. In this study, to investigate the 

effect of wind intensity on the optimal location of 

outriggers, four different values of β (β=0.14, 0.26, 

0.38,0.50) are considered. In addition, to evaluate the 

influence of the number of outriggers on the structural 

response, systems with 1, 2, 3, and 4 outriggers are 

examined. 

3.1. Structure with One Outrigger 

Figures 3 and 4 illustrate the optimal outrigger location for 

a structure equipped with a single outrigger and the effect 

of wind intensity on its optimal location.  

  

  
Fig. 3:  Optimal outrigger location for a building with a single outrigger 

 
Fig. 4: Ratio of the optimum location of outrigger with intensity 

β=0.5 to intensity β=0.14 

The results indicate that increasing the axial stiffness of the 

perimeter columns, increasing the flexural stiffness of the 

central core, and decreasing the flexural stiffness of the 

outrigger lead to a shift of the optimal outrigger location 

toward higher elevations of the building. Variations in the 

mechanical properties of the structural members can cause 

the optimal outrigger position to change by up to 

approximately 30% of the total building height. 

Furthermore, the influence of wind intensity on the optimal 

outrigger location is found to be relatively limited. 
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Nevertheless, as wind intensity increases, the optimal 

outrigger position corresponding to the minimization of 

the base moment tends to shift upward along the height of 

the structure. 

 

3.2. Structure with Two Outriggers 

Figures 5 and 6 present the optimal locations of the 

outriggers for a structure equipped with two outriggers, 

along with the influence of wind intensity on their optimal 

location. 

  

  
Fig. 5: Optimal outrigger location for a building with two outriggers 

 
Fig. 6: Ratio of the optimum location of outriggers with 

intensity β=0.5 to intensity β=0.14 

The results indicate that increasing the axial stiffness of the 

perimeter columns, increasing the flexural stiffness of the 

central core, or decreasing the flexural stiffness of the 

outriggers leads to an increase in the spacing between the 

two outriggers, while simultaneously shifting their 

locations toward higher elevations of the building. 

Moreover, as wind intensity increases, the optimal spacing 

between the two outriggers becomes larger, and their 

optimal positions move upward along the height of the 

structure. It is also observed that when the ratio of the 

flexural stiffness of the central core to that of the outriggers 

is smaller, wind intensity has a more pronounced effect on 

the variation of the optimal outrigger locations, resulting 

in greater positional shifts. 

3.3. Structure with Three Outriggers 

Figures 7 and 8 illustrate the optimal outrigger locations 

for a structure equipped with three outriggers and the effect 

of wind intensity on their optimal location.  
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Fig. 7: Optimal outrigger location for a building with three outriggers 

 
Fig. 8: Ratio of the optimum location of outriggers with 

intensity β=0.5 to intensity β=0.14 

The results indicate that as the number of outriggers 

increases, those located at lower elevations tend to move 

closer to each other. In other words, in buildings with 

multiple outriggers, achieving the optimal configuration 

for minimizing the base moment may result in some 

outriggers being placed at adjacent or closely spaced 

levels. Furthermore, increasing the flexural stiffness of the 

outriggers leads to a reduction in the optimal spacing 

between them. With respect to wind intensity, the results 

reveal that as wind intensity increases, the outrigger 

located at higher elevations is more significantly affected, 

exhibiting a greater shift in its optimal position compared 

to the lower outriggers. 

3.4. Structure with Four Outriggers 

Figures 9 and 10 illustrate the optimal outrigger locations 

for a structure equipped with four outriggers and the 

influence of wind intensity on their optimal location

.  

  

  
Fig. 9: Optimal outrigger location for a building with four outriggers 



 
S.  Baygi and A. Khazaee                                                               Numerical Methods in Civil Engineering, 10-4 (2026) 44-58 
 

52 

 

 
Figure. 10. Ratio of the optimum location of outriggers with 

intensity β=0.5 to intensity β=0.14 

The results indicate that when the number of outriggers 

increases to four, and the ratio of the flexural stiffness of 

the outriggers to that of the central core is large, the 

outriggers tend to move closer to each other, potentially 

being located at adjacent floor levels. Moreover, when the 

flexural stiffness ratio between the outriggers and the 

central core becomes very large, increasing the number of 

outriggers does not lead to a significant improvement in 

structural performance in terms of reducing the base 

bending moment of the core. This behavior suggests that 

the outrigger system reaches a stiffness saturation state, 

beyond which adding more outriggers yields diminishing 

returns. 

4. Optimal Outrigger Location for 

Minimizing Maximum Building Displacement 

Using Eq. (16), the maximum lateral displacement of the 

building can be evaluated. To determine the optimal 

outrigger locations that minimize this displacement, Eq. 

(16) is differentiated with respect to the outrigger positions 

x1, x2, x3, …, xn. This procedure yields a system of n 

equations, which are set to zero according to Eq. (21). 
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By simultaneously solving this system of equations, the 

optimal outrigger locations x1, x2, x3, …, xn that 

minimize the maximum lateral displacement of the 

building are obtained. 

4.1. Structure with One Outrigger (Maximum 

Displacement Criterion) 

Figures 11 and 12 depict the optimal outrigger location and 

the influence of wind intensity on this location for a 

structure equipped with a single outrigger.  

  

  
Fig. 11: Optimal outrigger location for a building with a single outrigger 



 
S.  Baygi and A. Khazaee                                                               Numerical Methods in Civil Engineering, 10-4 (2026) 44-58 
 

53 

 

 
Fig. 12: Ratio of the optimum location of outriggers with 

intensity β=0.5 to intensity β=0.14 

The results indicate that, in single-outrigger structures, 

wind intensity has a relatively minor effect on the 

displacement of the optimal outrigger position. 

It is also observed that a reduction in the flexural stiffness 

of the central core or an increase in the flexural stiffness of 

the outrigger amplifies the effect of wind intensity on the 

optimal outrigger displacement. The flexural stiffness ratio 

between the central core and the outrigger exerts the most 

significant influence on the optimal outrigger location, 

whereas the axial stiffness of the columns has the least 

effect on the displacement of the outrigger position. 

4.2. Structure with Two Outriggers (Maximum 

Displacement Criterion) 

Figure 13 illustrates the optimal outrigger locations for a 

structure with two outriggers subjected to wind loads of 

varying intensities. Figure 14 shows a comparison of the 

optimal outrigger locations for β=0.5 and β=0.14. 

  

  
Fig. 13: Optimal outrigger location for a building with two outriggers 

 
Fig. 14: Ratio of the optimum location of outriggers with 

intensity β=0.5 to intensity β=0.14 

The results indicate that as wind intensity increases, and if 

the flexural stiffness ratio of the central core to the 

outriggers is large, the two outriggers move closer 

together, shifting the optimal outrigger locations toward 

the upper sections of the building. Conversely, as the axial 

stiffness of the columns decreases, the distance between 

the two outriggers increases, causing their optimal 

locations shift downward in the building. When the 

flexural stiffness of the outriggers is significantly higher 

than that of other structural components, the spacing 

between the outriggers increases, and their optimal 

location shifts downward in the structure. 

4.3. Structure with Three Outriggers (Maximum 

Displacement Criterion) 

Figure 15 presents the optimal outrigger locations for a 

structure equipped with three outriggers subjected to wind 

loads of varying intensities. Figure 16 illustrates the ratios 

of the optimal outrigger locations corresponding to β=0.5 

to those obtained for β=0.14. 
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Fig. 15: Optimal outrigger location for a building with three outriggers 

 
Fig. 16: Ratio of the optimum location of outriggers with 

intensity β=0.5 to intensity β=0.14 

The results indicate that as the number of outriggers 

increases, those located at lower elevations of the building 

tend to move closer to each other compared to the 

outriggers placed at higher levels. In addition, increasing 

wind intensity causes the optimal outrigger locations to 

shift toward the upper portions of the building. It is also 

observed that increasing the flexural stiffness of the 

outriggers or decreasing the flexural stiffness of the central 

core amplifies the influence of wind intensity on the 

displacement of the optimal outrigger located at higher 

elevations. 

4.4. Structure with Four Outriggers (Maximum 

Displacement Criterion) 

Figure 17 illustrates the optimal outrigger locations for a 

structure equipped with four outriggers subjected to wind 

loads of varying intensities. Figure 18 presents the ratios 

of the optimal outrigger locations corresponding to β=0.5 

to those obtained for β=0.14. 
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Fig. 17: Optimal outrigger location for a building with four outriggers 

 
Fig. 18: Ratio of the optimum location of outriggers with 

intensity β=0.5 to intensity β=0.14 

The results indicate that reducing the axial stiffness of the 

perimeter columns, while keeping the other structural 

parameters constant, amplifies the influence of wind 

intensity on the displacement of the optimal outrigger 

locations. Moreover, as the number of outriggers increases, 

the largest variation in the optimal location is observed for 

the lowest outrigger, whereas the smallest variation 

corresponds to the outrigger positioned at the highest 

elevation of the building. 

5. Ratio of Optimal Outrigger Elevation for 

Minimizing Base Moment to That for 

Minimizing Maximum Displacement 

Figures 19 to 22 present the ratio of the optimal outrigger 

elevations obtained for minimizing the base bending 

moment to those corresponding to minimizing the 

maximum building displacement, considering different 

numbers of outriggers. 

 
Fig. 19: Ratio of optimal location to minimize the base moment 

to minimize the maximum building displacement for one 

outrigger 

 
Fig. 20: Ratio of optimal location to minimize the base moment 

to minimize the maximum building displacement for two 

outriggers 

 
Fig. 21: Ratio of optimal location to minimize the base moment 

to minimize the maximum building displacement for three 

outriggers 
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Fig. 22: Ratio of optimal location to minimize the base moment 

to minimize the maximum building displacement for four 

outriggers 

The results demonstrate that the optimal outrigger 

locations derived based on the base moment minimization 

criterion are consistently positioned at lower elevations 

compared to those obtained from the maximum 

displacement minimization criterion. This difference 

reflects the fundamentally distinct nature of the two design 

objectives and their associated stiffness distribution 

requirements along the building height. 

For structures equipped with a single outrigger, increasing 

the flexural stiffness of the central core or decreasing the 

flexural stiffness of the outrigger leads to a significant 

increase in the relative separation between the optimal 

locations corresponding to the two design criteria. This 

behavior highlights the high sensitivity of the optimal 

outrigger position to stiffness parameters in systems with 

a limited number of outriggers. 

As the number of outriggers increases, the influence of 

variations in structural member properties on the ratio of 

optimal outrigger elevations for base moment and 

maximum displacement minimization becomes less 

pronounced, and the values of this ratio tend to converge. 

This indicates that employing multiple outriggers 

promotes a more unified structural response with respect 

to strength and serviceability performance criteria. 

Although both optimization objectives are achieved by 

adjusting the outrigger locations, the governing structural 

mechanisms are fundamentally different. Minimizing the 

base moment is primarily associated with reducing the 

overturning moment transferred to the foundation through 

an efficient redistribution of internal forces between the 

core and the perimeter columns. In this case, the outrigger 

system acts mainly by mobilizing axial forces in the 

exterior columns, thereby reducing the bending moment 

carried by the core. Conversely, minimizing the maximum 

lateral displacement is governed by the global stiffness of 

the structural system. The outrigger location must 

therefore be selected to maximize the overall flexural 

stiffness and minimize the cumulative lateral deformation 

over the building height. Since one objective is controlled 

mainly by force redistribution whereas the other depends 

on deformation control, the corresponding optimal 

outrigger locations are generally different. This distinction 

becomes more evident as the wind loading intensity 

increases. 

6. Discussion and Conclusion 

In this study, the influence of wind load intensity on the 

optimal locations of outriggers for minimizing the 

maximum building displacement and the base bending 

moment of the central core was investigated. To this end, 

a set of simplifying assumptions was adopted to derive the 

governing analytical relationships in matrix form. The 

optimal outrigger locations under various wind intensities 

and different numbers of outriggers were determined using 

MATLAB. Based on the analysis of the obtained results, 

the following conclusions can be drawn: 

The conducted parametric study also provides insight into 

the robustness of the proposed optimal outrigger locations. 

Since the parameters λ, γ, and ω represent the relative 

stiffness of the core, perimeter columns, and outrigger 

system, varying these parameters effectively evaluates the 

sensitivity of the analytical solution to changes in 

structural stiffness. The results indicate that the optimal 

outrigger locations vary gradually with changes in the 

stiffness ratio and wind loading intensity, while the overall 

optimization trends remain unchanged. This stable 

behavior suggests that the proposed analytical formulation 

is sufficiently robust for preliminary design applications. 

Consequently, selecting an intermediate location within 

the identified optimal region is expected to maintain 

satisfactory structural performance even under moderate 

variations in structural stiffness. Nevertheless, a formal 

robustness assessment based on quantitative sensitivity 

indices and multi-objective optimization techniques could 

provide further insight and is recommended for future 

studies. 

The results indicate that increasing wind load intensity 

shifts the optimal outrigger locations toward higher 

elevations of the building while reducing the spacing 

between outriggers. This behavior reflects the dominant 

role of wind loading in activating the upper portions of tall 

buildings to control the overall structural response. 

An increase in the flexural stiffness of the central core or a 

decrease in the flexural stiffness of the outriggers amplifies 

the sensitivity of the optimal outrigger locations to wind 

load intensity, leading to more pronounced shifts in their 

optimal positions as wind intensity varies. 

Increasing the flexural stiffness of the central core, 

decreasing the flexural stiffness of the outriggers, or 

increasing the axial stiffness of the columns causes the 

optimal outrigger locations for both maximum 

displacement minimization and base moment 
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minimization to move upward along the building height, 

while simultaneously reducing the spacing between 

outriggers. This observation highlights the strong 

interaction between stiffness distribution and lateral load 

transfer mechanisms in outrigger-supported systems. 

A comparative evaluation of the two design criteria reveals 

a significant discrepancy between the optimal outrigger 

locations obtained for minimizing the base bending 

moment of the central core and those corresponding to 

minimizing the maximum building displacement, 

particularly in structures with a limited number of 

outriggers. This finding emphasizes the importance of 

explicitly selecting the governing design objective during 

the preliminary design stages of tall buildings. 

The proposed analytical formulation is intended as a 

preliminary design and analytical tool for evaluating the 

influence of wind loading intensity on the optimal 

placement of outrigger systems. Although the governing 

equations are derived from established structural 

mechanics principles, further validation using detailed 

finite element models, such as ETABS, SAP2000, or 

Abaqus, would provide additional confidence in the 

applicability of the proposed approach to practical 

structural design. Such validation constitutes an important 

direction for future research. 

From a practical design perspective, the proposed 

analytical relationships provide structural engineers with 

an efficient tool for estimating the influence of wind 

loading intensity on the optimal placement of outrigger 

systems during the preliminary design stage. The results 

demonstrate that variations in wind load intensity and 

structural stiffness can significantly alter the optimal 

outrigger configuration depending on the selected 

structural performance criterion. Consequently, these 

parameters should be carefully considered during the 

conceptual design of high-rise buildings. 

The present analytical formulation is based on several 

simplifying assumptions, including linear elastic structural 

behavior, equivalent static wind loading, constant 

structural stiffness along the building height, and the 

neglect of shear lag and second-order (P–Δ) effects. These 

assumptions enable the derivation of closed-form 

analytical relationships but may limit the direct 

applicability of the model to complex structural systems 

exhibiting significant nonlinear or dynamic behavior. 

Future research may focus on extending the proposed 

analytical framework by incorporating geometric 

nonlinearity, variable stiffness distributions along the 

building height, shear lag effects, and dynamic wind 

loading. 
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