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Abstract

MahaNakhon Tower developed by PACE Development Corporation PLC is a 77-Story mixed-use
development in Bangkok, Thailand. It will be Bangkok's tallest tower, standing at 314 meters. The
main feature is its pixelation wrapping around the building which was the driving force behind
the structural scheme that comprises of a central core with 12 mega columns that are inset
from the facade. The vertical structure is linked together by three double-height outriggers.

The structure was analysed using construction sequence FE models with bounded support
conditions to determine the load distribution. Internal forces from the gravity construction
sequence models are combined with internal forces from the Wished-in-Place lateral load FE
models. This project incorporated CTBUH Recommendations for the Seismic Design of High-
Rise Buildings (2008), Appendix B. This paper will primarily focus on the structural scheme,
analysis and design, construction methodology; seismic forces from Thai local codes and CTBUH
recommendations are also presented.

Keywords: MahaNakhon Tower, CTBUH Recommendations for the Seismic Design, High-
Rise Buildings, Outrigger, Mega Columns, Construction Sequence, PACE Development
Corporation PLC
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Project Information

MahaNakhon Tower is a 77-Story (including

a basement level), mixed-use development

in Bangkok, Thailand located in the city’s
central business district. The total area of

the development covers approximately
120,000 square meters and comprises 200
Ritz-Carlton-branded residential units, 159
Bangkok Edition hotel rooms (operated by The
Ritz-Carlton Hotel Company), and retail areas.
Bouygues - Thai Ltd. was selected as the main
contractor for the design-and-build contract
for all structural works by the Joint Venture
between Pace Development Corporation PLC
and Fishman Group (IBC). Once completed

in 2015/16, it will be Bangkok’s tallest tower,
standing at 314 meters. MahaNakhon Tower
was designed by world-class team of architects,
and features an effect called ‘pixelation’ which
creates an iconic form: a three-dimensional
ribbon wrapping around the building’s full
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height. The impression of digital pixelation comes from the stacked
surfaces of the long cantilever terraces, or living spaces (see Figure 1).

This feature was the driving force behind the structural scheme that
consists of a central core with 12 mega columns that are inset away
from the facade. Bouygues - Thai Ltd. has been working with ARUP
(Australia) as the design advisor; Warnes, as the Thai local structural
consultants; Hok Lok Siew Design Co,, Ltd as the local architects, and
the technical department from Bouygues Batiment International (Paris).
The structural design is being reviewed by Robert Bird Ltd (Australia).

Analysis and Design

Structural System and Construction Methodology

The primary vertical structure includes the central-rectangular
reinforced concrete core, 12 mega columns and three sets of
outriggers. Due to the pixilation of the floor plate the columns are
inset relatively close to core so that the floor plate has to cantilever
significantly. A typical floor footprint dimension is approximately 39
meters by 39 meters, whilst the outside dimensions of the central core
wall at ground is approximately 23 meters by 23 meters and tapers
incrementally at discrete intervals up the building. Thus, the habitable
floor area of the slab outside the plan area of the central core on each
side of the building is approximately eight meters.

Three mega columns are located on each side of the tower
approximately 5.4 meters away from the core wall surface which is
almost in the middle of the floor slab area. This results in the 12 mega
columns having a tributary area that is almost half of the total footprint
area. This means that approximately half of the slab gravity load is
supported by the 12 mega columns while the other half is supported
by the center core walls (see Figure 2).

As is standard practice for a high-rise tower, the ratio of the central
core to the total height of the building is 1:14, sufficient for a lateral
load resisting system and serviceability without outriggers. Although
MahaNakhon Tower has a ratio of 1:13.6, the outriggers are still
required for several reasons. Firstly, all of the mega columns are shifted
horizontally toward the center core from L19 to L.20 for architectural
purposes to increase the cantilever edge spans for the pixilation effect.
This means that the outriggers on 19 to L20 are analogous to transfer
structure that supports the misaligned mega columns. This is achieved
by raking the columns between L19 to L20 and resolving the rake in the
column by the floor plates and the infill outrigger walls (see Figure 3).

Similarly, the outrigger walls on L51 to L52 are required as transfer deep
beams to support the addition of a row of columns above. Secondly,
the outriggers are required to distribute the load from the columns to
the core that in turn reduces the differential axial shortening between
the core walls and mega columns. Without the outriggers connecting
the columns to the core the distribution of the slab gravity load in the
core walls to the mega columns would be approximately 50%-50%
whilst the cross-sectional area of the mega columns is significantly
smaller than the area of the core walls. Therefore, the axial stresses are
significantly unbalanced between the two structural elements. With
the inclusion of the outrigger walls connecting the vertical structure
the load distributes favourably to 709%-30%. Finally, the outriggers
improve the lateral stiffness of the tower by linking the center core
walls with the surrounding mega columns to create a framing
mechanism that minimise the fundamental period of the tower, the
dynamic part of the wind loads, and lateral drifts and accelerations.
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Figure 1. MahaNakhon Tower (Source: image courtesy of PACE Development PLC)
] — : Mahanakhon Tower (B A # £ : PACE £ & /2 E]PLC)

Figure 2. Typical floor 3D Finite Element Model (Source: Bouygues-Thai)
H=: g R = AR THEE GRIR : Bouygues-Thai)

Figure 3. Outrigger Structures 3D Finite Element Model (Source: Bouygues-Thai)
H=: HEfREEH = fAFRTHER GRIE : Bouygues-Thai)



Figure 4. MahaNakhon Tower 3D Finite Element Model (Source: Bouygues-Thai)
[E 1 : Mahanakhon Tower = 4 # [R TG & (3 J : Bouygues-Thai)

The horizontal structural system for the typical hotel floors (L8-L18)
consists of reinforced concrete slabs that are 200 millimeters thick

for the internal span while the cantilever span has a thickness of 220
millimeters. The slabs are supported by post-tensioned band beams
that transfer the loads to the 12 mega columns. The eight meter-edge
cantilever spans require the band beam size to be 1,600 millimeters
wide and 600 millimeters thick.

For the higher residential zone (L21-L68), the mega columns are
shifted towards the center core for architectural purposes to increase
the cantilever edge spans for the pixilation effect. This meant that the
slab was required to be thick at 250 millimeters. The band beams are
also wider — from 2,500 millimeters to 3,000 millimeters — depending
on the areas, while the band beam thickness was maintained at 600
millimeters to accommodate building service pipes and ducts.

The whole tower is supported by a relatively deep reinforced concrete
mat foundation with a total volume of 21,400 cubic meters of concrete.
The thickness of the mat foundation varies from 8.75 meters under the
tower area, down to 4.50 meters at the perimeter. The 129 reinforced
concrete barrette piles, measuring 1.20 meters by three meters, are
used to support the mat foundation with the pile tip at -65.00 meters
down to the second sand layer.

Figure 4 shows the whole tower 3-dimensional finite element model
including the mat foundation on the flexible supports (see Figure 4).

Construction Sequence of FE Gravity System Models

Results from preliminary analysis showed that it is necessary to connect
the mega columns to the core by the outrigger walls. The outrigger
walls stabilise the kink in the mega columns during construction,
reduce the tie force required to resolve the kink at L19 and reduce

the differential axial shortening between the core walls and the mega
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columns. Hence, the construction sequence of the MahaNakhon
superstructures was planned as follows: core walls and mega columns
are cast by slip form to the first MEP transfer floors (L19-L20). Floor
plates were then casted by the special forms several levels lower than
the mega columns until the first MEP transfer floor (L19). Then the
outrigger and belt walls (L19-L20) were casted by traditional forms.
The same procedure is repeated for the second and third MEP transfer
floors (L35-L36 and L51-L52), then continue up to the roof (L77).

It can be noted from the above sequences that selfweight and parts
of the superimposed dead loads, such as the facade and partition load
in the floor plates, were always directly distributed to the supporting
mega columns before outrigger walls casting. Therefore, the finite
element modelling for these load cases should reflect the actual load
path in the mega columns, center core walls and outrigger walls. To
achieve this, the construction sequence finite element gravity system
models were chosen rather than those that are traditional, complete
and instantaneously built for all the structural elements to be analysed
in one go, also known as “Wished-in-Place” models.

The mega column loads in the Wished-in-Place models may be less
than the actual load path because some of the mega column loads
will be re-routed back to the center core by the hanging effect due

to the relatively high stiffness of the outrigger walls. This behaviour
leads to a less conservative mega column design load and also a less
conservative mega column punching load on the raft foundation. On
the other hand, the net downward forces in the outrigger will be higher
than actual behaviour. This makes the net upward force in the outrigger
less conservative while the net downward force will be non-economical
and overestimated. These construction sequence FE models are also
important for creep effect prediction in mega columns and core walls
as it is required in the long-term analysis for pre-setting strategy.

In addition, MahaNakhon Tower was also modelled on the bound
support conditions concept, i.e. fixed supports and long-term spring
supports were used to account for the uncertainty of column load
distribution. This is because the vertical structure is sensitive to the
foundation stiffness due to its indeterminacy.

Wished-in-Place FE Lateral System Models

Lateral loads such as wind and seismic loads can be classified as
short-term loads. They come and go after the full tower is completely
constructed. Hence, the Wished-in-Place FE lateral system models were
chosen for these types of loads, including live load cases. The center
core wall works together with the perimeter mega columns through
the outrigger system as a lateral load resisting frame. Coupling beams
are assigned to be cracked under ultimate wind or seismic loads.

The concept of bounded support conditions using fixed or short-
term spring supports is still applied to these Wished-in-Place models.
Internal forces from the gravity construction sequence models were
combined with internal forces from the Wished-in-Place lateral load FE
models for the design of each element. Please refer to Table 1 below
for the model details and naming system. (see Table 1).

CTBUH Seismic Design Guidelines

CTBUH recommends for the seismic design of high-rise buildings

that a non-linear response history analysis is necessary to determine
the structural performance of high-rise buildings in the range of a
moderate-to-high seismic hazard. However, in regions with low seismic
hazards, a multi-mode response spectrum analysis is adequate to
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Table 1. Model Details and Naming System (Source: Bouygues-Thai)
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Structural element

SR

Intermediate detailing requirements for elements with a demand
to capacity ratio greater than 1 and less than 2

MTHAETREA AT KA T 4% RARER

Beams, columns and

Detail in accordance with clause 21.3 of ACI318-99 as an

Parameters Thai local seismic code/ IBC, CTBUH Seismic Design

2% ASCE 7-05 Guidelines, Appendix B
& E 3R R /B RSt CTBUHR I 5% EHf R %
RAX VAL AT P

Analysis method Modal analysis

P VRS R

Response spectrum Site Specific Hazard Assestment

Roa G R R

Seismic return period 475 Years 2475 Years

o7 B2

Damping ratio 5% 2%

B £ 3

Response modification 4 1

factor, R

FLEA KRR R HR

Seismic Mass DL+SDL+0.25LL # 4k % +3t B # R #r+025x0E K #

it
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FREEA W
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BEITREZHO
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elastic respons

Outriggers
AR e
FoRAEA RA AT U EARMIREA

Base of Core wall If the concrete compressive strain is more 0.3% then use special
INGCE-S shear wall detailing (i.e. boundary elements). This is only required
at the base of the wall (minimum one Stol

giﬁ& Eﬁ}ﬁik%%%m}@ﬁ#ﬁgﬁ%*k#(ﬁm #
)

RERTERNFERHEMTL (E>—ER)

If the concrete compressive strain is less than or equal to 0.3%
then use ordinary shear wall detailin
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Table 2. Seismic Parameter Comparison (Source: Bouygues-Thai)

R R RIS H I GRIE : Bouygues-Thai)

assess the structural performance following the guidelines in Appendix
B and load combinations from Thai local seismic codes which are

in line with international seismic codes (IBC/ASCE7-05). The main
parameters are summarised in Table 2.

The structure was first analysed and designed conforming to Thai local
code which requires 475 year seismic event, 5% damping ratio with
the response modification factor (R) equals to 4.0. After member sizes
and reinforcements are determined, CTBUH seismic guidelines were
applied to check the structural performance.

CTBUH recommends the seismic hazard to be based on the mean
2475 year spectrum demand in which the damping ratio is no greater
than 2.0%. Moreover, CTBUH also states that the performance of the
structure is satisfied if the ratio of strength demand-to-capacity for load
combinations involving 2475 year earthquake effect is less than 2.0 for
all deformation-and-force-controlled actions with expected strength
capacity for deformation controlled actions and with specified capacity
for force controlled actions.

When implementing CTBUH Appendix B, it was found that Step 6
required further clarification as there aren't specific intermediate
detailing requirements for all structural element types. It was noted
that ordinary shear walls have reasonable ductility so it was proposed
that special detailing would only be required at the base of the wall
where the plastic hinge would form if compression governed. The table
below summarises the approach for the intermediate detailing of the
different element types adopted for MahaNakhon Tower (see Table 3).

Due to the limited time frame for the design and built process, a
non-linear time history analysis was impractical. Though the actual
comparison of the performance assessment from this approach cannot
be achieved, forces from these two approaches are presented here as

a rough comparison. In order to compare the design forces, a factor of
Y5 is multiplied to the forces from CTBUH approach due to the fact that
the allowable demand to capacity ratio is 2.0, while a factor of 1/Phi s
multiplied to the forces from Thai local code.

Figure 5 shows the story shear of the whole building under Thai local
seismic code and the CTBUH seismic design guidelines on different
support conditions. VX and VY denote the seismic base shear in X

Table 3. The approach for the intermediate detailing of the different element types
adopted for MahaNakhon Tower (Source: Bouygues-Thai)
% = + MahaNakhon Tower A~ [6] 46 # #4 # # % 8] A # (3R JE : Bouygues-Thai)
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Figure 5. Seismic Story Shear (Source: Bouygues-Thai)
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Figure 6. Seismic Story Moment (Source: Bouygues-Thai)

FE 7 AR T B E 3 /1 GRIE : Bouygues-Thai)

and Y directions, respectively. The naming system of the models was
explained in Table 1. Maximum base shears in both X and Y directions
are almost identical for the same seismic return period. The fixed
support condition has slightly higher base shears than the spring
support condition. What is particularly interesting is that the base
shears following CTBUH seismic guidelines are approximately three
times higher than the Thai local seismic code (see Figure 5).

Figure 6 shows a story moment for both approaches. As expected, the
story moments are also approximately three times higher in the case of
CTBUH for both support conditions (see Figure 6).

Figure 7 illustrates the seismic load cases column axial force
distribution. Clearly, the column forces C2, C4, C8 and C10. (named in
Figure 7) are three times higher in the case of CTBUH than in the Thai
local code as well (see Figure 7).

Figure 8 demonstrates the inter-story drifts that are all well under
the 1.5% limit, as specified in Thai local seismic code and IBC/ASCE
7-05. Please note that there is no such limit in CTBUH seismic design
guidelines (see Figure 8).

Since the load combinations involving seismic forces are not often

the major cases that govern section design, the results show that the
seismic strength demand to capacity ratio of all elements are less

than 1.0. Therefore, earthquake-related construction details are not
required. Hence, designing with a better performance level target with
CTBUH recommendations instead of local Thai seismic code enhances
the improvement of overall behaviour of the tower under seismic
conditions by strengthening key seismic resisting elements with few
design amendment.
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Figure 7. Seismic Column Axial Forces (Source: Bouygues-Thai)
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Figure 8. Seismic Story Drift (Source: Bouygues-Thai)
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Conclusion MR, BNE(RIEARTE AR s EATEAFLSIE
WAt 851 2 AT i & E A Sk BT E B4 B B AR

1. MahaNakhon Tower was designed taking into consideration
the actual construction sequences using bounded support I-¥-7

conditions: fixed supports and long-term/short-term spring " - o
supports to ensure that the structural main elements such as 1. Mahanakhon Tower# 3% 11 & /& 2| 32 Jf| 9 % S 19 5% 7

mega columns, outriggers, core walls and raft foundation can TR o E{i}:%%ﬂ&,ﬁ;ﬂ/ﬁﬁ;ﬂFj%;%;‘{%%{%i%éﬁ@%
resist the possible load distribution. TLEFEEAE, HEME . A R A RE 45 U 5
R e B

2. HREBEHMTAAF 2GR RITT N ERRFERR L E
A A E AR R A, BRLRIR, BERFE
R AR E R %, ECTBUHAYF & K AEA L3420, H
VA T 58 AT R R #D . Mahanakhon TowerZ & 41 # i
BT, BAAERR R AE AW TN FHLH7S
&, iR EM LN,

2. CTBUH seismic design guidelines require stronger response
spectrum accelerations and more elastic properties in the
structural elements in terms of a lower damping ratio without
any response modification factor. However, CTBUH allows the
demand-to-capacity ratio to be as high as 2.0 without any
capacity reduction phi, @.

3. Since the seismic loads govern only in some portions of

the building, then the higher demands from CTBUH can be 3. ?i’@%%ﬁig Ef‘é%%%ﬁﬁﬁﬁ%ﬂ T’F{ﬂ ,;‘WVA%?
taken cared to ensure the structural performance. This CTBUH AT R AT F & BB oy B R DURIE 4 4 1

PR o N
approach is economically appropriate for the high-end luxury e, LA B XS Tk Mahanakhon Toweri # &9 & 3 & 4F

tower like MahaNakhon KEMERZ—FHEFAEN.
4. Appendix B of the CTBUH seismic guidelines mostly 4. HRBHEMTRAF 2GR T UM HBE R4 B A X

BEULAHFMEN, EEELN, FAEFKREAL
ATI0MER . HRTHEHMABIRA.

gives recommendations on strength issues and detailing
requirements which are more about ductility; especially
when the demand to capacity ratio is greater than 1.0. No
deformation/drift limit is specified.
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