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ABSTRACT
 
 

All design projects, regardless of their complexity or their structural approach, are governed by one 
major principle, that of using the minimum necessary material. In a time of limited resources and 
financial uncertainty, engineering optimum solutions can eventually affect not only the success but 
also the accomplishment of several projects. Especially for high-rise buildings, the complexity of the 
solutions and the difficulty of their implementation, necessitate optimization techniques which are 
proven crucial for the desired outcome of the design concept.  

The race towards new heights has not been without challenges. After the invention of elevators by 
E.G. Otis and the use of structural steel as the building material, tall structures have continued to 
climb higher and higher facing strange wind effects and very high wind loading values. Usually, any 
increase in height is combined with unintended increase in flexibility and possible lack of stiffness or 
damping adds vulnerability to the structure for severe wind actions. 

Steel and concrete are the two most commonly used materials in the design of high-rise structures. 
Both have their unique qualities but can be distinguished by their unit price. Therefore, determining 
their optimum performance is a key factor when material price is of concern. By understanding the 
fundamental physical characteristics of each structural system and then by applying specific 
optimization techniques, it is possible to monitor the value added through each member’s efficiency, 
relative to drift. This efficiency can be represented as a normalized value.  

Undoubtedly, the factor that governs the design of a tall and slender structure most of the times is 
not the fully stressed state, but the drift of the building for wind loading. There are numerous 
structural lateral systems used in high-rise building design such as: shear frames, shear trusses, 
frames with shear core (figure 1), framed tubes, trussed tubes, superframes etc. However, the 
outriggers and belt trusses system is the one providing significant drift control for the building.  
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Figure 1: Structure with frames and shear core, under wind loading (left) and the 

bending moment diagram of the concrete core (right). 

The way in which outboard columns resist part of the overturning moment produced by wind on a 
structure with outriggers, is illustrated in Figure 2. The outrigger trusses which are connected to the 
core and to the columns outboard of the core, restrain the rotation of the core and convert part of its 
the bending moment into a vertical couple of forces at the columns. The shortening or the elongation 
of the columns and the bending deformation of the outrigger trusses permit some rotation of the core 
at the outriggers.  

 
 

Figure 2: Structure with outriggers, under wind loading (left) and the bending 

moment diagram of the concrete core (right). 

The ability to shed the overturning moment from the core of a building to the outriggers can be 
improved by tuning the strength of the outriggers to efficiently convert moments into a vertical 
couple of forces restrained by the columns. The original moment in the core can be viewed as either a 
vertical couple concentrated at the perimeter of the core, a horizontal couple confined by the depth of 



the outrigger, or else a combination of both. Depending on the configuration of the core and the 
connection of the outriggers to it, one load path may prove favorable to another.  

The integration of the outrigger to the concrete core can be further optimized by guaranteeing 
concentrated core forces into the outriggers. Overall the amount of the steel attributed to the 
outriggers relative to the steel associated with the columns is preferable in terms of efficiency, namely 
because adding steel to the columns tends to quickly escalate the overall tonnage of the design. 
Therefore, ensuring that the outriggers are operating at full potential not only implies their stiffness is 
fully engaged, but also their core area directly adjacent is also fully engaged.  

The optimum location and number of the outriggers still remains a crucial but also pending 
question. This paper implements a basic design optimization technique of tall steel structures for 
lateral loads, mainly wind, into trying to find the optimum locations and number of outriggers for a 
specific high-rise building. The structure is analyzed for an indicative wind loading. The geometry 
produced by stress based design, although below the stress limit, is very flexible and exhibits 
horizontal displacements and interstory drifts much above the acceptable limits, due to the wind 
loading. Then the structure is analyzed with all the possible outrigger locations monitoring important 
factors, such as the drift of the building or the moments on the core.  

Following the extraction of the results for both analyses, conclusions are derived regarding the 
optimum location of the outriggers. 

1. STRUCTURAL SYSTEM – PROBLEM STATEMENT  

For the purposes of this paper, a simple building geometry was selected as shown in figure 3.  

 
Figure 3: Typical belt-outrigger structural morphology. Building under review. 

The building was designed in a two dimensional model including only the basic structural elements 
(concrete core, steel columns and steel outriggers) and was analyzed by appropriate software. The 
concrete core appears in the middle of the building, while the two columns were placed at the edges of 
the structure. As of the location of the outriggers, one of them was fixed at the top of the building, 



incorporating a basic design decision in agreement with the concept of this structural scheme. The 
goal of this research is to find the optimum location for the second outrigger and that is why the 
structure was analyzed “moving” the second outrigger along the height of the building and placing it 
in all the possible locations, i.e. on every floor. It must be noted here that outrigger trusses are 
normally one floor high and coincide with mechanical levels, so that they do not interfere with usable 
space elsewhere.  

The basic structural idea behind this scheme is the following. As the lateral loads deform the 
concrete core into a cantilever, the stiffness of the outrigger levels forces the participation of the 
exterior columns with the development of a couple of axial forces. The deformation of the core and in 
extent the drift at the top of the building is restrained by the system of columns and outriggers. The 
columns act as a couple of axial forces while the outriggers act as very stiff trusses transferring the 
bending moment of the core into the system of the columns. This is obvious from the comparison of 
the free cantilever deflection line and the real structure deflection line.  

The degree of stiffening and the level of drift control depend on the number of the outrigger 
trusses. For medium rise and high rise buildings, mechanical floors are generally provided once in 25 
stories and provide opportunities for these trusses at those intervals. Although the rule of thumb for 
the building of figure 3 is to place the second outrigger at the mid-height of the building, there is no 
clear indication why this rule applies or where exactly the outrigger should be designed.  

2. LOADING 

The aim of this analysis is not to simulate in detail the actual loading of a high rise building, but to 
extract general and theoretical conclusions on the performance of the structure under specific types of 
loading. For that reason the vertical loads of the structure in the analysis model include only the dead 
loads of the structure and no live loads. The wind loading was applied as shown in figure 4, following 
a rectangular mode.  

 
Figure 4: Wind loading mode on the building. 



3. DESCRIPTION OF ANALYSIS 

As mentioned before, the analysis was limited in a two dimensional model. The selected structural 
scheme under review necessitated some basic assumptions for this kind of structures which were also 
accounted for this analysis. These assumptions can be categorized into the following main points: 
1 The analysis and the behavior of the structure is linearly elastic; 
2 The frame sections of the core, the columns and the outriggers are constant along the height of the 

building; 
3 The columns are pinned to the ground and to the outriggers (figure 3); 
4 The outriggers are fully connected to the concrete core; 
5 The participation of horizontal members other than the outriggers, such as beams, is neglected and 

therefore not included in the model. 
The method of analysis included all the possible different analyses simulating the second outrigger 

in each one of the floors of the building. The total height of the building was set to 90m (i.e. 30 
stories) while the width was set to 24m. The frame sections were initially designed to satisfy the stress 
analysis criteria.  

4. RESULTS 

4.1. Drift. 

The most significant and basic parameter monitored throughout the whole analysis process was the 
drift at the top of the building. Since high-rise buildings are normally governed by this restraint and 
the reason for using outriggers is drift control, it was considered necessary to investigate, how much 
was the drift of the building affected by the second outrigger location. Figure 5, below, presents the 
drift at the top of the building as a function of the level of the second outrigger.   

 
Figure 5: The drift at the top of the building as a function of the level of the second 

outrigger. 



Remarkably, the optimum location of the outrigger, taking account only the drift control criteria, 
appears to be in the exact middle of the height of the building i.e. on the 15

th
 floor (out of 30 floors in 

total). This evidence reinforces the argument stating that the optimum location for the second 
outrigger is the mid-height of the building. One very important piece of information needs to be 
clarified at this point though. The outriggers’ trusses layout and the sections used for them were 
exactly the same for the first and the second outrigger. Therefore, the stiffness of the two outriggers is 
equal and they are both intended to contribute the same amount to the drift control of the structure. 
However, as it will be shown below, this may prove to be a wrong approach to the problem. It is 
proven that the optimum location of the second outrigger is highly dependent on the stiffness of both 
of the outriggers. However, it is relatively safe to conclude that if the two outriggers are designed as 
equally stiff, the optimum location of the second outrigger is the mid-height of the building, 
according to drift control criteria.   

4.2. Column axial forces 

As afore mentioned, the structural scheme analyzed in the present research is activated once the 
outriggers are engaged and transfer the core bending moment to the outboard columns as a couple of 
axial forces. For that reason it was decided to monitor the axial forces of the columns and especially 
the axial force on the column under compression (for the wind loading scenario). In figure 6, the 
comparison between the core axial force, which is kept almost constant throughout the analyses, and 
the compression column axial force is shown.  

 

 
Figure 6: Core axial forces and compression at the column as a function of the level 

of the second outrigger. 

 
The column is proven to be mostly stressed when the second outrigger is placed at the level of 27m 

i.e. the 9
th

 floor. This is much lower than the 15
th

 floor (45m) that the minimum drift is observed. 
Therefore, the optimum location of the second outrigger, taking into account only the activation of 
the couple of forces at the columns is approximately at the 1/3 of the building height. 

 



4.3. Moments 

Another very important factor that is monitored is the moments along the height of the concrete 
core. The moments that were monitored are shown in figure 7 and are: 
1 The moment below the first outrigger; 
2 The moment above the second outrigger; 
3 The moment below the second outrigger; 
4 The core base moment. 

Figure 7 also shows the typical behavior of a system with a very stiff concrete core along with steel 
columns and outriggers. Instead of simply reducing the bending moment of the core as shown in 
figure 2, it is very probable, applying the necessary stiffness distributions, to achieve a function of 
inverting the sign of the value of the bending moment of the core. This scenario solely depends on the 
stiffness of the outriggers relatively to the stiffnesses of the core and the columns as well as on the 
location of the outrigger.  

 
Figure 7: Core moments under review. 

All the above mentioned moments are shown in figure 8, again as a function of the level of the 
second outrigger. 

 
 
 
 



 
Figure 8: Moments along the drift at the top of the building as a function of the level 

of the second outrigger. 

Since the outriggers are designed to be equally stiff, it is of great importance to observe which is the 
location of the second outrigger which leads to the equalization of the moments transferred by the 
outriggers. Figure 9, shows the two moments carried by the outriggers, out from the core into the 
couple of columns, as absolute values. Surprisingly, the equalization is realized at a very low level of 
the second outrigger, on 21m i.e. the 7

th
 floor. Additionally, the gap between the two moments, when 

the second outrigger is at the mid-height of the building is not trivial at all.  

 
Figure 9: First and second outrigger moments. 



The conclusion that can be derived from figure 9 is that although the second outrigger contributes 
the maximum of its stiffness to the drift control if placed in the mid-height of the building, it is not 
properly designed at all. It seems absolutely necessary to tune the stiffness of the second outrigger in 
such a way that its moment function relative to its stiffness is utilized at a maximum manner. This 
analysis will definitely be a topic of future research by the authors of this paper.  

Another interesting comparison between moments on the core is between the moment below the 
first outrigger and the moment below the second outrigger. As shown in figure 10 these two moments 
tend to equalize at exactly the mid-height of the building (45m or 15

th
 floor). This means that the core 

experiences the same bending moments at the levels of the two outriggers. Although it may be a 
symmetric way of designing a concrete core, however it does not qualify for the most efficient design, 
since the core in reality is expected to be of various sections. In that case, the bending moment 
capacity of the core will most probably increase in low levels (simply because the core needs to be 
thicker closer to its base) and therefore it is more effective to attract a bigger moment in the 
mid-height of the core rather than in the top of it.  

 
Figure 10: Core moments below first and below second outrigger levels. 

5. CONCLUSIONS  

The design of tall and slender structures is controlled by three governing factors, strength (material 
capacity), stiffness (drift) and serviceability (motion perception and accelerations), produced by the 
action of lateral loading, such as wind. The overall geometry of a building often dictates which factor 
governs the overall design. As a building becomes taller and more slender, drift considerations 
become more significant. Proportioning member efficiency based on maximum lateral displacement 
supersedes design based on allowable stress criteria.  

Through the design of a high-rise structure, numerous problems appear such as the number of 
columns or size and shape of concrete core or even basic dimensions of the structure itself. Having 
constraints for the building immediately defines and solves part of the unknown variables but it is the 
geometry of the structural system inside these basic parameters that identifies an efficient design. 
Undoubtedly, the factor that governs the design for a tall and slender structure most of the times is not 



the fully stressed state but the drift of the building. That is why outriggers play the most significant 
role in the design of these kind of structures, since they are the elements that control the drift of the 
building. 

The outrigger concept is in wide spread use today in the design of tall buildings. In this concept 
outrigger trusses or occasionally, girders, extend from the lateral load resisting core to the columns at 
the exterior of the building. The core may consist of either shear walls or braced frames. Outrigger 
systems can lead to very efficient use of structural materials by mobilizing the axial strength and 
stiffness of exterior columns to resist part of the overturning moment produced by lateral loading.  

There are, however, some important space planning limitations and certain structural 
complications associated with the use of outriggers in tall buildings. Although the empirical reule of 
thumb is to place the outriggers in the mid-height of a building, depending on the design criteria, the 
optimum location of the outriggers differs significantly. It is the detailed hierarchy of these design 
criteria that finally governs the optimum location and stiffness of the outriggers.  
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