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ABSTRACT
Structural systems for tall buildings evolve toward greater efficiency. Both tubular structures and outrigger structures
were developed in 1960s. While the use of some of the conventional tubular structures has been reduced, the most
recently developed tubular concept of diagrid structures is prevalently used for today’s tall buildings. Despite the early
uses of outrigger structures for tall buildings decades ago, their major applications are for recent tall buildings.
Diagrids and outrigger structures are very widely used structural systems for today’s tall buildings. This paper
investigates comparative structural efficiency of these two structural systems employed for tall buildings of various
forms. Structural design of tall buildings is generally governed by lateral stiffness. Tall buildings of various heights are
optimally designed with these two structural systems to meet the lateral stiffness requirements. Comparative structural
efficiency of the two systems employed for conventional rectangular box form tall buildings is studied first. The study is
further expanded to investigate the structural efficiency of the two systems employed for recently emerging complex-
shaped tall buildings, such as twisted and tilted tall buildings. Based on the design studies, comparative structural
efficiency of the two systems for each form category is presented.
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INTRODUCTION
The 10-story tall Home Insurance Building of 1885 in Chicago is generally considered as the first skyscraper
of iron/steel skeletal structures. Though this building’s frame did not provide proper lateral resistance against
winds, using frame structures instead of load bearing masonry walls for most parts of a multi-story office
building for the first time was a truly dramatic technological breakthrough towards the new building type, tall
buildings. Though 10-story office buildings were built already in mid-1870s, they were built primarily with
masonry structures, which had serious limitations to be built taller. Since the Home Insurance Building,
skeletal structures continuously evolved to moment resisting frames and various braced frames to carry not
only gravity but also lateral loads.

As buildings become taller, the impact of lateral loads becomes greater on them. Eventually, for very tall
buildings, lateral loads, especially wind loads, govern their structural design. Resisting lateral loads with
moment resisting frames or braced frames confined within building cores is not efficient structural solutions.
For greater structural efficiency, tubular concepts which place major lateral load resisting systems on the
building perimeter were developed to provide greater structural depth against wind loads. The concept of
outrigger structural system was also developed to increase structural depth of internal core shear walls by
connecting them to the perimeter columns with outrigger trusses.

While tubular structures provide very efficient lateral load resisting systems, they tend to govern the façade
design of tall buildings due to their inherent compositional characteristics. Partly because of this, once
prevalently used tubular structural systems of conventional configurations are not much used these days.
However, the use of a relatively new tubular concept of diagrid structures has been increasing due to their
powerful structural rationale and distinguished new architectural expressions composed of perimeter diagonals
without vertical columns. Compared with tubular structures, outrigger structures provide great flexibility in
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façade design of tall buildings. With their structural efficiency, outrigger structures are another very widely
used structural system for today’s tall buildings.
This paper studies comparative structural performance of these two prevalently employed structural systems
for today’s tall buildings. Selecting a particular structural system for the design of a tall building involves
various complex factors, such as availability of resources, architectural aesthetics, spatial organizations and
structural efficiency. Among these various factors, this study investigates comparative structural efficiency
between these two structural systems for tall buildings depending on their heights, height-to-width aspect
ratios, and building forms. Structural steel is used for the design and analyses of these systems in this study,
though reinforced concrete or composite structures are also commonly used in real world.

DIAGRIDS VS. OUTRIGGER STRUCTURES IN RECTANGULAR BOX FORM TALL BUILDINGS
The two most important design requirements for structural design are strength and stiffness, and for very tall
buildings with large height-to-width aspect ratios, lateral stiffness generally governs the design (Ali & Moon,
2007; Connor, 2003). Diagrids and outrigger structures are optimally designed to meet the target stiffness
requirements for tall buildings of various heights ranging from 40 to 100 stories in order to estimate the
comparative structural efficiency between these two structural systems. The buildings’ plan dimensions are 36
x 36 meters, and their typical story height is 3.9 meters. The height-to-width aspect ratios of the studied
buildings range from about 4 to 10.

The diagrid structure is configured with diamond-shaped sub-modules. Three diamond shaped sub-modules,
the height of which is 8 stories, fit within the building width. This geometric configuration results in the
diagrid angle of 69 degrees, which is very close to the optimal condition based on the study by Moon et al.
(2007). All the required lateral stiffness of the diagrid structure is also allocated to the perimeter diagrids, and
the core structure is designed to carry only gravity loads. Figure 1 shows the 60-story diagrid structure as an
example.

While lateral stiffness of diagrid structures is provided primarily by perimeter structural members, lateral
stiffness of outrigger structures is provided by not only perimeter mega-columns but also core structures
connected by outriggers. Therefore, core structures in outrigger structures are designed as braced frames to
carry both gravity and lateral loads. For the optimum performance, the outrigger in a one outrigger structure
should be at about half height; the outriggers in a two outrigger structure should be at about one-third and two-
thirds heights; the outriggers in a three outrigger structure should be at about one-quarter, one-half, and three-
quarters heights, and so on (Smith and Coull, 1991; McNabb and Muvdi, 1975). For the rectangular box form
building studied in this section, the locations of outriggers are determined based on this structural concept.
Since the effectiveness of the outrigger structures are very much dependent upon the stiffness of the outrigger
trusses, two story tall outrigger trusses are used as can be seen in Figure 1.

Figure 1. 60-story diagrids and outrigger structure
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Stiffness-based design methodologies are used to meet the identical design requirements. The stiffness-based
design methodologies begin with specifying the maximum allowable displacement as a fraction of the total
building height, H. The allowable displacement of H/500 is used in this study. The document, SEI/ASCE 7,
Minimum Design Loads for Buildings and Other Structures, is used to establish the wind load.  The buildings
are assumed to be in Chicago and within category III, which implies that there is a substantial hazard to
human life in the event of failure.  Based on the code, the basic wind speed is 40.2 meters per second (90
miles per hour).  One percent damping is assumed for the calculation of the gust effect factor.

Based on the design studies carried out with diagrids and outrigger structures of various heights, it is
concluded that the diagrid structures are more efficient lateral load resisting systems for tall buildings than the
outrigger structures. This is because diagrids are tube type structures with maximized structural depth against
lateral loads. The structural depth of outrigger structures is also extended to the entire width of the building.
However, this extension still relies on the stiffness of the core structures of limited structural depths. Figure 2
comparatively shows the required amount of structural steel for the 40-, 60-, 80- and 100-story buildings of
diagrids and outrigger structures.

Figure 2. Required structural steel for the 40-, 60-, 80- and 100-story diagrids and outrigger structures

As buildings become taller, there is a “premium for height” due to lateral loads and the demand on the
structural system dramatically increases. Figure 2 clearly illustrates this phenomenon. The impact of premium
for height is greater in outrigger structures than in diagrids. Therefore, as a building becomes taller, the
comparative lateral efficiency of diagrids becomes even greater than outrigger structures. The importance of
selecting efficient structural systems becomes more significant for taller buildings to save our limited
resources and construct more sustainable built environments, though structural systems for tall buildings are
not determined based only on efficiency.

DIAGRIDS VS. OUTRIGGER STRUCTURES IN TWISTED TALL BUILDINGS
Today’s architecture, including tall buildings, can be best understood through pluralism. Based on this trend,
many different design approaches are prevalent and numerous buildings of non-prismatic and more complex
forms, such as twisted and tilted forms, have been produced. This section investigates structural performance
of diagrids and outrigger structures employed for twisted tall buildings.

The straight diagrid structures of various heights studied in the previous section are now twisted with three
different rates of 1, 2 and 3 degrees per floor. Figure 3 shows the 60-story twisted diagrid structures of these
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rates of twist as examples. Member sizes determined for the straight structure using the stiffness-based design
methodology are also used for the twisted diagrid structures to investigate comparative structural efficiency.

Figure 3. 60-story diagrids structures of various rates of twist

Figure 4. Maximum lateral displacements of 60-, 80- and 100-story diagrids of various rates of twist
Figure 4 summarizes the maximum lateral displacements the diagrids of various heights and various rates of
twist. As the rate of twist is increased, the diagrid angle deviates more and more from its original near-optimal
condition and the lateral stiffness of the system is gradually decreased. Consequently, the tower’s lateral
displacement is gradually increased and deviates from its targeted value. The behavior of the 60-, 80- and 100-
story twisted diagrids are very similar. As the rate of twist is increased, the lateral stiffness of the tower is
decreased. The stiffness reduction rate is accelerated as the rate of twist is increased. However, this stiffness
reduction rate in relation to the rate of twist is not much influenced by the height of the diagrid structures.

Design studies are now carried out with 60-story buildings of outrigger structures. The tower is twisted with
two different rates. The first case twists the tower by 1.5 degrees per floor, which results in a total turn of 90
degrees, and the second case twists the tower by 3 degrees per floor, which results in a total turn of 180
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degrees, as can be seen in Figure 5. Outrigger trusses are located at the top and mid-height of the tower in this
study.

Similar studies are conducted with 90-story outrigger structures with outrigger trusses located at the top as
well as one-third and two-third heights of the building. A non-twisted straight 90-story outrigger building is
studied first, and then the tower is twisted with two different rates. The first case twists the tower by 1.5
degrees per floor, which results in a total turn of 135 degrees, and the second case twists the tower by 3
degrees per floor, which results in a total turn of 270 degrees.

Figure 5. 60-story outrigger structures of various rates of twist

Figure 6. Maximum lateral displacements of 60- and 90-story outrigger structures of various rates of
twist
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Figure 6 summarizes the maximum lateral displacements of the 60- and 90-story outrigger structures.  The
lateral stiffness of the outrigger structures is reduced and the stiffness reduction rate is accelerated as the rate
of twist is increased. As the height of the structure is increased, the rate of the stiffness reduction caused by
twisting the tower is also accelerated.

The stiffness reduction of the outrigger structures, composed of braced frame cores and perimeter mega-
columns, is more sensitive to the rate of twist, compared with that of the diagrids, composed of only perimeter
diagonals. And this sensitivity becomes accelerated as the building height is increased.

DIAGRIDS VS. OUTRIGGER STRUCTURES IN TILTED TALL BUILDINGS
The 60-story tall rectangular box form diagrids and outrigger structure are now tilted at four different angles
as shown in Figures 7 and 8, respectively. The first structures in each group are the straight towers. The
second structures are tilted cases with no floor offset. While the 18 x 18 meter core is maintained vertical
within the tilted towers, the building is tilted to its maximum angle of 4 degrees. Therefore, on the left side of
the building as seen in the figures, the distance between the exterior façade and the core perimeter wall is
reduced from 18 meters on the ground to 0 meter at the top. On the right side, this distance is increased from 0
meter on the ground to 18 meters at the top. The third, fourth and fifth structures are tilted towers with floor
offsets of 12, 16 and 20 stories at both the top and bottom, resulting in tilted angles of 7, 9 and 13 degrees,
respectively. In these cases, the 18 x 18 meter gravity cores are still maintained vertical within the tilted
structures.

Figure 7. Tilted diagrids and their lateral deformations due to wind loads

Figure 8. Tilted outrigger structures and their lateral deformations due to wind loads
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Figures 9 summarizes the wind-induced maximum lateral displacements of the tilted diagrids and outrigger
structures in the direction parallel to the direction of tilting, when the wind load is applied also in the same
direction. Lateral stiffness of the tilted diagrids against wind loads is very similar to that of the straight
diagrids regardless of the changes of the tilted angle between 0 and 13 degrees. However, lateral stiffness of
the tilted outrigger structures against wind loads is greater than that of the straight outrigger structure. This is
because tilting the tower results in triangulation of the major structural components of the system – the
vertical braced frame core, slanted mega-columns and horizontal outrigger trusses. As the angle of tilting is
increased from 0 to 13 degrees, the geometry of the triangles, formed by the major structural components,
becomes more effective to resist wind loads, and, consequently, the wind-induced maximum lateral
displacements of the outrigger structures are decreased.

Figure 9. Maximum lateral displacements of tilted diagrids and outrigger structures

It should be noted that initial lateral displacements of the both tilted diagrids and outrigger structures due to
gravity loads are significant. The gravity-induced lateral displacements, which are even larger than the wind-
induced displacements in most cases, become greater as the angle of tilting is increased. However, gravity-
induced lateral displacements of tilted tall buildings can be managed substantially during construction if
planned carefully.

CONCLUSION
This paper presented comparative structural performances between diagrids and outrigger structures of the
conventional rectangular box form, twisted forms and tilted forms. For the rectangular box form, it was found
that diagrids are more efficient than outrigger structures in terms of providing lateral stiffness against wind
loads. As a building becomes taller, the relative lateral efficiency of diagrids becomes even greater. Though
outrigger systems are not as efficient as diagrids in all-steel structures studied in this paper, the efficiency of
outrigger structures can be enhanced by making them composite structures of structural steel and reinforced
concrete.

When diagrids and outrigger structures are employed for twisted tall buildings, the lateral stiffness of the both
systems is decreased as the rate of twist is increased. The stiffness reduction of outrigger structures, composed
of braced frame cores and perimeter mega-columns, is more sensitive to the rate of twist, compared with that
of diagrids, composed of only perimeter diagonal grids.
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Lateral stiffness of the tilted diagrids against wind loads is very similar to that of the straight diagrids
regardless of the changes of the tilted angle between 0 and 13 degrees studied in this paper. However, lateral
stiffness of the outrigger structures is increased when they are tilted because of the triangulation of the major
structural components – vertical braced frame core, horizontal outrigger trusses and slanted mega-columns.
Though initial lateral displacements of the tilted towers of both diagrids and outrigger structures due to gravity
loads are significant, gravity-induced lateral displacements in tilted tall buildings can be managed
substantially during construction if planned carefully.
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