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ABSTRACT: During the last decades, the quick growth of ciiBover the world has led to a rapid increasthennumber and height of
high-rise and super high-rise buildings. High-riséien rest on pile foundations, which are designgidg the conventional method, where
the piles take the full load from the superstruetURecently it is increasingly recognised that tee af piles to reduce the foundation
settlement and differential settlement can leaddosiderable savings. Only a limited number of Qilealled settlement-reducers, may
improve the ultimate load capacity, the settlenparformance, as well as the required thickneshefaft. In this article the result from the
Author’s experiment study, which strongly suppdite concept of settlement-reducers in non-cohesiile are reviewed. Applications of

FEM in design of piled-raft foundations for higlset are also discussed.

1. FOUNDATION OPTIONS FOR HIGH-RISES

Foundation is the interface between the superstreicif the high-
rise and the ground. Its task is to transfer satietybuilding loads
into the ground and to keep settlement as smapassible. The
foundation system must be designed to ensure muffiexternal
stability of the entire system and maintain therinal load-bearing
capacity of the building components through appetderdesign of
the components. The serviceability of the buildingust be
guaranteed for its entire lifecycle.

There are three principal foundation options tmgfar the heavy
loads from high-rises to the ground: Raft foundationswhere the
loads are transferred to the ground via a foundatadt; 2) Pile
foundations where high-rise loads are transferred to a deleper
bearing layers via piles or diaphragm wall elemeatsl 3)Pile and

raft foundations (PRF)where the high-rise load is taken partly by

the raft and partly by the piles or diaphragm wall.

1.1 Raft Foundation

In subsoil with good load-bearing capacity, as desand and
gravel, un-piled raft foundation can be the mosteenic option for
high-rises. The Trianon tower, which is almost 1%figh and Main
Plaza tower, 90m high, in Frankfurt are good exaspWhere the
settlement remained under 100 mm and the tiltisg than 1:800.

1.2.  Pile Foundation

Pile foundations are necessary for cases, whersubhsoil near the
ground surface has low load-bearing capacity oerbgeneous
conditions. The entire high-rise load is transfére the firm layers
only by piles or diaphragm wall. In such a foundatior so-called

foundations (PRF), in which the load from supexgtite is partly
taken by piles and the remaining taken by theisaftore and more
accepted. The piles are designed to reduce thiersetit, not to
taken the total load. This idea of using piles etleament-reducers
was started in the seventies (Hangtoal, 1973; Burlandet al,
1977). In the case of piled raft on clay, this pbdphy has been
developed into a refined design method in SwedenoAling to the
design method, the building load inducing stressesxcess of the
clay pre-consolidation pressure is carried by thespgn a state of
creep failure, while the remaining portion of tlead is carried by
the contact pressure at the raft-soil interface ndta, 1984;
Jendeby, 1986; Hansbo & Jendeby, 1998). A simppgar@ach was
introduced in the UK by Burland (1986). Enormoustdbations to
the development of the piled-raft foundation conckave been
done in Germany during the 80’s and 90’s of thedastury. Many
piled raft foundations have been constructed inRfankfurt Clay
using settlement-reducing piled foundation for hedigh-rises
(Sommer et al.,, 1985; Katzenbach et al., 2003).rdtee also
applications in non-cohesive soil, like the Berliman8 (EI-
Mossallamy et al., 2006). Recently, super high-bsidings in the
Gulf have often been constructed upon piled rdfte load of the
buildings is shared between the piles in shaftifncand the raft in
direct bearing, with the pile system typically gamg about 80% of
the total load directly into the deeper strata (Dseet al., 2008). For
piled footings in non-cohesive soil, a systematipegimental study
of the behaviour of the piled footings with the daging in contact
with the soil surface, has been carried out by Al¢hor, Phung
(1993). The study shows that the influences offtiding (cap) in
contact with the soil on the bearing capacity dépiand on the
load-settlement behaviour of a piled footing aresiderable. The
mechanism of load transfer in a piled footing imad a highly
complex overall interaction between piles, pile ead surrounding

conventional pile foundatigrthe raft is designed not to take anysoil, which is considerably changed due to pildalstion and to

load from the superstructure. According to moshdtads, the piles
must be designed with a safety factor of 2 to 3sThquirement
results in a higher number and larger length cind therefore
the pile foundation is considerably expensive. Ceosely, the

settlement of the pile foundations is unnecessarihall. The pile

foundation is the most common solution employed High-rises

worldwide, especially e.g. in the US, South EastAsr Vietnam.

Foundations are predominantly founded on large-dtambored

piles, barrettes or diaphragm wall, which are someg driven as
deep as 80-100 m into the ground to reach loadgekayers.

1.3. Piled-Raft Foundation

The traditional/conventional design practice foledoundations is
based on the assumption that the piles are freelisig, and that the
entire external load is carried by the piles, vatty contribution of
the footing being ignored. This approach is ovarsesvative, since
the raft or pile cap is actually in direct contadth the soil, and thus
carries a significant fraction of the load. Thelpsbdphy of design is
recently undergoing a gradual change. The concépgiled-raft

the contact pressure at the cap-soil interface.

2. CASE HISTORIES

During the last two decades, the quick growth tiésiall over the
world led to a rapid increase in the number andglitedf high-rise
and super high-rise buildings, even in unfavouralsigbsoil
conditions. Piled raft foundation concept has beeccessfully
applied for many projects, some of which are sunsedrin Table
1.

Systematic measurements of the load transfer mesrhaof
piled raft foundations were performed to verify thesign concept
and to prove the serviceability requirements. Thikdp raft
foundation has been widely applied as suitabledation technique
for high-rise buildings in Frankfurt to achieve aomic solutions
that fulfil both the stability and the serviceatyilrequirements. The
measured settlements of different case historiepilefi rafts in
comparison with traditional raft as well piled falation are shown
in Figure 1, in which factos,_ is a load factor representing the load
taken by the piles relative to the total structiwal.
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Table 1. Piled Raft foundation-Case histories

No Tower Structure Load share (%) Instrumen- SettlementSya
(height/storeys) Piles Raft tations (mm)
1 | Messe-Torhaus, Frankfurt 130m, 30-storey 74 2b Yes N.A.
2 | Messeturn, Frankfurt 256m, 60-storey 57 43 Yes 144
3 Westend 1, Frankfurt 208m 49 51 Yes 120
4 | Petronas, Kuala Lampl? 450m, 88-storey 85 15 Yes 40
5 | QV1, Perth, West Australia 42-storey 70 30 N.A. 40
6 | Treptower, Berlin 121m 55 45 Yes 73
7 | Sony Center, Berlin 103 N.A. N.A. Yes 30
8 | ICC, Hong Kong™ 490m, 118-storey 7 307 N.A. N.A.
9 | Commerzbank, Frankfurt 300m 96 4 Yes 19
10 | Skyper, Frankfurt 153m 63 27 Yes 55
Note: PPpile foundations® load share predicted by calculation design; N.fotavailable info
00 02 04 06 08 10 o 8100k Sitrg
o ! lotal load
0 >
)(8 e ’.?," 1 357— -5-"1 [raditional raft foundation Piled raft foundation
S /’,—’)24;4 ars\g g %0 * 1 ®1 = Commaerz Bank (old) X1 = Torhaus
10 ’,/ X3 | ,r/ @2 = Dresdner Bank (old) X2 = Messetum
g s I’1 X2 e ®3 = SGZ Bank X3 =DG Bank
< L ®4 = Marriot Hotel (Plaza) X4 = Japan Center
g 20 -4 gai %5 = Kastor/Pollux
%) 25 /," X6 = Congress Center
c% - 4 /,/ Traditional piled foundation X7 = Main Tower
30 3 =1 ¥ 1 = Commertzbank (new) X8 = Eurotheum
35 —j¢— Piled raft —
 j

AConvennonal piled
foundation

Conventional raft
foundation

Figure 1. Raft and piled-raft foundation-Case his®(EI-Mossallamy, 2008, modified by the Authgrdudding cases « 4,5,6,9
and 10 showed in Table 1)

It is noted that some foundations were designed asle
foundation, but they acted as a combined piledfoafbdation,
i.e. the raft can take some part of building lo@dtronas Tower
in Kuala Lampur is a good example. The foundatioasw
designed according to the conventional pile methémvever, a
certain part of the total load was still taken bg taft. According
to the measurement, 15% of the dead load when ttbetwre
reached the height of 34 stories, or 40% of thal totver height.
This percentage would have been smaller once therteached
its full height. Low percentage of load carried thg raft seems
to be due mainly to the presence of the soft sedirnhe ground
surface. Commerzbank in Frankfurt is another exanipl this
case the piles take 96% of the total load.

From Table 1, we can see a clear connection betien
settlement and the percentage of load carried leg:gihe larger
the load taken by piles, the smaller the settlementirs. In fact
the settlement (maximum value, differential setdemand its
pattern) can be control by changing the number ilgsptheir
length as well as their layout.

3. EXPERIMENTAL STUDY

The most well-known experimental study on pile g®in sand,
which has been used as a major reference in most
studies/researches is no doubt the one done byc \(&869).
However, the experimental study was carried longetago, and
could not clarify some aspects of this complicabegraction
problem. In order to clarify the overall cap-soilepinteraction
and the load-settlement behaviour of a piled faptin non-
cohesive soil, three extensive series of largeesfiald model
tests were performed (Phung, 1993). Through theystthe
Author has tried to create a better understandinthe load-

150

transfer mechanism and of the load-settlement bebewof a
piled footing in non-cohesive soil, as well as theerall
interaction between the piles, the cap and sojpe@slly the
settlement-reducing effect of the piles.

Three different series of large-scale model ted¢ndted as
T1 T2 and T3) were performed. Each test seriesistusof four
separate tests on a shallow footing/cap (denote@)as single
pile (S), a free-standing pile group (G), and &dgifooting (F)
under equal soil conditions and with equal geomesteg Table 2.
The overall pile-cap-soil interactiorof a piled footing in sand
includes interaction between the piles, namediéessoil-pile
interaction as well as between the piles and the pile cap
(footing), which is in contact with the soil suracamed apile-
soil-cap interaction Comparison of the results from the tests on
free-standing pile groups with those on single gilews the pile-
soil-pile interaction, while comparison of the ritsuon piled
footings with those on free-standing pile groupd an un-piled
footings (cap alone) shows the pile-soil-cap intgoa.

A detailed description of the tests can be fourskwhere
(Phung, 1993). All the pile groups were square, eorsisted of
five piles: one central and four corner piles. fede tests, the
following measurements were made: individual pdeds, total
applied load, lateral earth pressure against the ghaft and
displacement of the footing. Axial pile loads weneasured by
means of load cells at the base and the top of pidehA load
cell was placed in the middle a corner pile, todgtthe load
distribution along the pile length. The lateral thapressure
against pile shaft was measured for the central, Yy twelve
Glotzl total stress cells, installed symmetricatly all the four
sides of the pile. Displacements were measuredelbytric
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resistance transducers. All the instruments weraitmed by a
data logger.

Comparison of the results from the separate testaéh test
series is shown in Figures 3a to 5a. Look at Tesés T1, Figure
3a, we can see that the load taken by cap in tled footing,
T1F-Cap is very close to the load taken by cap aldrig;-Cap
While the load taken by piles in the piled footiAd,F-Piles is

N

y

much larger than the load taken by piles in the-B&nding pile

groups T1G-Piles We can see a similar tendency in other test

series, T2 and T3, see Figures 4a and 5a. Loadn takthe cap
and the individual piles are shown against thel tapplied load
in Figure 3b to 5b. In Figure 3b, the load share betweap and
all single piles are drawn, while in Figures 4b &g the load
taken by cap is drawn together with the average @ pile.

Figure 2. Field large-model tests set up: a) dast free-standing pile group; b) Test on a pitegtihg with the cap in contact with soil.

Table 2. Summary of the large-scale field modstiste

Test Pile Group and Separate tests in one test| Pile length
Series Cap (Footing) ID, % series Ip (m)
square group of five piles T1C, shallow footing -
T1 pile spacings=4b | b = 38% T1S, single pile 2.0
cap: 46cmx46cmx30cm T1G, pile group 2.1
T1F, piled footing 2.3
square group of five piles T2C, shallow footing -
T2 pile spacings=6b | b =67% T2S, single pile 2.0
cap: 63cmx63cmx35cm T2G, pile group 2.1
T2F, piled footing 2.3
square group of five piles T3C, shallow footing -
T3 pile spacings=8b | b = 62% T3S, single pile 2.0
cap: 80cmx80cmx60cm T3G, pile group 2.1
T3F, piled footing 2.3

From the test results, very important remarks aagvd:

. When the load is applied on the piled footing, piles
at first take a major portion of the load; not upile
failure a considerable portion of load is transdrito
the cap, Figures 3bto 5b;

. The load-settlement curve of the cap in a pileatifigy
is very similar to that of a cap alone, Figures®38a;

. The load carried by the piles in a piled footimgsuch
larger than that the load carried by a free-stangite
group, Figures 3a to 5a.

3.1 Bearing capacity

From the test results, the Author suggested that ktbaring
capacity of a piled footing in non-cohesive s&j; can be

estimated as follows:

Pft =n m”ls Ij745 I:Pss +,7]b mhb I:Psb) +,76 I:R: (4)

where,n is the number of piles in the groupsgandPgp are the
shaft and base capacities of a reference singée B{l is the

capacity of the cap; other symbols can be seerabiel3 with
indices 5" and 'b" indicating (pile) shaft and base.
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Table 3. Definitions of load efficiency factors

Symbols Definition comparison between
n, Pgr/ nPs free-standing pile group and single pile
n, Ptp/Pgr piled footing and free-standing pile group
N Pfc/Pc piled footing and shallow footing

400

Figure 5b. Test T3F — Load share betwagmicd



Geotechnical Engineering Journal of the SEAGS & 868Vol. 41 No.3 September 2010 ISSN 0046-5828

Table 4. Definitions of settlement ratio factors

Symbols Definition comparison between
51 Sgr /Ss free-standing pile group and single pile
53 S /Ss piled footing and single pile
55 S /sgr piled footing and free-standing pile group
57 S /sc piled footing and shallow footing
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Figure 6a. Test T2F Fypical change in lateral pressure against Figure 6b. Test T3F Fypical change in lateral pressure against

shaft due to cap contact effect versus cap loadgited footing

The efficienciesf},, and/},, , which show the influence of

the pile-soil-pile interaction on the pile shafiddpase capacities,
can be estimated by comparing the load per pileaifree-
standing pile group with that of a single pile atcartain

settlement, e.gs = 10 mm. The efficiency],, can be taken as
unity for medium dense to dense sand, and higteer timity for
loose sand. The efficiencie§,, and/],, , which show the

influence of the pile-cap interaction on the pilea® and base
capacities, can be determined clearly by testsilen flootings
performed according to the second test procedurepites long
enough (0>2.SBC, in which Ip is the pile length, an@¢ is the

cap width), we can takd,, as unity. The efficiency], shows

influence of the pile-cap-soil contact on the capazity, anctan
be taken as 1.0 for loose sand and 0.9 for medemsalto dense
sand.

3.2 Settlement Ratio

The traditional concept of settlement rafigs used to compare
the settlement of a free-standing pile group witfattof a
reference single pile. However, as discussed by Abéor
(Phung, 1992 and 1993), this raffadepends very much on the
choice of failure criterion and safety factor. Fmmparison of
the settlement of a single pile, a free-standirig gioup, a piled
footing, and a shallow footing under equal condgiodifferent
new settlement ratios were suggested by the Authdable 4. In
order to avoid the confusion caused by failureeddn the
comparison is done at the same load level, i.¢heatsame load
per pile, or at the same applied load on footings.

In Table 4,s5is the settlement of a single pile, agg}, ¢,
ands; are the average settlement of a free-standinggpilep, a

shallow footing and a piled footing under equal ditons. The
ratios flandfs, estimated by comparing the settlement of a pile

group or a piled footing with that of a single pie similar to
the conventional settlement rati@ These ratios have little

shaft due to cap contact effect versus cap loadgited footing

practical meaning in estimating settlement of pileotings, and
are not discussed here.
Comparison of settlement of a piled footing withttb& a

free-standing pile group leads to the rqﬁg The test results

show that this ratio at the same applied loadvimgs much less
than unity. This means that the increase in stfinef the piles
footing, as compared with the corresponding freading pile

groups, is considerable. This conclusion is cogpttarthat drawn
in most of the theoretical studies, based on therthof elasticity
(Butterfield & Banerjee, 1971; Poulos & Davis, 198&nd

Randolph, 1983).

The ratiof7, which is defined by comparing the settlement

of a piled footing and that of a corresponding lelvalfooting at
the same applied load, seems to be the most usefiiément
ratio. This ratio means the reduction in settlemehta piled
footing as compared with that of a shallow footungder equal

conditions. As expected, thé7 -value, obtained from the tests is

always lower than unity. The ratio is smaller ioder sand. This
settlement ratio is further discussed later.

3.3 Influence of Cap Contact Pressure on Pile Skifriction

As mentioned above, from the test results it cafobad that the
load taken by piles in a piled footing is much &rthat that in a
corresponding free-standing pile group. This cameXx@ained by

the increase in pile shaft frictiodlfs, caused by the increasing

lateral earth pressure due to the cap-soil comeessure. The
lateral earth pressure against the pile shaft weasaored for the
central pile in the groups by means of Gl6tzl tattakss cells.
The cells were read before and after each tegssdvefore and
after driving each pile, as well as before andraffte tests on
single piles and free-standing pile groups. Theltesare shown
in the form of the increase in laterptessure against the pile
shaft as compared with the readings before theTast intention
is to separate the effect of the cap on the lajgm@tsure from
other sources such asmpaction effects due to pile driving, time
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effects, testing effects as the change of lateedqure before and
after the tests on the single pile and the fremeltey pile group.

In all the three test series, the results show lile&tire cap-
soil contact, the lateral pressure increases dnlyealower cells,
while the readings from the upper cells are almaesb. This can
be explained by the fact that a compacted zonelalevearound
the pile tip at pile failure. The compacted zoneaises the
pressure to increase only at the lower cells, httteupper cells
near the cap bottom. Another possible reason isttigavolume
of sand increases due to dilatancy. This effectaiger with
higher stress level.

The pressure increase due to the cap coming imeacb
with soil will add to the effect of the pile faileirzone. The effect
of the cap-soil contact is predominant for the uppedls near the
cap bottom, while the effect of the pile failure neo is
predominant for the lower cells near pile tip. Togdichanges in
lateral pressure against the pile shaft due ontheceffect of the
cap are plotted versus the load carried by theicaghme piled
footings in Figure 6. More detailed results can foeind
elsewhere, see Phung (1993).

Generally said, in a piled footing, the pile skinction
consists of friction due to pile-soil-pile interaxt, and friction
due to the increase in lateral earth pressure dauséhe cap-soil
contact pressure and by the influence of the faikone at the
pile tip, as mentioned above. Only the skin frictidue to the
increase in horizontal stress is discussed here.ultimate skin
friction is generally expressed as:

f.(2) = 0, (2) Qand

where, 0, (2) = horizontal effective stress,

and 0 = pile-soil friction angle.

The relative displacement between pile and sgi¥) should be
large enough to mobilise full friction. In the gealecase, with a
given value of the relative displacemep{(z), the skin friction
fs(2) can be calculated as:

f.(2) =0, (2) [F(2) Qand

where,F(2) = level of mobilization of skin frictionf(2) = s,{(2) /
Spsu When s,{2)< s,5; OtherwiseF(2) = 1, andsy, =
relative displacement between pile and soil regutce
mobilise full skin friction, see Figures 7c and 7d.

The movement of the pile shaft relative to the aumding soil,
required to mobilise ultimate pile shaft resistanie almost
independent of the pile diameter and is in the bod@ to 5 mm.
When the pile cap comes into contact with the gdouincauses
an increase in the horizontal pressure againstpilee shaft,

A0, (2) . At the same time it causes the soil under thetoap

settle, calleds(2). As a result, the relative displacement between
the pile shaft and the surrounding soil will be ueed in the
region close to the cap. If the settlement of tite tpp s, and the
pile compressiom,(z) are known, and ignoring the settlement of
soil due to the pile load, the relative pile-soisglacement
becomes, see Figures 7b and 7c:

5(2=5,-5.(2-,(2)

where, s,{z) = relative displacement between pile and abil
depth z;
S = settlement of the pile top;

s(2) = settlement of soil due to the cap;
op(2) = pile compressian

At the pile head, depth z = §,{0) = 0 becauss, = s(0), and
0p(0) = 0. At a depth large enough(2) = 0, and the above
equation returns to the usual forgy(2) = s,- d,(2). The increase
in skin friction Afs due to the cap in contact with soil will be zero
at the cap-soil interface. It will then increaseatmaximum value
at a certain depth, where the relative soil-pilsptiicement is

large enough. Thereafter it will decrease beca(ﬁ@r'] reduces

with depth. In Tests T2F and T3F, the depth, wileecincrease
in skin friction Afs due to the cap reach the maximum value, is
equal to or less than 0.5 m, because from thishdeéptvnwards

AO’,'1 always decreases. It should be noted that thectieduin

relative displacement between the pile shaft anidds® to the
cap being in contact with soil also makes the $kation due to
pile-soil-pile interaction reduced in vicinity dfi¢ bottom of cap.
The effect of diminishing the relative displacembatween piles
and soil nearest below the cap can be seen just edip-soil

contact. Close to the pile tip, bolhdr‘] andAfs increase due to
the effect of pile failure, Figures 7e and 7f.

F(2) Ac; Af,

s

Due to Cap

Total \ Total

la) (b} (c)

‘\‘\ /*—'\‘
— )

Due to Pile Failure
(d) (e) (f)

Figure 7. Increase in skin friction along a pdeg to effect of cap being in contact with soilsurface and effect of failure zone at pile base,
Phung (1993).
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3.4 Simplified design method

From the test results we see that when the loagppdied on a
piled footing, the piles first take a major portiohthe load, and
only after pile failure, the load is considerabigrisferred to the
cap. This means that the piles are close to faijwith a safety
factor close to unity). We also see that the lademn by cap in
the piled footing is very close to the load takgrchp alone. This
means that the load-settlement relationship offtwting in a

piled footing can then be estimated as that offdloéing without

piles under the same load. From these conclusmrnzactical

procedure of design of piled footing in sand canchgied out
with the steps below:

1) To estimate the load taken by the ¢ap unpiled raft)
without causing excessive settlement. This load is
equal to that can be taken in the cap in the fdeting
Pca )

2) To pestimate the load taken by the pilggdf> Pt —
Pcap WherePyy is the total applied load,

3) To determine the number of piless the piles are very
close to failure state, the number of piles can be
calculated asn = Pyes /P, in which Ps is ultimate
capacity of a single pile.

In Step 1, the load-settlement relationship it fastimated
for the raft/footing without piles using any availa method for
shallow footings. The load taken by cap can be ehost a
chosen (allowable) settlement level. In Step 2 rémeaining load
will be taken by the piles. In Step 3, if we do kabw about the

pile-soil-pile interaction factor], and the pile-cap interaction

factor /], , both the factors can be taken as unity. And the

number of piles can be estimated by dividing thedldaken by
pile to the failure or creep load, of a single pilénis is on the
safe side because under the cap-soil contact peessa pile
shaft resistance increase considerably.

The proposed method of settlement analysis was
exemplified for all the three test series (Phun§93). The
estimated settlements were quite comparative ighnheasured
results. Poulos &Makarchian (1996) used this method to
estimate the settlement of the model footing inirteudy and
found a fair agreement with the test results.

Example: To determine the number of piles to corttre
settlement for a square raft footing with a width B&m, in a
soil with § = 30MPa, v = 0.3 under an uniformly distributed
load q = 50kPa, or a total load of & = 40m*40m*50kPa =

10 ALL SEREES
(T, T2 and T3)
/
0'8 4 Pef = folure lood of cap
~ fy Test T4, Pef= 20 kN
g ! Tst T2, Pef= 130 KN
o
= 0.6-% 7 | Test T3, Pef= 200 kN
o = / o
S /- 2
o - / g 5
g 044% 2
= = A
g /
» 4
'y
0.2 - /j e P/Pet = 60%
__;Z(J ———— P/Pct = B0%
___.;;_" Z P/Pet = 00%
0.0 Jmsizm=— — P/Pet = 120%

00 02 04 06 08 10
Relative Cap Capacity a

. ) a
Figure 8. Settlement rat|§7 versus €.

80000 kN = 80MN; and assuming the ultimate/failuradmf a
single pile R= 1500 kN. Settlement of a rigid square footing on

a semi-infinite homogeneous elastic solid can tienased as:

o= 0815 (B{1-v*) _ 0815[P[{l-v?)
E E (B

|
If the design settlement s = 40mng, = 64,720 kN = 64.72 MN.
The load taken by piles will bg,Bs = Pigtal — Pca= 80 —64.72 =
15.3 MN. The number of piles needed is n P/ Ps =
15,300kN /1500kN = 10 piles. If the design settlersen20mm,
Peap = 32360 kN= 32.36 MN. The load taken by piles will be
Pgies= 47.6 MN. The number of piles needed is n s P~
47600 kN /1500 kN = 32 piles. If the conventionaé miesign
approach is used, with a safety factae=8, the number of piles
needed is n = B, / (Ps/F¢) = 80000/(1500/3) =160 piles.

This simple example indicates thédt:we know the load-
settlement curve of a shallow footing and the faillwad of a
single pile we can predict the load-settlement cuwfea piled
footing Using the piled raft concept with settlement-r@dg
piles, the number of piles needed to control setl® is much
smaller than that needed in the conventional pitgifig design.
Moreover with a bigger settlement allowed, the nambf piles
can be reduced considerably. This simplified caftoh method
is good enough for the concept design phase.

The Author also tried to make a relation betweesn gb-

calledrelative cap capacit@ ., which was defined as the ratio

of the load applied on the shallow footing to thpplied on the
corresponding piled footing at a certain settlemearid the

settlement rati(f7, Phung (1993). The relative cap capacity

shows the relative contribution of a cap to thealtdiearing
capacity of a piled footing. With a chosen settlatnef 5 mm,
thed@ value is 0.27, 0.48 and 0.55 for Tests T1, T2 aBd T
respectively. There are two extreme points: a) ey piles

(pile footing); &' . = 0, and the settlement is close to zero; and b)
no pile (shallow footing)@. = 0, and&, = 1. The ratiaf, can

then be plotted versus the relative cap capa@ityfor different

load levels between 60% and 120% of the failure lofthe cap
alone,Pcf, see Figure 8.

CPRF

0.0 PR T YT I '
05+
10
e CPRF .
SCPRF,SRF
y v
| raft foundation (RF) | piled foundation

. X a
Figure 9. Settlement rat|§7 versus~ CPRF,
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This figure shows a clear tendency that wliénis smaller
than about 0.5, the settlement ratfg decreases slowly with a

decreasing? . value. In other words, withf less than 0.5, a

considerable increase in pile capacity (inducednloyeasing the
number of piles or the pile lengtlill not lead toa significant
further reduction in the settlement of the footindowever,

with &', higher than 0.5, i.e. when the cap contributesagom

part to the capacity of a piled footing, the preseof piles has a
clear effect in reducing the settlement of piledtiiogs. This can
be seen from the illustrated example above.

Figure 8 can also be used for a quick estimatiorthef
settlement-reducing effect. As an example, letassime that the
cap has a capacity of 20MN, the settlement-redupiles have a

total capacity of 10MN. The relative cap capaéttyis therefore

2/3. From Fig. 8, the settlement raﬁg is about 0.5, which

means a settlement reduction of 50%.

It is very interesting that many years later a kmi
relationship was made from case histories in Geyman
(Katzenbach et al. 2003 and El-Mossallamy et aD620see

Figure 9. In the figure, the settlement ra8gpge / Spp Was is

the ratio between the settlement of a combineddpilaft
foundation (CPRF) and that of a raft foundation (Rifich is

exactly the same definition of; ; and Q' cpge is the ratio
between the pile load share and that the total lwacdh piled
footing. It can be easily seen the relation betw&Eapge

and &' the relative cap capacity defined by the Author

c
aboveld -pre = 1- a. . Itis easy to get the two graphs having

the same co-ordinates by turning 1&gure 9. The two graphs
are surprisingly in good agreement.

4. DESIGN APPROACHES

In the last decades, there has been considerabédogenent of
methods of calculating settlement for (free-stagyipile groups
and piled footings, several of which are suggesiele used for
footings with settlement reducing piles. Howevemsinof the
methods are based on tteeory of elasticityand are therefore
unsuitable for piled footings with settlement-reithgc piles,
especially in non-cohesive soil.

Piled raft foundation is a complicated soil-struetu
interaction problem. Many methods of analyzing gitefts have
been developed, and can be classified to four bgradps: 1)
Simplified calculation methods; 2) Approximate cargr-based
methods; 3) More rigorous computer-based methods; 4)
Accurate numerical methods, as FEM. The methodse wer
reviewed and discussed elsewhere (Phung, 1993;Pantbs,
2001).

For practical design, a problem should be firsvadlusing
simplified and less time-consuming methods, espgcifr
feasible foundation option study. Detailed desidgnpited raft
foundation for high-rises should be done by nuna¢ranalyses
using FEM or explicit finite difference codes. Thssa must in
high-rise buildings especially when they becomehéigand
heavier, and more complex in configurations. Theme number
of commercial codes available, both in 2D and 3Bsie®s. The
most common softwares are:

e PLAXIS 2D and 3D, Finite Element Code for Soil anccRo

Analyses
e FLAC 2D and 3D, Fast Lagrangian Analysis of Continua
e ABAQUS 2D and 3D, general-purpose nonlinear finite

element software
e DIANNA & Midas GTS
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FEM is very effective tool for analysing any foutida and
structure system. However, it is too complicatedd aime
consuming to simulate a complicated soil-structinteraction
problem as piled-raft foundation. There are a numbé
approaches that numerical analyses can be camied o
¢ Full three-dimensional (3D) analysis,
¢ Equivalent two-dimensional (2D) plain strain model,
¢ Equivalent axi-symmetrical model.

Full 3D numerical analyses were almost impossilde f
complicated foundation configurations until thicdde when the
softwares could be developed due to faster compulieis only
recently that this technology has become a viabkion to the
engineers in the design office. This evolution rbayexplained
by several factors. Pile groups and piled rafts arallenging
design problems in the sense that they are 3D hyrenand that
soil-structure interaction is central to the bebavi of deep
foundations. Although the background theory andrthmerical
tools necessary to model such deep foundationragst@ve been
available for years, it is only in the last few y@#hat available
commercial softwares have reached a degree of ityaéund user
friendliness necessary to meet the needs of thgrdeffice.

4.1. Analysis of Piled Raft Foundation of ICC Towr

This is an example of simulating a piled-raft foatidn using the
approach of equivalent axi-symmetrical model, panfed by the
Author, (Phung, 2002). ICC Tower in Hong Kong is aolays
the forth tallest building in the world with a hitgof 484m and
118 stories, Figure 10. The foundation for the tokas a circular
plan, and consists of 240 shaft-grouted barree&r( x 1.5m or
2.8m x 1.0m) within a circular perimeter shaft-geml
diaphragm wall (DW), see Figures 12 and 13. Belosvrft, the
soil profile consists of alluvium and CDG overlyinack. Within
the basement area, rockhead level varies betwdanRb and -
106mPD under ground surface. To minimise difféednt
settlement the barrettes and DW panels are geygralted at a
depth of about 2m above rockhead. The barrettes taus a
length varying between 35m and 70m. An 8m-thickebeeft
connects the barrettes and the DW. The excavaligm, deep, is
required for the construction of the 4-level basenand the pile
cap.

The foundation was designed by the project engiesr a
conventionalpile foundation using the finite element program
SAFE. This design is not discussed here. The Authsrthe
independent verifier, re-simulated the foundatising the FEM
code PLAXIS Version 7.2, Phung (2002). The analisibased
on an axi-symmetric model with the barrettes and Sikvulated
as equivalent concentric rings. The objective efdnalysis is to
study the settlement behaviour of the foundatisiesy, the load
sharing between the foundation components, theetbast the
DW panels and the raft. The 240 barrettes were Heablas 8
circular concentric rings representing the saméasarareas of
the barrettes. The barrette rings were modelleal lagear elastic
material with an equivalent Young's modulus for thexg E;, and
an equivalent Young's modulus for axial loadikg The DW
was also included in the model as a ring. Thisnalthe DW to
carry part of the load as a component of the piteig. The DW
and the raft were modelled as a linear elastic nahtaith a
long-term elastic modulus for concrete. Soils were modelled as
elasto-plastic materials with Mohr-Coulomb failuréerion, see
Figure 11.

The settlement at the raft bottom level is abouh#Dat the
centre and 9mm at the DW edge. This compares guliewith
the project engineer's estimated settlements. Taeld at the
head of the pile rings were calculated and thelteshow that
the central piles carry higher loads than the baungiles. The
foundation was designed ascanventional pile foundatigrbut
the Author’s analysis indicates a major part, uB@% of the
total load, is carried by the raft. It is very coomthat the
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foundation is designed as a pile foundation, butngcas a applying the 3D FE analyses is the need of a hugeber of
combined piled-raft-foundation. volume elements which can exceed the available atenp
capacities. To cover this problem, a new technitprabined the
4.2 3D Finite Element Modelling so calledembedded pile modelith the 3D finite element model
was developed by Plaxis. Figure 14 shows an examwfpleE
3D FEM is nowadays used to design almost all of tdikest model for a piled raft with more than 600 pilesngsPlaxis 3D
high-rises. 3D FEM analysis with appropriate sahstitutive Foundation Version 2 (Schweiger, 2008; Brikgreve)&®0

laws is a powerful tool to model this complex phexdt
foundation problem. However, the main disadvantage with

0000 20.000 40.000 60.000 20.000 100000 120000 1401
i . .

Vsttical displacements
Exireme vertical displacement -40 6210 m

Figure 11. ICC Tower-Axisymettienodelling foundation using Plaxis, Phung (2002)

\.‘} J"}' b 4 ;,
| U frmmimmimmmm hmmimmmm P 4 O entme” A«gi

Figure 12. ICC Tower-Foundation plan : Figure 13. IGhkdation under construction

Figure 14. 3D-Modelling a piled-raft using Plag® Foundation —Vers 2. (Brikgreve, 2008)
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5. CONCLUSIONS

Predicting the settlement of piled footings is #Hidlilt task for
geotechnical engineers due to the complex pilescalp-
interaction. The available prediction methods, \itdce based on
the theory of elasticity, are not suitable for gdilfootings with
settlement-reducing piles, especially in non-colesbil. Results
of the experimental study, performed by the Autlhawe created
a better understanding about the load-transfer amésh of piled
footings in sand, as well as the load-settlemetiatieur. The
study strongly supports the idea of settlement-cedupiles. The
simplified methods suggested in this paper can $&duas a
practical design procedure, especially in the fatioth option
study phase. Detailed foundation design for higkesi must
include 3D FEM analysis, which can be realised kffernt
commercially available computer codes.
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