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Abstract. This study shows that the raft thickness is depended on foundation system, Young
modulus of soil right under the raft and number of floors of superstructure, and explains very well the
case of thick raft of ICC Tower, thin raft of Dubai Tower and reasonable raft thickness of Incheon
Tower.
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1. Introduction

While designing ofthe superstructure, in practice the structural engineers
neglect the behaviour of foundation system, they assume that the raft should be
absolute rigid. On the other hand, the geotechnical engineers in designing of the
foundation system, only take internal forces from the superstructure design to
analyse the foundation, they may not care about the behaviour of superstructure
after its designing. Meanwhile, one of targets of foundation design is
displacement, especially differential displacement - the one of fixed conditions
of superstructure to the foundation. The differential displacement (also called
deformation of raft) is the reason in redistribution of internal forces of the
superstructure, this had changed the condition of the fixity of the structural
engineers. The changed internal forces in superstructure at column feet had also
changed the displacement as calculated by geotechnical engineer. Therefore, it is
necessary to control the raft deformationin order to maintain the fixed conditions.
Niandou & Breysse [1] recognized thatdesigning of superstructure, the raft
should be infinitelyrigid in comparison with the superstructure, on the other hand
the raft is more or less flexible as compared with the subsoil, the model in this
case is when h’/k0 (/ - raft thickness, & - pile stiffness). For the design of piles,
the geotechnical engineerassumes that the load from superstructure is evenly
distribute for all piles, in this case A>/ko.One can recognize that thetwo cases as
mentioned above are of course not compatible, in designing of superstructure and
foundation system.

GB 50007 - 2002 stated that the raft thickness is designed based on the
criteria of the bending and punching capacity, and usually depended on
superstructure. Tomlinson [3] proposed that the raft thickness should be designed
as rigid slab under point forces from piles. Poulos [3] give four criteria for the
raft design, there are: maximum moment, maximum shear force, maximum
contact pressure and local displacement under the raft. Fig. 2 illustrates the
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relationship between the raft thickness and number of floors of 31 statistic
buildings constructed in Vietnam and over the World. It can be recognized that
the thicknesses of rafts are very large, it varies from 1.5 to 8 m. With the
thickness, the bending and punching of the raft is very large, but the construction
cost is also large. Therefore the question is, how the raft thickness should be
designed rationally, so it can satisfy the fixed condition of the superstructure and
the flexible condition in designing of the raft.

There are a lot of researches for the effect of pile group on the raft thickness,
for example: Tan et al (1996), Maybaum et al (200), Poulos (2001), Chow et al
(2001), Oh et al (2006), Rabiei (2009), Vasudev & Unikrisnan (2009), Ziaie —
Moayed et al. (2010); Or the effect of subsoil on the raft thickness as: Thangaraj
& Ilamparuthi (2009), Oh et al. (2006), Nandou & Breysser (2005); Or the
effects of superstructure on the raft thickness, as: Meyerhof (1947), Sommer
(1957), Grasshof et al. (1957), and Thangaraj & Ilamparuthi (2009). From the
researches, one can recognize that the raft thickness is depended on three groups
of factors: superstructure (number of floors, stiffness, distance between columns,
etc), pile group (length, diameter, amount, configuration and so on), subsoil
(Young modulus at the tip and top of piles).

2. Analysis of the effects on raft thickness

This study usedcomputer code PRABS (Piled Raft Analysis with Batter
piles), wrote by Kityodom P. &Matsumoto T [4] to analyse a model of high-rise
building, in comparision with the statistical data from 26 buildings constructed in
Vietnam and over the World. The detail was described in Chau Ngoc An & Cao
Van Hoa [5].

2.1 The effect of foundation structure

Settlement of subsoil, displacement of foundation system are related with the
displacement and deformation of the raft, they have the same value at the bottom
surface of the raft. It is recognized that there are average displacement and
differential displacement. But the differential displacement is related with the
deformation and the bending moment of the raft. In analysing of raft, the
differential displacement is the main target.

The analysis of the effect of the foundation system, the superstructure of the
model is keeping unchanged while the pile configuration and the raft thicknessis
putting changed, similar to [6].

Fig. 1(a) shows the relationship between the differential displacement with
the raft thickness, what isincreasing from 2 m to 8 m, in cases of various pile
configurations (Scheme 1 to Scheme4) and various pile diameter. It can be
recognized that with increasing of the raft thickness, the differential
displacement at all scheme of pile configuration and pile diameter tend to
decrease to zero value. The raft thickness at all pile configuration schemes can
reduce the differential displacement strongly, it can be compensated for error pile
schemes, pile defect and other error. As the more rational pile configuration
sheme, the more homogenious subsoil, then the raft thickness do not effect
significantly on the differential displacement [1]. Fig. 1(b) shows that the raft
thickness do not affect on the average displacement.
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Fig. 1. Effect of raft thickness on displacement
Inshort, thelargethicknessofraftcanreducethe  differential  displacement

whenever the rational pile configuration scheme is impossible.

2.2 Theeffectofsuperstructure

The effect of number of floors (load) on displacement is mentioned by many
authors such as: Tran&Diep (1990), Tomlinson (1994), Diep T.T. (1995) [7]. In
order to verify the effect, PRAB is used to calculate the displacement at raft’s

level of the above models, being
equivalent to building of 30, 40, 50 and
200 floors. In this analysis, our concern
is about the differential displacement,
is not average displacement, therefore
there is no need to re-design any pile
group and raft, meaning that we keep
the pile group stiffness against average
displacement of the foundation.

The curve in Fig. 2 shows the
relationship of raft thickness and
number of floors of statistics buildings.
It clearly shows that the superstructure
affects greatly on the number of floors
of a building.

Fig. 3(a) shows that the higher a
building, the greater displacement. If
we cannot choose a suitable pile’s
configuration, it is necessary to design
a thick raft in order to meet the
allowable displacement. The result in
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Fig. 3(b) shows the relationship of number of floors and raft thickness with
allowable displacements of 0.2% and 0.05% accordingly. Curves in both Fig. 2
and Fig. 3(b) are relatively the same, show that the raft thickness increases when

number of floors increase.



16 ISSN 2410-2547
Omip marepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2019. Ne 102
~ 0 i —_ 10 L
E E
B
= 100 z e
8 L —i— 130 floors é ot dﬁaﬁ(ﬁt 027
- AL
. 200F —o— 40 floors ;—:’ 51 I d-\Sﬁ,\ace“‘e
g | —— 50 floors d; 3
« ——200 floors 52 [
30004 o v oy o Lol
2> 4 6 8 0 100 200
Raft thickness (m) Nos of floors
(@) (b)

Fig. 3. Relationship between raft thickness and number of floors

In short, the raft thickness is depended on number of floors, as with
conclusions of Tran & Diep (1990), Diep T.T. (1995), Tomlinson (1994). When
number of floors increase from 30 to 200, the raft thickness increases around 2.5
times.

2.3 The effect of Young modulus of soil

During the calculation of pile internal forces and soil pressure around piles by
PRAB, it can be recognized the exist of a neutral plane somewhere between top
and tip of piles, see Fig. 4. This conclusion is matching well with Fellenius
research [8].
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Fig. 4 shows that there is a neutral plane stay parallel to raft foundation at
approximately the middle of pile length. The differentiated value between force
in piles and stress in the subsoil on x and z direction above this plane is relatively
large, but the differentiated value below is rather trivial. This means the piles and
soil on the neutral plane bearing the great force.

Therefore, it is really necessary to research the effect of soil in this area
(between raft and neutral plane), displacement and role of raft. Young modulus
of soil underneath the raft foundation in the research is around 30 MPa, which is
rather common in the area of district 1, HCM city. However, when the soil is
improved, or in other construction area, Young modulus of soil has the greater
value, ranging from 50 to 100 MPa (equivalent to the clay soil in Frankfurt). In
some buildings in the world, such as Dubai Tower, the soil underneath the raft is
limestone, with Young modulus of 1,500 MPa. In order to evaluate generally and
understanding the raft thickness of 31 statistic buildings in the world, the Young
modulus in this research is ranging from 30 to 175 MPa.
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Fig. 5. Effect of Youngmodulus on raft thickness and displacement

Fig. 5(a) shows that in case of the soil layeris thick 3.1 m (around 10% of the
raft width) under the raft has the large Young modulus, the displacement is
sharply reduced; in comparison with the thicker soil layer (around 6.2 m and
9.3 m). Fig. 5(b) shows the effect of soil’s Young modulus on the raft thickness:
if the modulus increases from 30 to 175 MPa, raft thickness can be reduced from
2 to 3 times, depending on the displacement tolerance.

In conclusion, Fig. 5 shows that if Young modulus of soil layer under the raft
has thickness of 10 — 20% of the raft width, it can greatly reduce displacement.

3. Discusion and Cases study

3.1 Dubai Tower

The Dubai Tower is 400 m high, include 74 floors plus 3 basement floors, see
Fig. 6. It is founded on very thin raft supported by 163 piles with 22 m and 29
piles 32 m long below the main foundation area. Under the raft there is 15 m
limestone with long term Young modulus of 1,500 Mpa. The Dubai Tower is
designed as piled raft foundation, meaning that piles are placed in the foundation
mainly to reduce the displacement. [9].
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Fig. 7. Comparison of the displacement by various methods, and optimizing raft thickness by PRAB

The original designed raft thickness is 2.5 m, the differential displacement
(raft deformation) of 0.07% calculated by Poulos [9] using GARP. The
computed thickness by PRAB is 1.5 m at deformation of 0.2%. Fig. 5(a) shows
that the displacement of the Dubai Tower foundation is calculated by various
methods by many researchers [9], [10] are matched well with PRABS results.
Therefore, using PRABS one can optimize the thickness of the Dubai Tower’s
raft to meet the allowable different displacement of 0.2% is about 1.6 m. Using
graph developed based on 3 factors: Young modulus of soil, number of floors
and piles length, as described in [5], we get the raft thickness of 2.1 m. It shows
that even with using different methods to attain results with similar value.

We can see that the raft thickness in Dubai Tower is thin because the
Youngmodulus of soil under the raft is great.

3.2 ICC Tower, Hong Kong

The ICC Tower (HongKong) is 484 m high (with 118 floors + 6 basements),
was built in the West of Kowloon Island, on Victoria Coast, Hong Kong. Fig. 6
shows the layout of upper structure and raft foundation of the ICC Tower.
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Fig. 8. Layout of upper structure and foundation structure of ICC Tower, Hong Kong [11]

The Tower is designedbythe pile group foundation. The raft thickness is 8m,
the raft is placed at level of - 26m. The pile system includes 86 barrette piles of
1.5x2.8 m, and 154 barrette piles of 1.0x2.8 m. Since the rock-head level varies
between EL-61m and EL-106 m, the soil hasdifferent bearing capacity, then the
pile toe is proposed to place 2m away from the base rock in order to limit the
different displacement. The result is that the pile length is the ranging from 35 to
70 m (the largest pile toe elevation is EL-95m). The barrette wall surrounding the
perimeter of foundation with dia. 76 m, 1.5 m thick, and is constructed at the
elevation of EL-95m.

The soil under the raft consists of alluvium and CDG overlying rock,
including medium to coarse gravel, clay to coarse sand, sandstone with modulus
under 30 MPa [9].

The designed raft thickness is 8 m at the differential displacement (raft
deformation) of 0.048%. Fig. 9(a) shows that the displacement calculated by
Plaxis [PdLong] and the result from PRAB are matched well. Then using
PRABS to optimize the raft thickness of ICC Tower at Fig. 9(b), one can
recognize that the thickness is about 1.5m at deformation of 0.2%. Raft
thickness based on the graph method [5] is 7.1 m at deformation of 0.2%. It
shows that the raft thickness attained by using 3 methods above give vastly
different value.

In short, the raft thickness of ICC Tower seem to be too large. For this case,
this is the case of the pile group foundation, the average displacement should be
very small, then the differential displacement is also small. The ICC Tower do
not need the thick raft to balance the raft deformation.
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3.3 Incheon Tower Poulos 2011,8, Republic of Korea

The foundation of the Tower is pile group type, include a raft thickness 5,5 m
as an intermediate structure with piles under and core of superstructure above.
Number of piles, pile configuration and sizes are determined after a numerious
repeated analysis, with cooperation between the structural and geotechnical
engineers. Pile length and pile diameter are selected based on behaviour and
bearing capacity. The target of pile length selection is to control the displacement
of tower. From the above analysis, pile tips are proposed to locate in the soft
rock layer, instead of lightly weathered rock above. There are two rules for
determination of pile length: pile tip should be minimum 2 m in the soft rock and
pile tip should be at elevation of EL -50,0 m.

The final pile configuration was proposed to be 172 piles with dia. 2.5m, with
length (from raft level) ranging from 36 to 66m. The raft bottom is at EL -
14.6 m.
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Soil in this area is mainly a mixture of sand and mud, near sea coast, and
constantly flooded by tide. Geological section included: The surface is lost sand
and sandy silt with 8 m thick; the second layer is upper marine deposits (UMD),
with soft to firm marine silty clay, with 20 m thick; the third layer is lower
marine deposits (LMD), with medium dense to dense silty sand, with 2 m thick;
the fourth layer is highly weathered rock, with low pressure bearing capacity,
under it is a layer of lightly weathered rock with greater pressure bearing
capacity; the fifth layer is base rock, with two minor layers: softer stone located
onEL-50m, and harder stone located under EL -50m.[11], [12].

The designed raft thickness is 5.5 mat the differential displacement (raft
deformation) of 0.204%. Fig. 11(a) shows that the displacement calculated by
Plaxis and GARP [11] and the result from PRAB are matched well. One can
recognize that the results from Plaxis with consideration or without consideration
of friction of basement wall can be neglected. That mean that computer program
like PRABS, GARP can be used for evaluation of the pile raft foundation. Then
using PRABS to optimize the raft thickness of Incheon Tower at Fig. 11(b), one
can recognize that the thickness is about 5.8 m at deformation of 0.2%. The raft
thickness from graph (Fig.9) is 7.75m at deformation of 0.2%. The raft
thicknesses calculated by the three methods are matched well.
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Fig. 11. Comparison of the displacement by various methods, optimizing raft thickness by PRABS

In short, the raft thickness of the Incheon Tower is designed reasonably. This
is a good practice that the structural engineers and geotechnical cooperate in
optimizing the raft thickness before designing rebar and concrete.

4. Conclusion

It proves that there is no agreed method for designers to use when choosing
raft thickness at the moment, as well as the need for choosing reasonable raft
thickness has not been put into the thought.

The research records 3 important elements that need to be focus on when
analyzinga reasonable raft thickness. They are: number of floors, Youngmodulus
of soil, and pile configuration (especially pile length). The actual raft
thicknesses in all statistic building are larger than optimizing results from
PRABS show that,it is necessary to choose the larger raft thickness than the
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reasonable one, in cases of damaged pile, uneven ground throughout the pile’s
body, soil under the pile’s head.

Raft thickness of The Dubai Tower and the Incheon Tower are reasonable,
raft thickness of the ICC Tower seem to be larger than required.
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Cao Van Hoa, Nguyen Anh Tuan
AN ANALYSIS OF RAFT THICKNESS IN HIGH-RISE BUILDINGS - CASE STUDIES

From the observation of rafts of 31 high-rise buildings constructed in Vietnam and over the
world, it can be recognized that they have very large thickness. So, the questions are, what is the role
of the raft (it’s thickness) in a especially foundation system, and in the whole upper-structure — raft —
soil and pile group’s interaction in general? And why does the raft thickness in some building seem
to be very large (e.g. ICC Tower is 484 m tall, has raft of 8.0 m thick), while the others have
relatively thinner raft (e.g. Dubai Tower is 400 m tall, has raft of 2.5 m thick ).

This study shows that the raft thickness is depended on the foundation system, Young modulus
of soil right under the raft and number of floors of superstructure. This analysis explains very well
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the case of thick raft of ICC Tower, thin raft of Dubai Tower and reasonable raft thickness of Incheon
Tower.
Keywords:Piled raft, Raft, Pile group, Soil-structure interaction, Case study, Settlement.

Kao Ban Xoa, Heyen Anx Tyan
AHAJII3 TOBIIUHU ®YHAAMEHTHUX IIVIUT BUCOTHUX BYAIBEJIb - IPUKJIAIA
JOCJIUKEHHSA

Ilo BUBYEHHIO TOBIUMHHM (YHAAMEHTHUX ILIMT 31 BHUCOTHOrO OyIHMHKY, MOOYJOBAHOIO Y
B'erHami i B ycbOMY CBiTi, MOXHa BH3HATH, 110 BOHH MAIOTh JY)KE BEIUKY TOBIMHY. OT)KE, TUTaHHS
IHOJIATa€ B TOMY, sika posib GyHmaMeHTHOI IMTH (11 TOBIMHK) B cucTeMi GyHIaMEHTY, i B LiIOMy Y
B3a€MOJIii BEpXHbOT KOHCTPYKLIi MINTU-TPYHTY 1 cBaiiHe rpynu? | YoMy TOBLIMHA IUTUTH B JESKHX
OyniBIIsSIX BUSBISAETHCS Ay)Xe Benukuil (Hanpukian, Bexa ICC Bucororo 484 M, mae dyHIaMeHTHY
IUIMTY TOBIUMHOIO 8,0 M), B TOH 4ac sIK IHIII MAlOTh BIJHOCHO OiNbLI TOHKI ()YyHAAaMEHTHI IUTHTH
(Hampukiiaz, ToBIMHA (yHIaMeHTHOT nTH [ly6aiicekoi Bexa Bucororo 400 M cTaHOBUTE 2,5 M).

Lle mocumimKeHHs MoKa3ye, [0 TOBLIMHA IUIUTH 3JISKUTH Bil KOHCTPYKLIT (yHAAMEHTY, MOLYJIS
HPYXKHOCTI TPYHTY, 110 3HAXOAUTHCS OE3M0CepeJHbO Mif IUIUTOIO 1 KIMBKOCTI moBepXiB Oyaisii. Lleit
aHali3 Jyke 100pe MOSCHIOE BHIAM0K MOTOBIICHOKW minTd Bexi ICC, OUIblI TOHKOI IUIMTH
JlyGaiicbkoi Bexi 1 ONTUMAaIbHOT TOBIMHY [JIMTH B Oa1ITi IHUXOH.

KirouoBi cnoBa: CBaiiHuMil T, IUIOT, MAJbOBHUX IPYIA, B3aEMOisS [PYHT-CTPYKTYpa, IPUKIIAIHA
JIOCIIKEHHSI, [TOCEJIEHHS.

Kao Ban Xoa, Heyen Anx Tyan
AHAJIA3 TOJMUHBI ® YHIAMEHTHBIX IJIUT BBICOTHBIX 3JTAHUM - TIPUMEPBI
HUCCIIEAJOBAHUSA

B pesynbrate u3ydeHus (yHAAMEHTHBIX MUIMT 31 BBICOTHOTO 3[aHHUs, IOCTPOCHHBIX BO
BbeTHamMe U BO BCEM MHpPE, MOKHO MPU3HATh, YTO OHM MMEIOT OY€Hb OOJIBIIYIO TOMIIMHY. MTaK,
BONPOC 3aKJII0YAeTCs B TOM, KAakKoBa poib (YHAAaMEHTHOW IUMTHI (€€ TOJLIMHBI) B CHCTEME
¢dyHOaMeHTa, U B LEIOM BO B3aMMOJCHCTBHH BEpXHEH KOHCTPYKLUMH IUIMTHI-TPYHTa M CBalHOH
rpynnel? W modyeMy TOMIIMHA IUIMTHI B HEKOTOPBIX 3[aHMAX OKA3bIBACTCS OUYCHb OOJIBIIOH
(nanpumep, 6ammns ICC BricoToit 484 M, MeeT HyHIAMEHTHYIO IUIMTY TONIIHHOM 8,0 M), B TO BpeMs
KaK Jpyrue HMEIT OTHOCHTENBHO OoJyiee TOHKHE (yHIAMEHTHBIC IUIMTHI (HAIPHMeEp, TOJILIMHA
¢dynnamenTHo# mmTel [ybaiickoit baums Beicoroit 400 M coctasisieT 2,5 m)?

D10 HCCIen0BaHUE MOKA3bIBAET, YTO TOJNIIMHA IUIUTHI 3aBUCHT OT KOHCTPYKLHMH (yHIAaMEHTa,
MOJYJIsS YIPYrOCTH I'PYHTa, HaXOASILIEr0oCs HEMOCPEICTBEHHO IOJ IUIMTOW M KOJIMYECTBA dTaKel
30aHMS. DTOT aHAIIM3 XOPOIIO OOBSACHAET Cilydail yToJmeHHOH minThl 6aman ICC, Gosiee TOHKOM
winThl Jly0aicKoii OaliHK U ONTHMAJILHOCTh TOJIIIMHBI IHTHI OaHi MHYUXOH.
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