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Abstract
Lateral loading is a major design driver for tall buildings. Wind climate and seismic hazard vary considerably across the 
globe, and can have substantial impact on material use, with consequential impact on embodied carbon and commercial 
viability. This paper investigates the interaction of wind and seismic loads for tall buildings, and seeks to establish gener-
alised relationships between environmental demands, controlling actions, and material use for varying building height.

 The study employs a parametric investigation of a basic building form to identify the theoretical relationships. 
Seven different building heights were investigated, covering hundreds of credible combinations of wind speeds and 
peak ground accelerations. Results demonstrated a clear and disproportionate impact of interaction between wind 
and seismic actions for certain regions, significantly increasing material use, while other regions exhibited either a 

fully wind or seismically governed design. These relationships were evaluated against a number of actual tall build-
ing designs recently completed by the authors, to measure the practical applicability. Results were found to realisti-

cally identify design drivers, give a direct indication of material use, and highlight key design considerations. Finally, 
the paper considers some of the design and justification approaches employed for these buildings to achieve efficient 

design outcomes. The approaches also form general recommendations for efficient tall building design strategies.
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Introduction

Considering continued population growth and ur-
banisation, many cities need to densify their urban 
environment. With limited area available, this of-

ten means the only way is up. Indeed, increasing numbers 
of tall buildings are being designed and built around the 
world. 

Significant financial investments, climate change com-
mitments and material depletion poses challenges to con-
tinued realisation of these buildings. In order to make these 
buildings responsible and commercially feasible, material 
efficiency is key. 

One of the most important aspects driving material use 
is the design lateral loads on the building. The regions of 
the world where skyscrapers are being built vary signifi-
cant. Wind and seismic lateral loads vary greatly across 
the globe. Both are subject to local variation based on site 
characteristics and geology, however the ratio of these key 
design parameters gives an indication of the likely impor-
tance of wind and seismic in the design of a tower. Some 
places exhibit high seismic loads, some high wind loads, 
while others have both or neither. The aim of this study 
was to describe the impact of variable lateral loading, i.e. 
both wind and seismic actions, on the material use of tall 
buildings. 

Methodology
In order to investigate the material use of a tall building 
under lateral load, a traditional design approach would 

imply a fixed location with a given wind speed, as well as 
a given seismic response spectrum. Given a certain height 
and tower geometry, the structural engineer can appropri-
ately size the structure and calculate the total material use. 

However, the aim of this study was to understand the 
interaction between variable wind and seismic actions. 
Therefore numerous combinations of wind speeds and 
seismic hazards had to be explored. The traditional design 
approach would not be suitable to achieve this; a method-
ology was chosen whereby extensive use was made of dig-
ital automation in order to perform a parametric study. 

Tower geometry
The building geometry employed in the study was of a ge-
neric typology. A fixed footprint of 40 m × 40 m centreline 
to centreline was chosen with 4 m storeys. A range of sev-
en heights was chosen with increments using a 10-storey 
module to cover most credible scenarios: 140, 180, 220, 
260, 300, 340, and 380 m (Figure 1). 

The structure of the tower was chosen to be a concentric 
steel braced perimeter frame based on this typology be-
ing selected for some recent high rise office buildings in 
high wind and/or seismic regions. With fixed tower foot-
print and changing height, the slenderness varied from 3.5 
to 9.5.

Wind loads
Lateral loading was based on ASCE 7-10. Wind load was 
determined based on a variable Basic Wind Speed Vb , a 

 Figure 1: Basic tower geometry.
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 Figure 2: Range of wind speeds and PGA considered 
(locations indicative).

Editor’s note: On 22nd February 2017, SECED and the Wind Engineering Society (WES) jointly hosted an 
event at the Institution of Civil Engineers. The session included presentations from Roy Crielaard and William 
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the first talk, provided by the Arup speakers and their co-author. The next issue will include a summary of 
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nominal design 3-second gust wind speed at 33 ft (10 m) 
above ground, expressed in m/s. A range of 30 m/s to 
100 m/s was chosen to cover most credible wind speeds 
(Figure 2). 

All other wind parameters associated with local condi-
tions remained constant: a wind directionality factor of 
0.85, topographic factor of 1.00, risk category III, exposure 
category C, fully enclosed building, and windward and lee-
ward pressure factors of 0.8 and 0.5. Based on this informa-
tion, given a tower height and Vb , the design wind pressure 
profile could be generated. For simplicity, the building was 
considered to be rigid and wind load was not adjusted for 
cross-wind response. A fixed gust-effect factor of 1.00 was 
assumed.

Seismic loads
The seismic load and design forces were determined us-
ing response spectrum analysis. The response spectrum is 
based on a number of inputs, using the parameterisation 
in ASCE 7-10. The Site Class and the mapped MCER, 5% 
damped, spectral response acceleration parameter at short 
periods, or Ss value, were chosen as variables. A range of Ss 
values from 0.10 g to 3.00 g was chosen to cover conceiv-
able scenarios. This corresponds to design peak ground 
acceleration, or PGA, values of 0.03 g to 0.80 g (Figure 2). 
PGA is reported throughout this paper for convenience.  

The mapped MCER, 5% damped, spectral response ac-
celeration parameter at a period of 1 second, or S1 value, 
was taken as 40% of Ss , a relationship that is reasonable for 
mapped values in the United States. The Ss and S1 values 
were adjusted for site class effects. Two site classes were in-
vestigated: site class B (rock) and site class E (soft clay soil). 
However, this paper will only report the results from site 
class B, leaving a more in-depth investigation of different 
site classes for future study.

Other parameters required to construct the response 
spectrum remained constant: a risk category III, seismic 
importance factor of 1.25, and a long-period transition 

period of 8 s. 
The design earthquake spectrum response accelerations 

at short period and at 1 s period were derived as 2/3 of the 
mapped parameters. Based on this information the design 
response spectrum could be constructed. 

Ductility and R-value
To account for ductility in the seismic design, member 
forces of the response spectrum analysis were assessed 
based on a capacity based design approach. This meant 
forces in braces were reduced by a response modification 
coefficient, or R-value, and that overstrength was applied 
to columns. This approach represent the approach as set 
out in PEER Guidelines for Performance-based Design of 
Tall Buildings 2010. 

ASCE 7-10 provides codified levels of R for the fully 
ductile response of the building. Depending on the seismic 
force resisting system, R-values of 4 and up to 8 can be ap-
plied. 

However, experience in performance-based seismic 
design of high rise buildings has shown that the ductility 
demand in the yielding elements under long-period cyclic 
response is so high that such levels of ductility are unattain-
able for tall buildings. Additionally, most clients will seek 
elastic or near elastic response under service level seismic 
loading. The maximum value of the response modification 
coefficient R was set to 2.5 in the study based on those prac-
tical considerations, consistent with the authors’ recent ex-
perience. 

Ultimate wind load will in some cases govern the mini-
mum strength of the building and reduction of seismic re-
sponse by use of ductility (R factors) will be limited by the 
required strength for wind. The study makes use of what 
was termed an “effective R-value”, to limit the applicable 
response modification factor such that seismic strength is 
not reduced below the strength required for wind design. 
The effective R-value was determined as the ratio of the 
elastic seismic base shear over the wind design base shear. 

 Figure 3: Relationship between strength and 
ductility.
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Table 1: Base shear and effective R.
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The significance of this is principally where the reduced 
ductility is amplified due to overstrength in the yielding 
system. Depending on the level of the wind base shear and 
the seismic base shear, this effective R-value varies between 
1.0 and 2.5 (Figure 3 and Table 1).

Parametric process
Considering the range of combinations between Vb , PGA, 
site class, and building height that had to be investigated 
(a total of 2940 unique models), an automated parametric 
workflow was set up. A custom software tool with a siz-
ing script was made that could interact with Oasys General 
Structural Analysis (GSA) software. This tool would gener-
ate the appropriate member forces and size the structure 
for strength and stiffness in a number of iterations (Figure 
4).  

Because wind and seismic actions, member sizes and 
tower stiffness, as well as the effective R-value were all 
interrelated, the software would loop through a number 
of cycles before converging. Members were first sized for 
strength. Subsequently, tower drift was compared with an 
height / 250 limit and, if required, members would be up-
sized using a cross-strain energy density method. Strength 
was assessed a second time to account for the increased 
tower stiffness and ensure sufficient overstrength. 

If the calculated fundamental period exceeded an upper 

limit based on the approximate fundamental period, forces 
were multiplied by 85% of the ratio of the equivalent lateral 
force procedure base shear and the base shear of the modal 
combination (as required in ASCE 7-10).

Results
Results of the parametric study are reported in this section 
to identify the theoretical relationships between the input 
parameters and the material usage. 

Influence of wind speed on material use
Figure 5 depicts the influence of varying wind speed on 
material use for a 260 m tall tower, assuming a low level of 
PGA (0.03 g). The material use is broken down into floor, 
column, and brace components. 

With increasing wind speed, more material is added to 
braces and columns in order to resist the increasing shear 
and overturning moment. Inspection of the models shows 
at which wind speed members start to be governed by stiff-
ness, and consequently where disproportionately more ma-
terial was required compared to that required for strength. 

Figure 6 depicts the same results for a range of tower 
heights. Again, with increasing wind speed, material use 
increases. Members tended to be governed by stiffness at 
approximately 150 kg steel per m2 of floor plate (total struc-
tural steel tonnage divided by total framed floor area), 

 Figure 4:  P arametric process driven by custom sizing script.
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 Figure 5: Influence of wind speed on steel tonnage 
for 260 m tower.
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 Figure 6: Influence of wind speed on steel tonnage 
for various tower heights.
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irrespective of tower height. Especially for the taller towers, 
stiffness-governed behaviour applies at relative low winds 
speeds. Tall stiffness-governed towers also require more 
additional material than “short” stiffness-governed towers.

Influence of seismic hazard on material use
Figure 7 depicts the influence of PGA on the material use 
for a 260 m tall tower, with a low wind speed of 30 m/s. 
The material use is broken down into floors, columns, and 
braces. There are two distinct sections in this graph. 

On the left hand side, at low values of PGA, an increase 
in PGA does not result in an increase in tonnage. This can 
be explained by the fact that increased seismic forces are 
countered by an increase of the effective R. The wind base 
shear is low and the seismic shear is reduced (through R) 
to the level of the wind base shear. The braces yield dur-
ing seismic loading, but the level of the wind base shear 
governs the design of the braces. Because the ductile ele-
ments do yield and strain harden during seismic response 
the maximum loading in the columns (due to overturning) 
is therefore governed by seismic response; braces develop 
overstrength. 

On the right hand side, an increase of PGA results in 
an increase in tonnage. The elastic seismic base shear has 
now reached the point where this is more than 2.5 times 
the wind base shear. The elastic seismic shear is reduced 
by the capped value of R = 2.5, with this level of shear being 
higher than the wind base shear. As a result, both shear and 
the overturning are seismically governed and the structure 
exhibits fully ductile behaviour.  

Figure 8 depicts the same results for a range of tower 
heights. All exhibit similar behaviour. On the left hand side 
is a zone where PGA is low and seismic forces are reduced 
down to the level of the wind base shear by the effective R 
value ranging from 1 to 2.5. On the right hand side is a zone 
where PGA is higher. Because the reduction of the elastic 
seismic shear force is capped by an effective R of 2.5, any 
further increase of PGA results in increased design forces 
and thus increased tonnage. For taller towers, the transi-
tion point between these sections shifts to higher PGA val-
ues: these towers are more flexible, resulting in a slower 
increase of seismic shear with increasing PGA, while wind 
shear increases approximately linearly with height.

 Figure 7: Influence of PGA on steel tonnage for 260 m 
tower, low wind.
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 Figure 8: Influence of PGA on steel tonnage for 
various tower heights, low wind.

 Figure 9: Influence of wind speed and PGA on steel 
tonnage for 260 m tower.
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effects for 260 m tower.
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Interaction between wind and seismic effects (i)
The interaction between wind and seismic loading ef-
fects can be explained by looking at the influence of vary-
ing PGA in combination with both a low and a high level 
of wind speed on the material use for a 260 m tall tower 
(Figure 9). 

At a low level of wind speed of 30 m/s the graph shows 
the two sections that were discussed above. Where PGA 
is low, elastic seismic forces are reduced to the wind base 
shear with an effective R of 1 to 2.5. Shear is governed by 
wind, but overturning is seismically governed. 

Where PGA is high, the elastic seismic base shear is 
more than 2.5 times the wind base shear. The elastic seismic 
shear is reduced by R = 2.5, but this results in a level of shear 
that is still higher than the wind shear. Because R is capped 
any increase of PGA results in increased design forces and 
thus tonnage. The design exhibits fully ductile behaviour.  

At a high level of wind speed of 100 m/s, the graph shows 
three distinct sections. On the left hand side, at low PGA, 
the wind shear exceed the elastic seismic shear. Wind gov-
erns the design and the building remains fully elastic. 

With increasing PGA, the structure becomes influ-
ence by seismic loading effects. At the top of the building 
higher mode seismic response manifests itself significantly. 
Overturning becomes governed by seismic forces as braces 
yield and develop overstrength, inflating the column de-
mands, which increases the steel tonnage. With increasing 
PGA this effect moves down the building, with increasing 
extent of brace yield. Because the wind shear at the base 
of the building is still higher than the elastic seismic base 
shear, the effective R remains 1. In this approach seismic 
design forces are not reduced until all braces are governed 
by seismic loading. As a result, increasingly braces are be-
ing governed by the unreduced seismic loading. 

With even further increasing PGA the elastic seismic 
base shear exceeds the wind base shear. All braces yield 
during seismic response. At this point the effective R starts 
to increase and elastic seismic shear is reduced to the level 
of the wind shear. The design shear strength requirement is 
effectively wind governed. Overturning remains governed 
by seismic loads, because columns are required to resist 
overturning developed by strain hardened braces. Because 
increased seismic demand is countered by an increased ef-
fective R, increases in PGA do not result in increase in ton-
nage. 

Figure 10 depicts the influence of varying PGA for the 
full range of investigated wind speeds from 30 to 100 m/s. 
If these intermediate levels of wind speed are investigated, 
the graph shows four distinct zones. 

  On the left hand side there is a “Wind Zone”. The wind 
shear exceeds the elastic seismic shear. Both shear and 
overturning are governed by wind. The structure is fully 
elastic. An increase in PGA has no effect, but an increase in 
wind speed increases tonnage. 

The lines then enter “Interaction Zone 1” where the 
structure becomes influenced by seismic loading effects, 
initially at the top of the building where higher mode seis-
mic response manifests itself significantly and then moving 
down the building (Figure 11). Overturning becomes gov-
erned by seismic forces as braces yield and develop over-
strength, inflating the column demands, which increases 
tonnage. At the base of the building wind shear demand is 
greater than the elastic seismic demand. R remains equal 
to 1. Because seismic design forces are not reduced until 
all braces are governed by seismic loading, an increase of 
PGA results in more braces governed by unreduced seis-
mic loading, further increasing steel tonnage. An increase 
in wind will also result in an increase in tonnage, because a 

 Figure 11: Interactions between wind and seismic for 260 m tower with governing 
actions for shear and overturning.
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number of members are still governed by wind. This effect 
diminishes with increasing PGA.  

For even higher values of PGA results enter “Interaction 
Zone 2”. The elastic seismic base shear exceeds the wind 
base shear and the effective R increases. Elastic seismic 
shear is reduced to the level of the wind shear. The design 
shear strength requirement is wind governed, but over-
turning remains governed by the seismic event, because 
columns are required to resist overstrength generated by 
the yielding members. Because increased seismic demand 
is countered by an increased effective R, increases in PGA 
do not result in increase in tonnage. However an increase 
in wind speed does result in an increase in tonnage, as this 
provides the level to which forces are reduced.

Finally, in the “Seismic Zone” (which is a line in Figures 
10 and 11) the elastic seismic base shear exceeds the wind 
base shear by more than a factor of 2.5. The elastic seismic 
shear is reduced by the capped R value, but the reduced 
level of shear is still higher than the wind shear. Any in-
crease of PGA results in increased design forces and ton-
nage. The level of wind shear has no influence on the design 
(where the lines overlap) and both shear and overturning 
are seismically governed. The design exhibits fully ductile 
behaviour.

Interaction between wind and seismic effects (ii)
Alternatively, the interaction between wind and seismic 
loading effects can be explained by looking at the influence 
of varying wind speed in combination with both a low and 
a high level of PGA on the material use for a 260 m tall 
tower (Figure 12). 

At low levels of PGA the design is governed by wind and 
the structure is fully elastic. 

At high levels of PGA the graph shows two sections. On 
the left hand side, at low wind speeds, the elastic seismic 
base shear is more than 2.5 times the wind base shear. The 
elastic seismic shear is reduced by the capped value of R = 
2.5, resulting in a level of shear that is still higher than the 

wind shear. The level of wind shear has no influence on the 
design and seismic loading governs both shear and over-
turning. The design exhibits fully ductile behaviour.  

On the right hand side, at higher wind speeds, the wind 
base shear has increased sufficiently so that the elastic seis-
mic base shear is less than 2.5 time the wind base shear. The 
braces yield during seismic response and the seismic shear 
is reduced to the level of the wind shear by an effective R 
in the range 1 to 2.5. In effect, the design shear strength re-
quirement is wind governed and an increase in wind speed 
results in an increase in tonnage. Overturning remains 
governed by seismic loads, because columns are required 
to resist overturning developed by strain hardened braces.

Figure 13 depicts the influence of varying wind speed 
for the full range of investigated PGAs from 0.03 to 0.80 g. 
If these intermediate levels of PGA are investigated, the 
graph shows the four distinct zones that were previously 
identified in Figure 10.

On the left hand side there is a “Seismic Zone” where 
both shear and overturning are governed by seismic load-
ing. The structural design is fully ductile and the effective 
R is capped at 2.5. As a result, an increase in wind speed 
has no effect, but an increase in PGA increases the seismic 
forces and shifts the line upwards, increasing tonnage. 

For increasing wind speed, results enter “Interaction 
Zone 2” (which is a line in Figure 13). The wind base shear 
has increased sufficiently so that the elastic seismic base 
shear is less than 2.5 times the wind base shear. Elastic seis-
mic shear is reduced by an effective R of 1 to 2.5 with respect 
to the level of the wind shear. The design shear strength re-
quirement is wind governed, but overturning remains gov-
erned by seismic loads. An increase of PGA has no effect 
(where the lines overlap), because an increase in seismic 
shear is adjusted to the level of the wind shear. An increase 
in wind speed results in an increase in tonnage, because 
it determines the shear strength requirement the seismic 
forces are adjusted to. 

The lines then enter “Interaction Zone 1” when at the 

 Figure 12: Influence of wind speed and PGA on steel 
tonnage for 260 m tower.
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base of the building wind shear demand now exceeds the 
elastic seismic demand and R becomes equal to 1. Parts of 
the structure are governed by the unreduced seismic load-
ing, and parts by the wind loading. Both PGA and wind 
speed affect the tonnage. 

Finally, there is a “Wind Zone” (a line in Figure 13). 
Wind load is sufficiently high to exceed the elastic seismic 
demand. Both shear and overturning are governed by wind 
and the structure remains fully elastic in the design seismic 
load condition. An increase in PGA has no effect (where 
the lines overlap), but an increase in wind speed will in-
crease tonnage. 

3D representation of results
The 3D representation in Figure 14 offers another way of 
looking at the interaction between wind and seismic ac-
tions, capturing both the variation of wind speed and 
PGA.

Where PGA is high compared to wind speed, there is a 
“Seismic Zone” with both shear and overturning governed 
by seismic loading. The elastic seismic base shear is more 
than 2.5 times the wind base shear and the effective R is at 
its maximum value of 2.5. Only a change in PGA will affect 
tonnage. 

Where wind speed is high compared to PGA, there a 
“Wind Zone” where both shear and overturning are gov-
erned by wind. The wind base shear is larger than the elas-
tic seismic base shear, and the effective R is 1. Only a change 
in wind speed will affect tonnage. 

In the middle of the graph are the two interaction zones. 
To the right is “Interaction Zone 1”. Depending on the lo-
cation in the zone, shear and overturning in different parts 
of the structure are governed by wind or by seismic effects. 
With increasing PGA, the structure becomes influenced 

by seismic loading effects. At the top of the building high-
er mode seismic response manifests itself significantly. 
Overturning becomes governed by seismic forces as some 
braces yield and develop overstrength, inflating the column 
demands, which increases tonnage. The effective R remains 
1, because at the base of the building wind shear demand is 
greater than the elastic seismic demand. As a result, seismic 
design forces are not reduced until all braces are governed 
by seismic loading. With increasing PGA more braces are 
governed by the unreduced seismic loading. An increase 
in wind also results in an increase in tonnage, because a 
number of members are still governed by wind. 

To the left is “Interaction Zone 2”. The seismic shear is 
higher than the wind base shear, but the seismic design 
forces are reduced by an effective R in the range 1 to 2.5. 
This means the braces yield during seismic response, but 
the minimum brace size is governed by wind. Overturning 
is seismically governed because the braces strain harden 
and increase the loads on the columns. Only an increase in 
wind speed will increase tonnage, because variation of the 
effective R factor absorbs variation in seismic loading.

 
Effect of tower height on interaction
The effect of tower height on the relationships described 
above was investigated as well and is depicted in Figure 15 
and Figure 16. With varying tower height, the relationships 
qualitatively held, but shifted towards higher material use 
for taller towers. Furthermore, the zones identified above 
become skewed, as increased wind loading disproportion-
ately affects taller towers. 

Case studies
This paper considers four case studies of designs recent-
ly completed to measure the practical applicability of the 

 Figure 14: 3D-representation of the influence of wind and seismic effects for 260 m tower.
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ductility during large seismic response (Figure 19). The ex-
pressed mega-frame is eccentrically braced on a 3-storey 
module and has six steel box mega-columns, one in each 
corner, partially concrete filled. The building slenderness is 
around 6.0. There is no structural core, partially because of 
a requirement for car parking in the tower footprint above 
and below ground, and partially because the seismic-in-
duced overturning is most efficiently resisted on the pe-
rimeter structure. The external structure became a strong 
part of the architectural expression. 

A performance-based seismic design approach was 
adopted to evaluate the eccentrically braced mega-frame, 
although the clarity and integrity of the structural design 
concept meant this was primarily for verification rather 
than for design. The nonlinear response history analyses 
allow the modal interaction in seismic response to be ex-
plicitly demonstrated, and ductility demands to be evalu-
ated in detail through low-cycle plastic fatigue analyses. 
Ductility/plastic fatigue demand on the building is high 
in the design seismic event, and the code minimum shear 
strength (5% of building weight) also represented a realistic 

relationships established in the previous sections. The in-
dicative location of these projects on the “seismic hazards 
– wind speed” spectrum is depicted in Figure 17.

Torre BBVA Bancomer, Mexico City
Torre BBVA Bancomer in Mexico City is a 235 m tall bank 
headquarters building recently completed in Mexico 
City with architect LegoRogers, a joint venture be-
tween Rogers Stirk Harbour and Partners in London and 
Legorreta+Legorreta in Mexico City (Figure 20). Structural 
engineers were Ove Arup and Partners, London, collabo-
rating with Mexican Engineers, Colinas de Buen S.A. de 
C.V.

Mexico City exhibits significant soft soil amplification 
of distant Pacific Coast subduction zone earthquakes, gen-
erating long-period long-duration seismic excitation. The 
city experienced a devastating earthquake most recently in 
1985, with thousands of fatalities and widespread destruc-
tion of buildings in the range 10–20 storeys. 

Torre BBVA Bancomer employs an external steel frame 
conceived at the design competition stage, to provide 

 Figure 15: Influence of height on interaction, 
plotted vs PGA.
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 Figure 16: Influence of height on interaction, 
plotted vs wind speed.

 Figure 17: Case study projects (Mexico City: Torre BBVA Bancomer and 
Reforma 509; Seoul: Yongsan Landmark Tower; Taipei: A25 Xinyi Tower).
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performance-based requirement for the design. 
The wind climate in Mexico is low to moderate, with a 

basic wind speed in the range of 30 to 40 m/s. Wind tun-
nel testing was completed, with a focus on wind comfort 
response. However, wind loading had no impact on the de-
sign. The structural design was therefore entirely governed 
by seismic action with wind loading having no interaction 
effect. The building is therefore firmly located in the Seismic 
Non-Interaction Zone (left hand side on Figure 14). 

An efficient structural design of around 145 kg/m2 steel 
and 0.15 m3/m2 concrete was achieved, with the building 
façades column free and only one column on each wing of 
the floor plate. The high efficiency was achieved by distrib-
uting the gravity towards the corners and resisting over-
turning at the maximum lever arm through direct coupling 
of the perimeter with eccentric braces. The inherently stiff 
configuration meant that no material was added to control 
drifts.

Table 2 provides an overview of wind and seismic shear 
force and overturning moment for comparison. It is clear 
seismic loading governs the design of the braces (47 MN 
shear for seismic vs. 16 MN for wind) and the columns 
(4.3 GNm under seismic overstrength vs. 1.9 GNm for 
wind). 

Reforma 509, Mexico City
Across the street from Torre BBVA is Reforma 509, a 
238 m tall mixed-use building (Figure 20). The architects 
are Taller-G in Mexico City, and Structural Engineers Ove 
Arup and Partners, London, collaborating with DITEC 
(Diseño Integral y Tecnologia Aplicada S.A. de C.V) in 
Mexico City. 

The floor plan of Reforma 509 results in a slenderness of 
4.0 in the North-South direction, but a slenderness of 9.6 
in the East-West direction. Reforma 509 employs perim-
eter Special Concentrically Braced Frames (SCBFs) with 
steel reinforced concrete (SRC) composite columns. The 
seismic design approach employed performance-based 
design with nonlinear response history analysis and soil-
structure interaction techniques to allow benefits from the 
deep basement to reduce the soft-soil amplification on the 
site. 

In order to limit the differential capacity of braces in ten-
sion and compression a novel approach using continuous 
braces over three storeys was developed, with intermediate 
restraint at floor levels (Figure 21). This reduced the effec-
tive length (compared to pin-pin mega braces over three 
storeys) and therefore allowed the effective overstrength 
factor to be lower than otherwise would be required, 
and hence lower design column and foundation forces. 
Similarly to Torre BBVA Bancomer the ductility demand 
in the yielding braces is high, such that the effective mini-
mum shear strength of the building required by code also 
represent a realistic lower bound brace strength require-
ment. 

The high slenderness ratio of the building in the East-
West direction means that, unlike Torre BBVA Bancomer, 
wind loading is not necessarily inconsequential for strength 
or serviceability design. A small number of the braces are 
governed by ULS wind demands. By increasing brace ca-
pacity to resist wind loading the force the braces deliv-
ers during a large seismic event is in turn increased. This 
impacts on the required column and foundation capaci-
ties. The slight influence of wind on the design places this 

 Figure 18: Torre BBVA Bancomer in Mexico City 
(© Mark Gorton, RSH-P).

 Figure 19: Structure of Torre BBVA with expressed 
eccentrically braced mega-frame.
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building just across the border to Interaction Zone 2 from 
the Seismic Non-Interaction Zone in Figure 14.  

Wind tunnel testing on Reforma 509 also predicted 
dynamic wind response in excess of comfort limits in the 
slender direction. This is unusual for a building of 240 m 
in Mexico City, and results from the exceptional slender-
ness. However, wind comfort response is easily controlled 
through the use of a tuned slosh damper. 

The design employed only 130 kg/m2 steelwork and 
0.25 m3/m2 concrete.

Table 2 provides an overview of wind and seismic shear 
force and overturning moment for comparison. 

Yongsan Landmark Tower, Seoul
Yongsan Landmark Tower is a scheme for a 620 m tall office 
building in Seoul, South Korea, with Renzo Piano Building 
Workshop (Figure 22). Structural Engineers are Ove Arup 
and Partners Ltd, London. Construction started in 2012, 
but the project halted soon after due to client consortium 
and funding issues. 

The super high-rise proportions and slenderness of 8.6 of 
the building, in a high wind location, means wind loading 
would always constitute a substantial driver for the struc-
tural design. Seoul is also moderately seismic, and most 
buildings in Seoul are significantly influenced by seismic 

 Figure 20: Reforma 509 in Mexico City (© Taller-G).  Figure 21: Special concentric braced frames.

Torre BBVA 
Bancomer Reforma 509

Yongsan Land-
mark Tower Xinyi Tower

Wind shear unfactored (factored)

Wind overturning unfactored 
(factored)

10 MN (16 MN)

1.2 GNm (1.9 
GNm)

19 MN (29.4 
MN)
2.7 GNm (4.4 
GNm)

65 MN (104 MN)

22.3 GNm (35.7 
GNm)

60 MN (96 MN)

10.0 GNm (16.0 
GNm)

Seismic design elastic shear
Seismic design elastic overturning

100 MN
5 GNm

87 MN
4.9 GNm

62 MN
10 GNm

139 MN
22 GNm

Seismic minimum strength shear
Seismic minimum strength over-
turning

47 MN
2.4 GNm

41 MN
2.5 GNm

62 MN
10 GNm

64 MN
11 GNm

Seismic overstrength shear
Seismic overstrength overturning

82.5 MN
4.3 GNm

82 MN
5.0 GNm

99 MN
16 GNm

150 MN
25 GNm

Weight 790 MN 754 MN 4320 MN 870 MN

 

Table 2: Wind and seismic design data for case study buildings.
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design requirements. 
Appropriate massing and sculpting for wind response is 

a critical first step to allow an efficient structural design to 
be developed. Initial design meetings with the architects 
therefore focussed on the massing and sculpting of the 
building together with integrating a clear structural system 
with the architecture. This generated drivers for tapering 
massing and a rounded form to reduce across and along 
wind loading, and overturning. 

Net wind loading represented around 3.3 kN/m2, equiv-
alent to 2.4% g. Applicable PGA in Seoul is 17.6% g, with 
elastic DBE base shear of 1.4% g for the Landmark Tower. 
Even though Seoul is a seismic location, typically repre-
senting a significant design driver, seismic loading and 
requirements had no practical bearing on the design. The 
building is fully elastic in the design basis seismic response 
and there is negligible ductility demand. The absence of ef-
fect from seismic loading places this building in the Wind 
Non-Interaction Zone on the right hand side in Figure 14. 

A novel Helix bracing lateral system was developed to 
maximise lateral strength and stiffness from the gravity 
carrying system, while minimising the intrusion into leas-
able space and cost, complexity and duration of construc-
tion (Figure 23). The Helix system acts in effect as an indi-
rect outrigger system, coupling the core to the perimeter 
columns six times over the height of the building entirely 
through horizontal action in the slab. The heavy reinforced 
concrete core was a major structural element, carrying 
60% of gravity loading and being integral in carrying lat-
eral loading. The combination of massing to limit demands 
and resisting the loading on the maximum footprint meant 
that no material was added to control drifts.

Super high strength concrete, with a cylinder strength of 
120 N/mm2 was agreed to be used for columns and the core 
with Samsung Construction. This allowed the design to 
employ only 88 kg/m2 structural steelwork and 0.48 m3/ m2 
concrete; quantities not substantially different from a low-
rise building. 

Table 2 provides an overview of wind and seismic shear 
force and overturning moment for comparison. It is clear 
wind governs the design over seismic. 

A25 Xinyi Tower, Taipei
A25 Xinyi Tower is a 265 m tall mixed-use headquarter of-
fice and hotel building in Taipei, Taiwan, with Renzo Piano 
Building Workshop architects in Paris and Kris Yao – 
Artech in Taipei (Figure 24). Structural Engineers are Ove 
Arup and Partners Ltd, London, working with Taiwanese 
team, Evergreen Consulting Engineering. 

Taipei is highly seismic, but is also subject to regular ty-
phoons giving rise to some of the highest wind loading in 
the world. Wind sculpting and careful proportioning are 
therefore important steps in limiting shear and overturn-
ing demand. However, seismic demands and ductility re-
quirements are also severe. 

The building is 265 m tall and occupies a footprint of 
around 42 m × 42 m, giving a slenderness ratio of around 
6.3. The massing includes substantially cut back corners 
to reduce the cross-wind response. Nonetheless, net (fac-
tored) design wind loads are 8.4 kN/m2 when averaged for 
shear and 10.8kN/m2 when back calculating from the over-
turning. The factored wind shear represents 11% g. 

The applicable PGA for the location in Taipei is 21% g, 
with a minimum shear strength of 7.5% g. Wind loading 

 Figure 22: Yongsan Landmark Tower in Seoul 
(© RPBW).

 Figure 23: Core shear force and bending moment, 
and brace axial forces in Helix bracing system.
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therefore defines the minimum lateral strength require-
ment. However, elastic seismic demands at design basis 
earthquake, DBE, and maximum considered earthquake, 
MCE, are significantly higher, and a highly ductile system 
is required. The practical design implication of this is that 
the design of the ductile (yielding) elements is governed 
by wind. The ductile elements do however yield and strain 
harden during DBE and MCE. The maximum loading in 
the columns and foundations are therefore governed by 
seismic response; the effect of the high wind loading is to 
substantially increase the overturning demand due to the 
seismic response. In effect, both wind and seismic loading 
govern, but only reduction in wind loading would allow an 
immediate reduction of required design strength and ma-
terial use. This places the building in Interaction Zone 2 in 
Figure 14, where variation of the effective R factor can ab-
sorb variation in seismic loading. More significant reduc-
tion in PGA would shift the building into Interaction Zone 
1, where seismic response would only partially be able to 
yield and strain harden the ductile system.

A perimeter lateral system based on a combination of 
Buckling Restrained Braces (Figure 25) and elastic brac-
es coupling around cut-back corners was developed and 
expressed as part of the architecture. This approach, to-
gether with moderating slenderness, wind sculpting and 
a soft, non-contributing core, allowed good efficiency to 
be achieved in a location with extreme lateral loads. The 
inherently stiff configuration meant that no material was 
added to control drifts. However, vortex shedding response 
during the frequent typhoons means that damping is re-
quired for occupant comfort.

The steel frame employs approximately 17,000 tonnes 

structural steel in the superstructure or around 185 kg/m2 
and 0.20 m3/m2 concrete. Columns are Concrete Filled 
Tubes (CFT) to efficiently enhance compression capac-
ity and stiffness. Typical benchmarks for buildings of this 
scale in Taipei are around 300 kg/m2 structural steel.  

Table 2 provides an overview of wind and seismic shear 
force and overturning moment for comparison. Design 
wind loading exceeds reduced seismic design shear by 
50%. However, elastic design basis earthquake and maxi-
mum considered earthquake seismic shear exceed the 
design wind shear by 50% and around 100%, respectively. 
Fully developed overstrength is marginally higher than the 
elastic DBE response, but the authors consider a fully duc-
tile response a fundamental design requirement in this lo-
cation to allow for uncertainty in seismic hazard estimates 
and MCE response. 

Case study comparison
Comparison of the shear demands of the four projects 
(Figure 26) offers some observations:

Wind shear on BBVA is low, due to low wind. Reforma  •
509, in the same location, has higher wind shear de-
mand due to slender sculpting and large exposed area. 
However, seismic shear demands generally govern, 
requiring ductile design and overstrength develop-
ing. The buildings require high shear strength, of the 
order of 10% of weight.
Yongsan, in Seoul, attracts high wind shear due to a  •
fairly windy location and large height. However, elas-
tic design is possible due to moderate seismic haz-
ard. Shear strength requirement in comparison with 
building weight is low, at less than 2%. 

 Figure 24: A25 Xinyi Tower in Taipei (© RPBW).  Figure 25: Buckling restrained braces.
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Fubon A25, in Taipei, is required to resist extreme  •
wind shear, which exceeds the seismic design shear. 
However, ductile response in seismic response devel-
ops overstrength. Actual shear strength is over 17% of 
building weight. 

Comparison of the overturning moments in the four 
buildings (Figure 27) offer further insight:

BBVA and Reforma 509, while exhibiting variable  •
wind overturning demands, develop governing over-
turning demands under seismic loading. Even though 
Reforma 509 attracts substantially higher wind over-
turning demand than BBVA the overturning strength 
requirement corrected for height is similar due to 
seismic response governing. 
Yongsan is required to resist substantial overturning  •
demand due to wind loading. However, when cor-
recting for the extreme height of building (620 m), the 
overturning capacity is similar to the Mexican towers 
governed by seismic loading. 
Fubon A25 attracts very high overturning moments  •
due to wind, but with strain hardening seismic re-
sponse this is amplified further. When correcting for 
height the severely high overturning demand is evi-
dent at 4–5 times as high as the other buildings. This 
is a consequence of being located within the onerous 
Interaction Zone 2 in Figure 14. 

When comparing the actual material use for the four 
buildings, in Figure 28, the effects of practical design de-
cisions can be inferred. While it is clear that proportions 
of steel and concrete vary significantly between the build-
ings, the approximated and generalised structural frame 
cost is remarkably similar for the four projects (this ap-
proach considers a uniform cost for structural steelwork 
and concrete to generate a combined measure of structural 
cost; a similar measure is applicable to embodied carbon). 
This might be considered surprising given for example the 

slender nature of Reforma 509 vs. BBVA, the super high-
rise nature of Yongsan and the extreme overturning de-
mand on Fubon A25. Fubon A25 could be expected to be 
higher still when compared with the other projects due to 
the onerous interaction shown on Figure 14. 

The relative uniformity of generalised material use dem-
onstrates approaches designers take to develop efficient 
solutions for each individual location. It is important to 
consider that the surface in Figure 15 is for a certain build-
ing height, slenderness and typology. Whether the wind, 
seismic or interaction demands are benign or onerous de-
signers take measures to make the solutions viable. Some 
examples of this for the four projects are as follows:

Exceptional slenderness of Reforma 509 could be ac- •
commodated with limited material penalty because 
of the benign wind climate. 
BBVA, being fully seismically governed, adopts a  •
lightweight solution (effectively steel only) as seismic 
forces are proportionate to building weight. 
Yongsan Landmark Tower, being super-tall, adopts  •
wind sculpting (rounded and tapering) to substan-
tially reduce the governing wind loads compared with 
a square or extruded building. Super high-strength 
concrete is used to minimise the weight of the core 
and columns as for a building of such proportions the 
self-weight of these elements represent a significant 
proportion of the gravity loading they carry. Given 
the presence of the large core, bracing could be con-
figured in space-efficient Helix pattern which works 
in combination with the core. 
Fubon A25 moderates slenderness and employs cut- •
back corners to limit wind loading. CFT columns 
enhances the compression capacity while also having 
capacity for the required substantial tensile demands. 

Common for all the projects is adoption or serious con-
sideration taken for the generalised efficiency measures 
described in the next section.
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 Figure 26: Comparison of shear demands in case 
study buildings.
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 Figure 27: Comparison of overturning moment 
demands in case study buildings.
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Tall building efficiency design considerations
Given the commercial pressures on the realisation of tall 
buildings, the paper considers some of the design and jus-
tification approaches employed for these and other build-
ings to achieve efficient design outcomes that make the 
projects viable. These are included for reflection and gen-
eral guidance.  

Limit demands. •  Employ wind sculpting for wind 
sensitive buildings, mass minimisation for seismi-
cally sensitive buildings, and both for interacting de-
mands. 
Resist overturning on large lever arms. •  Where wind 
or seismic loading is high, resist the resulting over-
turning on large lever arms (e.g. full building width) 
to enhance stiffness and minimise material use. 
Mobilise all vertical material. •  When carrying over-
turning mobilise as much of the vertical structure as 
possible to develop maximum stiffness and limit col-
umn tension.
Nothing governed by drift. •  Avoid configurations 
where the stiffness is not implicitly sufficient when 
sized for strength.
Using material in most efficient way. •  Concrete fa-
voured in wind governed solutions; Steel in seismi-
cally governed solution. Composite solutions often 
most efficient. High tension favours CFT, high com-
pression favours SRC. Strength to weight ratio can 
become critical for super high-rise.
Finely tuned ductile system. •  Level of optimisation of 
a ductile system is critical in seismic design – avoid 
excessive strength as this requires larger columns.
Performance-based seismic design. •  Consider per-
formance-based seismic design to justify modal in-
teraction and actual ductility demand. 
Soil structure interaction. •  Consider taking advantage 
of stiff basements to effectively reduce seismic design 
spectrum from free-field.

Consider integral damping. •  Integral damping can 
be employed to reduce the dynamic wind loads and 
should be considered in wind governed buildings. 

Conclusions 
The parametric investigation evaluated the impact on ma-
terial use for variable wind and seismic loading for a fixed 
building typology of 7 different heights. The investigation 
identified four different design regions:

Wind governed: The building is fully elastic and gov-1. 
erned by wind. Seismic action has no impact on the 
design. 
Interaction Zone 1: Shear demand at the base is wind 2. 
governed, but over part of the building height elastic 
seismic response yields braces and inflates column 
demands. Elastic seismic shear remains smaller than 
design wind shear at base, but over part of the height 
braces are seismically governed.
Interaction Zone 2: Shear is wind governed, but maxi-3. 
mum overturning develops under seismic response. 
Response modification (R) factors are applied to all 
braces, but the effective R is limited by wind demand. 
Seismically governed: The building undergoes fully 4. 
ductile response and the design has no impact from 
wind loading. Response modification factor is governed 
by limiting value of R = 2.5. 

Insight in these different design regions can bring great 
value to the early phase of tall building design. It can dem-
onstrate where the structural engineer should focus efforts 
to improve material efficiency and make the project com-
mercially viable.

The work presented in this paper is ongoing and the au-
thors are looking to expand the study with an adjustment 
of wind load to account for cross-wind response, optimisa-
tion for inter-storey drift, evaluation of slenderness effects, 
inclusion of more structural typologies, and the develop-
ment of a digital design tool to present results interactively 
in future projects.
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 Figure 28: Comparison of material use in case study buildings.
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Seismic Analysis and Design of Structures Course
Course venue: Room 201, Skempton Building, Imperial 
College, Exhibition Rd, London 

Dates: Tuesday 12th and Wednesday 13th September 2017

Aims: This two half day afternoon course is intended for 
practising engineers who wish to gain an insight into cur-
rent methods of the analysis and design of structures subject 
to earthquake ground motions. The course is particularly 
useful for engineers who are involved in the analysis and 
design of structures against seismic loads, the independent 
technical assessors who assess the validity of the design and 
analytical results and managers who run a team involving 
the analysis and design of such structures to enable them 
to validate the results using hand calculation. The course 
briefly addresses some aspects of earthquake engineering 
and seismology, then gives an overview of the structural 
response and design criteria according to ASCE 4, ACI 318 
and ACI 349. 

The course will then focus on the evaluation of the dy-
namic characteristics of structures such as eigen values, 
eigen vectors and participation factors and illustrates how 
these can be evaluated using hand calculations and follow 
a full description of spectrum analysis and illustrates how 

these can be evaluated using hand calculations. 
Finally, the course will then describe soil structure in-

teraction (SSI), and how the soil frequency independent 
springs and dampers can be derived from soil frequency 
dependent springs and dashpots (Impedance Functions) 
manually obtained or using SSI programs, such as, SASSI.

Speaker: Piroozan Aminossehe, who had a key role in the 
seismic analysis and design of Sizewell ‘B’ nuclear power 
station as head of the Specialist Analytical Group, has ex-
tensive experience of analysis and design of heavy complex 
structures subjected to dynamic loads. He served as mem-
ber of IStructE Council of the 2008-10 and Chairman of 
IStructE North Thames Region in 2013. He also runs One 
Day biennial Blast course at UCL and 3 evening biennial 
Heavy Machinery Foundation Design Subject Course at 
Imperial College.  

Jointly organised by SECED and IStructE (North Thames 
Branch). For further information please contact Piroozan 
Aminossehe, Tel: 020 8952 7576, Email: p.aminossehe@
clara.co.uk. For booking please contact Colin Davies, Tel: 
01707 645 791, Email: davies.colin@tesco.net.

SECED
SECED, The Society for Earthquake and Civil Engineering 
Dynamics, is the UK national section of the International and 
European Associations for Earthquake Engineering and is an 
Associated Society of the Institution of Civil Engineers. It is 
also sponsored by the Institution of Mechanical Engineers, 
the Institution of Structural Engineers, and the Geological 
Society. The Society is also closely associated with the UK 
Earthquake Engineering Field Investigation Team. The 
objective of the Society is to promote co-operation in the 
advancement of knowledge in the fields of earthquake 
engineering and civil engineering dynamics including blast, 
impact and other vibration problems. 

For further information about SECED contact:

The Secretary
SECED
Institution of Civil Engineers
One Great George Street
London, SW1P 3AA, UK

Or visit the SECED website:
http://www.seced.org.uk

SECED Newsletter
The SECED Newsletter is published quarterly. All contribu-
tions of relevance to the members of the Society are wel-
come. Manuscripts should be sent by email. Diagrams, pic-
tures and text should be attached in separate electronic files. 
Hand-drawn diagrams should be scanned in high resolution 
so as to be suitable for digital reproduction. Photographs 
should likewise be submitted in high resolution. Colour im-
ages are welcome. 

Please contact the Editor of the Newsletter, Damian Grant, 
for further details.

Email
damian.grant@arup.com
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