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Abstract. The optimum locations of the outriggers are analyzed for the outrigger-braced 
structure with the core being uniform in sections throughout the height of the structure. The 
analysis is carried out with the flexibility method by considering the compatibility of the col-
umn’s axial de-formation. The optimum objective aims at reducing the top-drift by finding the 
locations of the outriggers. The procedure of optimum analysis for the outrigger-braced 
structure is presented in detail in the paper. Various lateral loading cases are considered in 
the analysis, including uniformly distributed loading, triangularly distributed loading, and the 
loading with parabolic distribution. The influences of various structure parameters such as 
the flexural stiffness of core, outriggers, and columns are all discussed. Numerical results are 
presented and discussed. The results for the structures with different number of outriggers are 
given. Eventually, the efficiency analyses are also given with the determined optimum loca-
tions. The results between the structures with non-uniform core and uniform core are com-
pared to show their difference of the optimum locations of the outriggers, and relevant effi-
ciencies in reducing the top-drift. 
 
Keywords: optimum locations of outriggers, non-uniform core, core-moment and top-drift 
reduction. 

1. INTRODUCTION 

Among numerous structures resisting lateral forces, outrigger-braced structure is one 
of the typical structures popularly employed in tall building design. It basically possesses 
three components: a reinforced concrete shear wall or braced steel core frame, flexural canti-
levers or outriggers, and exterior columns. Generally, the core and exterior columns are con-
nected to the outriggers respectively at several levels, which forms a structure to resist lateral 
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force efficiently. The analysis for the preliminary design of the outrigger-braced structure was 
initially given by Smith and Salim in 1981 [2]. In their studies, the sectional stiffness of the 
core is assumed to be uniform over the entire height. In real structural design, the sectional 
stiffness of the core may not be uniform in tall building design. In this paper, the sectional 
properties of the core and columns are assumed to be varied at different levels so as to fulfill 
the more real situation. In this study, the governing equations for the optimum locations of 
outriggers and top-drift reduction efficiency under various lateral loads are formulated based 
on the idea presented by Er and Iu in [1]. In addition, the influence of the relative stiffness 
parameters on the structural behavior at different levels is investigated. Numerical results ob-
tained with non-uniform core will be presented and compared to numerical results obtained 
with uniform core.  

2. GOVERNING EQUATIONS ON STRUCTURE WITH UNIFORM CORE AND 
COLUMN 

The study on the outrigger-braced structure for preliminary design of the structure was 
based on the following assumptions [2]: a) The structure behaves linear elastically; b) The 
major structural components of core, columns and outriggers are flexural rigid; c) Only axial 
forces are induced in the exterior columns; d) Outriggers are rigidly attached to the core while 
the core is rigidly connected to the base; e) The sectional properties of the core and column 
remain uniform over the entire height. Generally, assumptions a) to d) are reasonable in pre-
liminary design under lateral loads. However, the last assumption is not valid to most of the 
tall buildings as the sizes of core and columns are generally reduced along the structure 
height.  

Consider a simplified uniform core structure with n outriggers under uniform distrib-
uted lateral load, as shown in Fig 1.  

Figure 1. Outrigger braced structure with material and dimensional parameters  



 
 

In Fig. 1, EI is the flexural rigidity of the core; (EI)0 is the effective flexural rigidity of 
the outriggers; EA is the axial rigidity of the exterior column; H is the entire height of the 
core; d/2 is horizontal distance between centroid of core and exterior column; q is the lateral 
loading; Ni is the axial force in the column between ith and (i+1)th level of outriggers. 𝑦𝑖 = 𝑥𝑖

𝐻
 

is the relative location of the ith outrigger with 𝑥𝑖, being the distance between the ith outrigger 
and the top of structure; 𝜔 = 𝑠1

𝑠𝐻
 is the relative rigidity of core-column system and outriggers 

with 𝑠 = 1
𝐸𝐼

+ 2
𝑑2(𝐸𝐴)𝑐

 and 𝑠1 = 𝑑
12(𝐸𝐼)0

; 𝛼 = 2𝐸𝐼
𝑑2(𝐸𝐴)𝑐

 is the relative rigidity between core and 
column. Aiming at minimizing the top-drift, the optimum levels of outriggers can be located 
by solving the equations formulated by setting the derivative of 0∆  in Eq. (1) with respect to 
𝑦𝑗 to zero. It is noted that the optimum values of the outriggers are mainly influenced by the 
relative rigidity parameter 𝜔. The following equations were obtained for the structure with 
uniform core under uniform lateral loading with the compatibility of the axial deformation of 
columns [1]. 
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𝑞𝐻4
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3. GOVERNING EQUATIONS ON STRUCTURE WITH NON-UNIFORM CORE 
AND COLUMN 

For a more realistic model, the assumption e) mentioned above is replaced by: The 
moment inertia of core and the sectional area of columns vary simultaneously between differ-
ent outrigger levels of the structure. Therefore, the parameter ki, about the relative sectional 
stiffness of core and column between ith and (i+1)th level of outriggers is introduced in the this 
study. The value of this parameter is assigned to be 1 for the bottom portion and reduces for 
the above portions linearly or quadratically. The structure of non-uniform core-column system 
with n outriggers under uniformly distributed lateral load is demonstrated in Fig. 2.  

Figure 2. Outrigger-braced structure with non-uniform core and column 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

The top-drift equation of non-uniform structure and uniformly lateral load can be for-
mulated with the flexibility method to be: 
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Setting the derivative of the ∆0 in Eq. (2) with respect to 𝑦𝑗 to zero, the optimum loca-
tions of outriggers with the objective of minimizing the top-drift can be determined numeri-
cally. Comparing to the governing equations expressed by Eqs. (1) and (2), more parameters 
are considered in the analysis, including the relative rigidities between core-column system 
and outriggers(𝜔), core and column (𝛼), and the parameter about the relative sectional stiff-
ness (𝑘𝑖). Therefore, more complex and comprehensive structural simulation is developed for 
the optimum locations of the outriggers.  

The governing equations for top-drift can be further extended for various lateral loads. 
In this paper, two common types of lateral loading cases are considered: (1) triangularly dis-
tributed over the height and (2) parabolically distributed over the height. The wind load is 
commonly modeled with these kinds of distributed load for tall building. The relevant equa-
tions are derived. The different lateral loading cases are shown in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Structure with non-uniform core and columns and different types of lateral loadings 

For triangular lateral loading, the top-drift equation is obtained to be: 
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For parabolic lateral loading, the top-drift equation is obtained to be: 
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4. ANALYSIS ON THE OPTIMAL LOCATIONS OF OUTRIGGERS 

Aiming at minimizing the top-drift, the optimum levels of outriggers can be located by 
solving the nonlinear algebraic equations formulated by setting the derivative of ∆0 in Eqs. 
(2), (3) and (4) with respect to �⃑� to zero: 

⎩
⎪
⎪
⎨

⎪
⎪
⎧
∂∆0
∂y1
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⋮
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It is obvious that the equations obtained from Eq. (5) in the case of non-uniform core 
and columns involve more parameters which greatly influence the analysis for optimum out-
rigger locations. The non-uniform structure under uniform lateral load is analyzed first. Subs-
tituting the matrices into equation with further simplification gives: 
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It is found that more parameters can influence the optimum locations of outriggers for 
the structures with variable cross sections of core and columns, including 𝑘�⃑ , the parameter 
about the relative sectional stiffness of core and column; 𝛼, the flexural rigidity ratio of core-
to-column, as well as the parameter 𝜔 and the type of lateral loading. 

In the numerical analysis, certain values are assigned to these parameters and some re-
sults are obtained and presented in Figs 4-6 in which the results corresponding to different 
loads are also compared. The results shown in Figs 4-6 are about the optimum locations of 
outriggers in the structure with three outriggers.: 



 
 

 
Figure 4. Optimum outrigger locations with different core and columns sections in uniform, 

linear and square variation under uniform loading (𝛼 = 1) 
 
 
 

 
Figure 5. Optimum outrigger locations when the core and column sections vary linearly  

under uniformly distributed load (𝛼 = 0.2, 1 𝑎𝑛𝑑 5) 
 
 



 
 

 
Figure 6. Optimum outrigger locations when the core and column sections vary linearly 

under different lateral loads (𝛼 = 1) 
 

From the numerical analysis, some significant behaviours are observed and discussed in the 
following. 

1)  For more flexible outriggers with bigger value of 𝜔, the following trend of the op-
timum locations of outriggers is observed. The bottom outrigger location moves upward 
with a greater slope when 𝜔 is small, and with a flatter slope when 𝜔 closes to 1. The le-
vels of other outriggers generally linger in a short range (around 10% of the structure 
height). On the other hand, the distances between outriggers are gradually reduced. 
2)  In the aspect of the sectional properties of core-column (𝑘�⃑ ) , higher level of sec-
tional variation induces higher optimum outriggers locations. When 𝜔 ≈ 0, The outrigger 
locations are generally higher than or closed to the evenly distributed locations 
� 1
𝑛+1

2
𝑛+1

⋯�. When 𝜔 ≈ 1, the outrigger locations are closed to the second order di-

vided point at �� 1
𝑛+1

�
2

� 2
𝑛+1

�
2

⋯�. 

3)  Increasing the relative rigidity of core to column with bigger value of 𝛼, by in-
creasing the core stiffness or reducing the column section stiffness dramatically, the opti-
mum levels of outriggers also move upward as well.  
4)  It is observed that the difference of optimum outrigger locations is very small for 
different types of lateral loadings.  

In short, the optimum locations are greatly varied between uniform and non-uniform 
sectional properties, and hence it is necessary to take the change of sectional stiffness of core-
column into account in the preliminary design for outrigger locations. On the other hand, the 
assumption of uniform lateral loading is suitable for the preliminary design as the results from 
the convenient calculation are pretty closed to the ones obtained by other complicated loads.  



 
 

5. DERIVATION OF TOP-DRIFT REDUCTION EFFICIENCY 

The measurement of the influence of the optimum locations of outriggers on the top-
drift reduction can be conducted by efficiency analysis. The approach offers quantitative 
evaluation on the performance of the optimized locations of outriggers. According to [2], re-
duction efficiency is to express the relative value in percentages of the reduced top-drift or 
core-moment of the optimized structure and the maximum possible top-drift or core-moment 
reduction correspondingly when the core and columns work independently.  

The term of maximum possible reduction of fully composite behavior of the structure 
means that the stresses in vertical structural components are proportional to the corresponding 
distances from their common centroidal axis. In this case, an overall flexural rigidity of the 
structure with uniform core and columns is given by: 
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𝑑2(𝐸𝐴)𝑐
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1
𝛼
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For the structure with variable core and columns, the overall flexural rigidity of verti-
cal components between ith and (i+1)th outriggers is given by: 
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𝛼
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The structure with n outriggers and under uniform distributed loadings is given for ef-
ficiency analysis. The expressions of drift reduction(∆e) is obtained to be 

∆e=
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The following expression for the maximum possible reduction of top-drift is obtained 
based on the assumption of overall flexural rigidity: 
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As a result, the top drift reduction efficiency is given as  
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Similarly, the expressions of the reduction efficiency in the case of triangular and par-
abolic wind loads can be determined with different parameters and matrix expressions. For 
triangular lateral loading, the top-drift reduction efficiency is obtained to be 
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22
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For parabolic lateral loading, the top-drift reduction efficiency is obtained to be: 

𝜌∆𝑒 =
9

200
�𝐵𝑁𝑝�[𝐴𝑁]−1{𝐷}
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For different values of outrigger numbers n, the parameter about the relative sectional 
stiffness of core and column 𝒌��⃑ ; the flexural rigidity ratio of core and column 𝜶, and the type 
of lateral loadings. The curves of reduction efficiency are shown in the following figures. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Drift reduction efficiency for structure with different outrigger numbers  
(𝛼 = 1,  𝑘���⃑  𝑖𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛, 𝑢𝑛𝑖𝑓𝑜𝑟𝑚 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Drift reduction efficiency for structure with non-uniform core and columns sections 
in uniform, linear and square variation (𝛼 = 1, 𝑡ℎ𝑟𝑒𝑒 𝑜𝑢𝑡𝑟𝑖𝑔𝑔𝑒𝑟𝑠,𝑢𝑛𝑖𝑓𝑜𝑟𝑚 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) 
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Fig. 9  Drift reduction efficiency for structure with different flexural rigidity ratio of core-

to-column (𝑘�⃑  𝑖𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛, 𝑡ℎ𝑟𝑒𝑒 𝑜𝑢𝑡𝑟𝑖𝑔𝑔𝑒𝑟𝑠,𝑢𝑛𝑖𝑓𝑜𝑟𝑚 𝑙𝑜𝑎𝑑𝑖𝑛𝑔) 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Drift reduction efficiency for structure under different lateral loadings  
(𝛼 = 1,𝑘�⃑  𝑖𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛, 𝑡ℎ𝑟𝑒𝑒 𝑜𝑢𝑡𝑟𝑖𝑔𝑔𝑒𝑟𝑠) 
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From the graphical results of top-drift reduction efficiency in Fig. 7-10, the perfor-
mance of optimum outrigger locations can be commented as follows: 
1) As the number of outriggers in a structure increases when other parameters such as core-

column sectional property and type of lateral loading remain unchanged, the more reduc-
tion in top-drift. However, the diminishing effect applies on the performance of drift re-
duction that the increments of increase in efficiency reduce for each additional outrigger.  

2) When 𝜔, the relative rigidity between core-column system and outriggers, increases, the 
drift reduction efficiency gradually decreases.  

3) The other parameters such as the core-column sectional variation, the flexural rigidity 
ratio of core-to-column and lateral loadings do not have too much influence on the drift 
reduction efficiency.  

6. CONCLUSIONS 

In this study, the optimum locations and the behaviour of the outrigger-braced struc-
ture with non-uniform core section are analyzed. Compared to the structure with uniform core, 
the parameters about the relative stiffness of cores and columns at different levels are taken 
into account and hence more comprehensive analysis is conducted for the reference of real 
structure design. The influence on the optimum outrigger locations by various parameters are 
presented and discussed. It is observed that different relative stiffness of the core and columns 
between different outriggers can influence the optimum locations of the outriggers a lot while 
the reduction efficiency of top drift is not much influenced. 
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