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Piled raft foundations: design and applications

H. G. POULOS*

In situations where a raft foundation alone does not satisfy
the design requirements, it may be possible to enhance the
performance of the raft by the addition of piles. The use of
a limited number of piles, strategically located, may improve
both the ultimate load capacity and the settlement and
differential settlement performance of the raft. This paper
discusses the philosophy of using piles as settlement reducers
and the conditions under which such an approach may be
successful. Some of the characteristics of piled raft behav-
iour are described. The design process for a piled raft can
be considered as a three-stage process. The first is a pre-
liminary stage in which the effects of the number of piles on
load capacity and settlement are assessed via an approximate
analysis. The second is a more detailed examination to assess
where piles are required and to obtain some indication of
the piling requirements. The third is a detailed design phase
in which a more refined analysis is employed to confirm the
optimum number and location of the piles, and to obtain
essential information for the structural design of the founda-
tion system. The selection of design geotechnical parameters
is an essential component of both design stages, and some of
the procedures for estimating the necessary parameters are
described. Some typical applications of piled rafts are de-
scribed, including comparisons between computed and meas-
ured foundation behaviour.

KEYWORDS: numerical modelling and analysis; design; founda-
tions; piles; soil/structure interaction; rafts; settlement.

Dans les situations ou les fondations a radier ne suffisent pas
a elles seules pour remplir les critéres de construction, il est
possible d’améliorer les performances du radier en ajoutant
des piles. En utilisant un nombre limité de piles placées a
des endroits stratégiques, on peut améliorer la capacité
porteuse ultime et le tassement ainsi que la performance de
tassement différentiel du radier. Cet exposé se penche sur
P’utilisation de piles pour réduire le tassement et étudie les
conditions dans lesquelles cette méthode peut réussir. Nous
décrivons certaines des caractéristiques du comportement
d’un radier a piles. Le processus de conception pour un
radier a pile peut étre considéré comme comportant trois
étapes. La premiére est une étape préliminaire pendant
laquelle les effets du nombre de piles sur la capacité
porteuse et le tassement sont évalués au moyen d’une ana-
lyse approximative. La seconde étape consiste en un examen
plus détaillé visant a évaluer I’endroit ou les piles seront
nécessaires et a obtenir une indication sur les criteres
nécessaires. La troisieme est une phase de conception détail-
l1ée au cours de laquelle on emploie une analyse plus raffinée
pour confirmer le nombre et ’emplacement optimum des
piles et pour obtenir une information essentielle a la concep-
tion structurale du systéme d’assise. La sélection des para-
meétres géotechniques nominaux est une composante
essentielle dans les deux étapes de conception et nous décri-
vons certaines des procédures permettant d’évaluer les para-
meétres nécessaires. Nous décrivons certaines applications
types des radiers d’assise et faisons des comparaisons entre
le comportement calculé et mesuré des fondations.

INTRODUCTION

It is common in foundation design to consider first the use of a
shallow foundation system, such as a raft, to support a structure,
and then if this is not adequate, to design a fully piled
foundation in which the entire design loads are resisted by the
piles. Despite such design assumptions, it is common for a raft
to be part of the foundation system (e.g because of the need to
provide a basement below the structure). In the past few years,
there has been an increasing recognition that the use of piles to
reduce raft settlements and differential settlements can lead to
considerable economy without compromising the safety and
performance of the foundation. Such a foundation makes use of
both the raft and the piles, and is referred to here as a pile-
enhanced raft or a piled raft. One of the Technical Committees
of the International Society for Soil Mechanics and Foundation
Engineering (ISSMFE) focussed its efforts in the period 1994—7
towards piled raft foundations, collected considerable informa-
tion on case histories and methods of analysis and design, and
produced comprehensive reports on these activities (O’Neill et
al., 1996; van Impe & Lungu, 1996). In addition, an indepen-
dent treatise on numerical modelling of piled rafts has been
presented by El-Mossallamy & Franke (1997). Despite this
recent activity, the concept of piled raft foundations is by no
means new, and has been described by several authors, includ-
ing Zeevaert (1957), Davis & Poulos (1972), Hooper (1973),
Burland et al. (1977), Sommer et al. (1985), Price & Wardel
(1986) and Franke (1991), among many others.
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This paper describes the philosophy of design of pile-
enhanced rafts, and outlines circumstances that are favourable
for such a foundation. A three-stage design process is proposed,
the first being an approximate preliminary stage to assess
feasibility, the second to assess the locations where the piles are
required, and the third to obtain detailed design information.
Methods of analysis are described and compared, and some of
the key characteristics of piled raft behaviour are described. The
assessment of the required geotechnical parameters is then out-
lined, and finally a number of applications of piled raft founda-
tions are presented.

DESIGN CONCEPTS
Design issues

As with any foundation system, the design of a piled raft
foundation requires the consideration of a number of issues,
including:

(@)

(b)
()
(d)
(e)

ultimate load capacity for vertical, lateral and moment
loadings

maximum settlement

differential settlement

raft moments and shears for the structural design of the raft
pile loads amd moments, for the structural design of the
piles.

In much of the available literature, emphasis has been placed on
the bearing capacity and settlement under vertical loads. While
this is a critical aspect, and is considered in detail herein, the
other issues must also be addressed. In some cases, the pile
requirements may be governed by the overturning moments
applied by wind loading, rather than the vertical dead and live
loads.
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Alternative design philosophies
Randolph (1994) has defined clearly three different design
philosophies with respect to piled rafts:

(a) the ‘conventional approach’, in which the piles are designed
as a group to carry the major part of the load, while making
some allowance for the contribution of the raft, primarily to
ultimate load capacity

(b) ‘creep piling’, in which the piles are designed to operate at
a working load at which significant creep starts to occur,
typically 70—80% of the ultimate load capacity; sufficient
piles are included to reduce the net contact pressure
between the raft and the soil to below the preconsolidation
pressure of the soil.

(¢) differential settlement control, in which the piles are located
strategically in order to reduce the differential settlements,
rather than to reduce the overall average settlement
substantially.

In addition, there is a more extreme version of creep piling, in
which the full load capacity of the piles is utilised: that is, some
or all of the piles operate at 100% of their ultimate load
capacity. This gives rise to the concept of using piles primarily
as settlement reducers, while recognising that they also contri-
bute to increasing the ultimate load capacity of the entire
foundation system.

Clearly, the latter three approaches are most conducive to
economical foundation design, and will be given special atten-
tion herein. However, the design methods to be discussed allow
any of the above design philosophies to be implemented.

Figure 1 illustrates, conceptually, the load—settlement behav-
iour of piled rafts designed according to the first two strategies.
Curve 0 shows the behaviour of the raft alone, which in this
case settles excessively at the design load. Curve 1 represents
the conventional design philosophy, for which the behaviour of
the pile—raft system is governed by the pile group behaviour,
and which may be largely linear at the design load. In this case,
the piles take the great majority of the load. Curve 2 represents
the case of creep piling, where the piles operate at a lower
factor of safety but, because there are fewer piles, the raft
carries more load than for curve 1. Curve 3 illustrates the

Curve 0:
Raft only (settlement excessive)
Curve 1:
Raft with pile designed for conventional safety factor
Curve 2:
Raft with piles designed for lower safety factor
Curve 3:
Raft with piles designed for full utilization of capacity
1
2
Piles and raft
Piles yielding
yielding
g
s 3
- No
yield 0
Design {~ —ff —f— — — —
load |
| Allowable
/ settlement
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Fig. 1. Load—settlement curves for piled rafts according to various
design philosophies

strategy of using the piles as settlement reducers, and utilising
the full capacity of the piles at the design load. Consequently,
the load—settlement may be non-linear at the design load, but
nevertheless the overall foundation system has an adequate
margin of safety, and the settlement criterion is satisfied. There-
fore the design depicted by curve 3 is acceptable, and is likely
to be considerably more economical than the designs depicted
by curves 1 and 2.

Favourable and unfavourable circumstances for piled rafts

The most effective application of piled rafts occurs when the
raft can provide adequate load capacity, but the settlement and/
or differential settlements of the raft alone exceed the allowable
values. Poulos (1991) has examined a number of idealised soil
profiles, and has found that the following situations may be
favourable:

(a) soil profiles consisting of relatively stiff clays
(b) soil profiles consisting of relatively dense sands.

In both circumstances, the raft can provide a significant propor-
tion of the required load capacity and stiffness, with the piles
acting to ‘boost’ the performance of the foundation, rather than
providing the major means of support.

Conversely, there are some situations that are unfavourable,
including:

(a) soil profiles containing soft clays near the surface

(b) soil profiles containing loose sands near the surface

(¢) soil profiles that contain soft compressible layers at
relatively shallow depths

(d) soil profiles that are likely to undergo consolidation
settlements

(e) soil profiles that are likely to undergo swelling movements
due to external causes.

In the first two cases, the raft may not be able to provide
significant load capacity and stiffness, while in the third case,
long-term settlement of the compressible underlying layers may
reduce the contribution of the raft to the long-term stiffness of
the foundation. The latter two cases should be treated with
considerable caution. Consolidation settlements (such as those
due to dewatering or shrinking of an active clay soil) may result
in a loss of contact between the raft and the soil, thus increas-
ing the load on the piles, and leading to increased settlement of
the foundation system. In the case of swelling soils, substantial
additional tensile forces may be induced in the piles because of
the action of the swelling soil on the raft. Theoretical studies of
these latter situations have been described by Poulos (1993) and
Sinha & Poulos (1999).

THE DESIGN PROCESS
It is suggested that a rational design process for piled rafts
involves three main stages:

(@) a preliminary stage to assess the feasibility of using a piled
raft, and the required number of piles to satisfy design
requirements

(b) a second stage to assess where piles are required and the
general characteristics of the piles

(¢) a final detailed design stage to obtain the optimum number,
location and configuration of the piles, and to compute the
detailed distributions of settlement, bending moment and
shear in the raft, and the pile loads and moments.

The first and second stages involve relatively simple calcula-
tions, which can usually be performed without a complex
computer program. The detailed stage will generally demand
the use of a suitable computer program that accounts in a
rational manner for the interaction among the soil, raft and
piles. The effect of the superstructure may also need to be
considered.
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Preliminary design stage

In the preliminary stage, it is necessary first to assess the
performance of a raft foundation without piles. Estimates of
vertical and lateral bearing capacity, settlement and differential
settlement may be made via conventional techniques. If the raft
alone provides only a small proportion of the required load
capacity, then it is likely that the foundation will need to be
designed with the conventional philosophy, so that the function
of the raft is merely ro reduce the piling requirements slightly.
If, however, the raft alone has adequate or nearly adequate load
capacity, but does not satisfy the settlement or differential
settlement criteria, then it may be feasible to consider the use
of piles as settlement reducers, or to adopt the ‘creep piling’
approach.

For assessing vertical bearing capacity, the ultimate load
capacity can generally be taken as the lesser of the following
two values:

(a) the sum of the ultimate capacities of the raft plus all the
piles

(b) the ultimate capacity of a block containing the piles and the
raft, plus that of the portion of the raft outside the periphery
of the piles.

For estimating the load—settlement behaviour, an approach
similar to that described by Poulos & Davis (1980) can be
adopted. However, a useful extension to this method can be
made by using the simple method of estimating the load sharing
between the raft and the piles, as outlined by Randolph (1994).
The definition of the pile problem considered by Randolph is
shown in Fig. 2. Using his approach, the stiffness of the piled
raft foundation can be estimated as follows:

K, + Ki(1 — agp)
R -y 2 M
where K, = stiffness of piled raft; K, = stiffness of the pile
group; K, = stiffness of the raft alone; and a., = raft—pile inter-
action factor.

The raft stiffness, K, can be estimated via elastic theory, for
example using the solutions of Fraser & Wardle (1976) or
Mayne & Poulos (1999). The pile group stiffness can also be
estimated from elastic theory, using approaches such as those
described by Poulos & Davis (1980), Fleming et al. (1992) or
Poulos (1989). In the latter cases, the single pile stiffness is
computed from elastic theory, and then multiplied by a group
stiffness efficiency factor, which is estimated approximately
from elastic solutions.

The proportion of the total applied load carried by the raft is

Pr Kr(l — C{cp)

L TN 2
P K, + K (1 —ay) @

where P, = load carried by the raft; P, = total applied load.
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Fig. 2. Simplified representation of pile—raft unit

The raft—pile interaction factor, o, can be estimated as
follows:

ln(}"c/}’o)
g

where r, = average radius of pile cap (corresponding to an area
equal to the raft area divided by number of piles); 7y = radius
of pile; & = In(rm/r0); rm = {025+ &[2-5p(1 — v) — 0-25] X L;
E=Eqy/Ew; p = Ewy/Eq; v ="Poisson’s ratio of soil; L = pile
length; FEg =soil Young’s modulus at level of pile tip; Eg,
= soil Young’s modulus of bearing stratum below pile tip; and
Eg,, = average soil Young’s modulus along pile shaft.

The above equations can be used to develop a tri-linear
load—settlement curve, as shown in Fig. 3. First, the stiffness of
the piled raft is computed from equation (1) for the number of
piles being considered. This stiffness will remain operative until
the pile capacity is fully moblised. Making the simplifying
assumption that the pile load mobilisation occurs simulta-
neously, the total applied load, P;, at which the pile capacity is
reached is given by

= Pup
1-X

Oep = 1—

3)

Py

“)

where P, = ultimate load capacity of the piles in the group;
and X = proportion of load carried by the piles (equation (2)).
Beyond that point (point A in Fig. 3), the stiffness of the
foundation system is that of the raft alone (X;), and this holds
until the ultimate load capacity of the piled raft foundation
system is reached (point B in Fig. 3). At that stage, the load—
settlement relationship becomes horizontal.

The load—settlement curves for a raft with various numbers of
piles can be computed with the aid of a computer spreadsheet or a
mathematical program such as MATHCAD. In this way, it is
simple to compute the relationship between the number of piles
and the average settlement of the foundation. Figure 4 shows the
results of a typical set of calculations of both settlement and factor
of safety with respect to vertical bearing capacity as a function of
the number of piles. Such calculations provide a rapid means of
assessing whether the design philosophies for creep piling or full
pile capacity utilisation are likely to be feasible.

Second stage of design: assessment of piling requirements
Much of the existing literature does not consider the detailed
pattern of loading applied to the foundation, but assumes
uniformly distributed loading over the raft area. While this may
be adequate for the preliminary stage described above, it is not
adequate for considering in more detail where the piles should
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Fig. 3. Simplified load—settlement curve for preliminary analysis
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Fig. 4. Typical results from MATHCAD analysis: (a) settlement, (b)
factor of safety plotted against number of piles

be located when column loadings are present. This section
presents an approach that allows for an assessment of the
maximum column loadings that may be supported by the raft
without a pile below the column.

A typical column on a raft is shown in Fig. 5. There are at
least four circumstances in which a pile may be needed below
the column:

(a) if the maximum moment in the raft below the column
exceeds the allowable value for the raft

(b) if the maximum shear in the raft below the column exceeds
the allowable value for the raft

(¢) if the maximum contact pressure below the raft exceeds the
allowable design value for the soil

P

—{ |

Raft E,, vg
y |

Soil: E, v

s Vs

(very deep layer)

L

Fig. 5. Definition of problem for an individual column load

(d) if the local settlement below the column exceeds the
allowable value.

To estimate the maximum moment, shear, contact pressure and
local settlement caused by column loading on the raft, use can
be made of the elastic solutions summarised by Selvadurai
(1979). These are for the ideal case of a single concentrated
load on a semi-infinite elastic raft supported by a homogeneous
elastic layer of great depth, but they do at least provide a
rational basis for design. It is also possible to transform
approximately a more realistic layered soil profile into an
equivalent homogeneous soil layer by using the approach de-
scribed by Fraser & Wardle (1976). Figure 5 shows the defini-
tion of the problem addressed, and a typical column for which
the piling requirements (if any) are being assessed.

Maximum moment criterion. The maximum moments M, and
M, below a column of radius ¢ acting on a semi-infinite raft are
given by the following approximations:

M, =A,.P (5a)
M, = B,.P (5b)

where 4, = A —0-09281In(c/a); B, = B—0:09281In(c/a); A, B
= coefficients depending on J/a; = distance of the column
centre line from the raft edge; a = characteristic length of raft
= [E(1 —v})/6E,(1 —v})]'?; t=raft thickness; E, = raft
Young’s modulus; Eg = soil Young’s modulus; v, = raft Poisson’s
ratio; and v = soil Poisson’s ratio. The coefficients 4 and B are
plotted in Fig. 6 as a function of the relative distance x/a.

The maximum column load, P, that can be carried by the
raft without exceeding the allowable moment is then given by

o larger of A, and B,

(6)
where My = design moment capacity of raft.

Maximum shear criterion. The maximum shear, V.., below a
column can be expressed as

(P — gnc)e,
Vinax = 1 d (7)
where g = contact pressure below raft; ¢ = column radius; and
¢q = shear factor, plotted in Fig. 7.

Thus if the design shear capacity of the raft is Vy the
maximum column load, P,,, that can be applied to the raft is
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Fig. 6. Moment factors A, B for circular column
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Fig. 7. Shear factor, ¢, for circular column

where g4 = design allowable bearing pressure below raft.

Maximum contact pressure criterion. The maximum contact
pressure on the base of the raft, gm., can be estimated as
follows:

qP

qmax = —5
max a2

©)

where g = factor plotted in Fig. 8, and a = characteristic length
defined in equation (5). The maximum column load, P, that
can be applied without exceeding the allowable contact pressure
is then

P = — (10)
sq

o

where ¢, = ultimate bearing capacity of soil below raft, and
F¢ = factor of safety for contact pressure.

Local settlement criterion. The settlement below a column
(considered as a concentrated load) is given by

_ ol — V)P

S
Esa

(1n

where w = settlement factor plotted in Fig. 9. This expression
does not allow for the effects of adjacent columns on the
settlement of the column being considered, and so is a local
settlement that is superimposed on a more general settlement
‘bowl’.

If the allowable local settlement is S,, then the maximum
column load, P4, so as not to exceed this value is

S.Esa

Pey “ ol —) (12)
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Fig. 8. Contact pressure factor, ¢
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Fig. 9. Settlement factor, » (soil assumed to be homogeneous and
very deep)

Assessment of pile requirements for a column location. 1f the
actual design column load at a particular location is P, then a
pile will be required if P, exceeds the least value of the above
four criteria. That is, if

Pc>Pcrit (13)

where P = minimum of Py, Py, Pe3 or Pe.

If the critical criterion is maximum moment, shear or contact
pressure (i.e. Py is Pe, P or Pgj), then the pile should be
designed to provide the deficiency in load capacity. Burland
(1995) has suggested that only about 90% of the ultimate pile
load capacity should be considered as being mobilised below a
piled raft system On this basis, the ultimate pile load capacity,
P4, at the column location is then given by

Pudzl'lle(Pc_Pcrit) (14)

where F}, = factor of safety for piles. When designing the piles
as settlement reducers, Fj, can be taken as unity.

If the critical criterion is local settlement, then the pile
should be designed to provide an appropriate additional stiff-
ness. For a maximum local settlement of S,, the target stiffness,
K4, of the foundation below the colomn is

Ka=¢ (15)
As a first approximation, using equation (1), the required pile
stiffness, K, to achieve this target stiffness can be obtained by
solving the following quadratic equation:

Kp + Kp[Ki(l = 20p) — Kea] + 02, K Kea = 0 (16)

where o, = raft—pile interaction factor, and K, = stiffness of
raft around the column. a., can be computed from equation (3),
while the raft stiffness, K;, can be estimated as the stiffness of
a circular foundation having a radius equal to the characteristic
length, a (provided that this does not lead to a total raft area
that exceeds the actual area of the raft).

Example of critical column loads. To illustrate the maximum
column loads that are computed by the approach outlined, above,
an example has been considered in which a raft of thickness 7 is
located on a deep clay layer having a Young’s modulus E.
Typical design strengths and steel reinforcement are adopted for
the concrete of the raft (see Fig. 10), and design values of
maximum moment and shear have been computed accordingly.
The design criterion for maximum contact pressure has been
take to be a factor of safety, F, of 1-2, while the local settlement
is to be limited to 20 mm. An interior column, well away from
the edge of the raft, is assumed.
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Figure 10 shows the computed maximum loads for the four
criteria, as a function of raft thickness and soil Young’s mod-
ulus. The following observations are made:

(a) For all design criteria, the maximum column load that may
be sustained by the raft alone increases markedly with
increasing raft thickness.

(b) The maximum column loads for bending moment and shear
requirements are not very sensitive to the soil Young’s
modulus, whereas the maximum column loads for the
contact pressure and local settlement criteria are highly
dependent on soil modulus.

(¢) For the case considered, the criteria most likely to be
critical are the maximum moment and the local settlement.

Although the results in Fig. 10 are for a hypothetical case, they
nevertheless give a useful indication of the order of magnitude
of the maximum column loads that the raft can sustain and the
requirements for piles that may need to be provided at a column
location. For example if a 0-5 m thick raft is located on a soil
with Young’s modulus of 25 MPa, the lowest value of column
load is found to be about 2:8 MN (this occurs for the maximum
moment criterion). If the actual column load is 4 MN, then from
equation (14), if F, is taken as unity, the required ultimate load
capacity of the pile would be 1-11 (4.0 — 2-8) = 1-33 MN.

Detailed design stage

Once the preliminary stage has indicated that a piled raft
foundation is feasible, and an indication has been obtained of
the likely piling requirements, it is neccessary to carry out a
more detailed design in order to assess the detailed distribution
of settlement and decide upon the optimum locations and
arrangement of the piles. The raft bending moments and shears,
and the pile loads, should also be obtained for the structural
design of the foundation.

Several methods of analysing piled rafts have been devel-
oped, and some of these have been summarised by Poulos et al.
(1997). The less simplified methods of numerical analysis tend
to fall into the following categories:

(@) methods employing a ‘strip on springs’ approach, in which
the raft is represented by a series of strip footings, and the
piles are represented by springs of appropriate stiffness (e.g.
Poulos, 1991)

(b) methods employing a ‘plate on springs’ approach, in which
the raft is represented by a plate and the piles by springs
(e.g. Clancy & Randolph, 1993; Poulos, 1994a; Russo &
Viggiani, 1998; Viggiani, 1998; Yamashita et al., 1998;
Anagnostopoulos & Georgiadis, 1998)

(¢) boundary element methods, in which both the raft and the
piles within the system are discretised, and use is made of
elastic theory (e.g. Butterfield & Banerjee, 1971; Kuwabara,
1989, Sinha, 1997)
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(d) methods combining boundary element analysis for the piles
and finite element analysis for the raft (e.g. Hain & Lee,
1978; Ta & Small, 1996; Franke ef al., 1994)

(e) simplified finite element analyses, usually involving the
representation of the foundation system as a plane strain
problem (Desai, 1974) or an axisymmetric problem
(Hooper, 1974)

(f) three-dimensional finite element analyses (e.g. Zhuang et
al., 1991; Lee, 1993; Wang, 1995 (personal communica-
tion); Katzenbach et al., 1998).

Poulos et al. (1997) have compared some of these methods
when applied to the idealised hypothetical problem shown in
Fig. 11. Six methods have been used:

(a) Poulos & Davis (1980)

(b) Randolph (1994)

(c) strip on springs analysis, using the program GASP (Poulos,
1991)

(d) plate on springs approach, using the program GARP
(Poulos, 1994a)

(e) finite element and boundary element method of Ta & Small
(1996)

(f) finite element and boundary element method of Sinha
(1996).

Figure 12 compares the computed characteristics of behaviour
of a raft supported by nine piles, one under each column, with
the overall factor of safety at the design load being 2-15. The
applied load exceeds the ultimate capacity of the piles alone,
and there is therefore some non-linear behaviour. Despite some
differences between the various methods, most of those that
incorporate non-linear behaviour give somewhat similar results,
although there are significant differences among the computed
raft bending moments. However, it would appear that, provided
the analysis method is soundly based and takes into account the

Bearing capacity of raft = 0-3 MPa
Load capacity of each pile = 0-873 MN (compression)
=0-786 MN (tension)
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Fig. 11. Hypothetical example used to compare results of various
methods of piled raft analysis; (a) average settlement: (b) maximum
bending moment, My; (c¢) differential settlement (centre—edge); (d)
proportion of load carried by piles

limited load capacity of the piles, similar results may be
expected for similar parameter inputs.

SOME CHARACTERISTICS OF BEHAVIOUR

In order to examine some of the characteristics of piled raft
behaviour, a more detailed study has been made of the hypothe-
tical case shown in Fig. 11. The ‘standard’ parameters shown in
Fig. 11 have been adopted, but consideration has been given to
the effects of variations in the following parameters on founda-
tion behaviour:

(@) the number of piles

(b) the nature of the loading (concentrated versus uniformly
distributed)

(¢) raft thickness

(d) applied load level.

The analyses have been carried out using the computer program
GARP (Poulos, 1994a). This program has the capability of
considering the following factors:

(@) non-homogeneous or layered soil profile

(b) limiting pressures below the raft, in both compression and
uplift

(¢) non-linear pile load—settlement behaviour, including limit-
ing pile capacity in compression and tension

(d) piles of different stiffness and load capacity within the
foundation system

(e) easy alteration of the location and numbers of piles

(f) applied loadings consisting of concentrated loads, moments,
and areas of uniform loading

(g) effects of free-field vertical soil movements, such as those
arising from consolidation or soil swelling.

For the case analysed, the raft has been divided into 273
elements, and for simplicity the piles have been assumed to
exhibit an elastic—plastic load—settlement behaviour. The stiff-
ness and interaction characteristics of the piles have been
computed from a separate computer analysis using the program
DEFPIG (Poulos, 1990). For the purposes of this example, the
length and diameter of the piles have been kept constant.

Effect of number of piles and type of loading

Figure 13 shows the effects of the number of piles on
maximum settlement, differential settlement, maximum bending
moment, and the proportion of load carried by the piles. The
raft thickness in this case is 0-5 m. Both concentrated loadings
and a uniformly distributed load have been analysed. The
following characteristics are observed:

(a) The maximum settlement decreases with increasing number
of piles, but becomes almost constant for 20 or more piles.

(b) For small numbers of piles, the maximum settlement for
concentrated loading is larger than for uniform loading, but
the difference becomes very small for ten or more piles.

(¢) The differential settlement between the centre and corner
piles does not change in a regular fashion with the number
of piles. For the cases considered, the smallest differential
settlements occur when only three piles are present, located
below the central portion of the raft. The largest differential
settlement occurs for nine piles, because the piles below the
outer part of the raft ‘hold up’ the edges, which were not
settling as much as the centre.

(d) The maximum bending moments for concentrated loading
are substantially greater than for uniform loading. Again,
the smallest moment occurs when only three piles, located
under the centre, are present.

(e) The percentage of load carried by the piles increases with
increasing pile numbers, but for more than about 15 piles
the rate of increase is very small. The type of loading has
almost no effect on the total load carried by the piles,
although it does of course influence the distribution of load
among the piles.
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Effect of raft thickness

Figure 14 shows the effect of raft thickness on raft behaviour,
for the case of concentrated loadings. Neither the maximum
settlement nor the percentage of load carried by the piles is
very sensitive to raft thickness. However, as would be expected,
increasing the raft thickness reduces the differential settlement,
but generally increases the maximum bending moment. For zero
piles—that is, the raft only—the raft behaviour is quite non-
linear for small raft thicknesses, and the development of plastic
zones below the raft tends to reduce the differential settlement.
Once again, the raft with only three piles performs very well,
and this clearly demonstrates the importance of locating the
piles below the parts of the foundation that most require
support. This is in accordance with the philosophy of designing
piled rafts for differential settlement control.

Effect of load level on settlement

Figure 15 shows computed load—settlement curves for the
piled raft with various numbers of piles. Clearly, the settlement
increases with increasing load level, and the beneficial effects
of adding piles as the design load level increases are obvious.
Provided that there is an adequate safety margin, the addition of
even a relatively small number of piles can lead to a consider-
able reduction in the maximum settlement of the foundation.

Summary
The foregoing simple example demonstrates the following
important points for practical design:
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(a) Increasing the number of piles, while generally of benefit,
does not always produce the best foundation performance,
and there is an upper limit to the number of piles, beyond
which very little additional benefit is obtained.
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(b) The raft thickness affects differential settlement and bend-
ing moments, but has little effect on load sharing or maxi-
mum settlement.

(¢) For control of differential settlement, optimum performance
is likely to be achieved by strategic location of a relatively
small number of piles, rather than by using a large number
of piles evenly distributed over the raft area, or increasing
the raft thickness.

(d) The nature of the applied loading is important for
differential settlement and bending moment, but is generally
not very important for maximum settlement or load-sharing
between the raft and the piles.

Other aspects of behaviour

Some useful further insights into piled raft behaviour have
been obtained by Katzenbach et al. (1998), who carried out
three-dimensional finite element analyses of various piled raft
configurations. They used a realistic elasto-plastic soil model
with dual yield surfaces and a non-associated flow rule. They
analysed a square raft containing from 1 to 49 piles, as well as
a raft alone, and examined the effects of the number and
relative length of the piles on the load sharing between the piles
and the raft, and the settlement reduction provided by the piles.
An interaction diagram was developed, as shown in Fig. 16,
relating the relative settlement (ratio of the settlement of the
piled raft to the raft alone) to the number of piles and their
length-to-diameter ratio, L/d. This diagram clearly shows that,
for a given number of piles, the relative settlement is reduced
as L/d increases. It also shows that there is generally very little
benefit to be obtained in using more than about 20 piles or so,
a conclusion that is consistent with the results of the analyses
shown in Fig. 13.

An interesting aspect of piled raft behaviour, which cannot
be captured by simplified analyses such as GARP, is that the
ultimate shaft friction developed by piles within a piled raft can
be significantly greater than that for a single pile or a pile in a
conventional pile group. This is because of the increased normal
stresses generated between the soil and the pile shaft by the
loading on the raft. Figure 17 shows an example of the results
obtained by Katzenbach et al. (1998). The piles within the piled
raft foundation develop more than twice the shaft resistance of
a single isolated pile or a pole within a normal pile group, with
the centre piles showing the largest values. Thus the usual
design procedures for a piled raft, which assume that the
ultimate pile capacity is the same as that for an isolated pile,
will tend to be conservative, and the ultimate capacity of the
piled raft foundation system will be greater than that assumed
in design.

40
s = settlement of piled raft
s = settlement of raft alone
30
Values of s/s
0-20
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S 20
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Fig. 16. Interaction diagram: settlement reduction, s/s¢, plotted
against L/d and n (Katzenbach et al., 1998)

GEOTECHNICAL PARAMETER ASSESSMENT

The design of a piled raft foundation requires an assessment
of a number of geotechnical and performance parameters,
including:

(a) raft bearing capacity

(b) pile capacity

(¢) soil modulus for raft stiffness assessment
(d) soil modulus for pile stiffness.

While there are a number of laboratory and in situ procedures
available for the assessment of these parameters, it is common
for at least initial assessments to be based on the results of
simple in situ tests such as the standard penetration test (SPT)
and the static cone penetration test (CPT). Typical of the
correlations are the following, which the author has employed,
based on the work of Decourt (1989, 1995) using the SPT:

Raft ultimate bearing capacity:

Pur = KiN; kPa 17)
Pile ultimate shaft resistance:

fo=al28N,+10]  kPa (18)
Pile ultimate base resistance:

Jo=KaNy,  kPa (19)
Soil Young’s modulus below raft:

E,=2N  MPa (20)
Young’s modulus along and below pile:

E;=3N MPa (21)

where N; = average SPT (Ng) value within depth of one-half
of the raft width; N;=SPT value along pile shaft; N,
= average SPT value close to pile tip; K;, K, = factors shown
in Table 1; a =1 for displacement piles in all soils and non-
displacement piles in clays, and 0-5 — 0-6 for non-displacement
piles in granular soils.

SOME TYPICAL APPLICATIONS
Westend 1 Tower, Frankfurt

The Westend 1 Tower is a 51-storey, 208 m high building in
Frankfurt, Germany, and has been described by Franke er al.
(1994) and Franke (1991). A cross-section and foundation plan
of the building are shown in Fig. 18. The foundation for the
tower consists of a piled raft with 40 piles, each about 30 m
long and 1-3 m in diameter. The central part of the raft is 4-5 m
thick, decreasing to 3 m at the edges. While full details of the
geotechnical profile are not available in the published literature,
it appears that the building is located on a thick deposit of
relatively stiff Frankfurt clay. On the basis of pressuremeter
tests, an average reloading soil modulus of 62-4 MPa has been
reported by Franke et al. (1994).

Calculations have been reported by Poulos et al. (1997) to
predict the behaviour of the building, using a number of differ-
ent analysis methods:

(a) a finite element analysis (Ta & Small, 1996)

(b) the GARP analysis described earlier in this paper

(¢) a piled strip analysis (Poulos, 1991)

(d) the simple hand calculation method described by Poulos &
Davis (1980)

(e) the approximate linear method developed by Randolph
(1983, 1994)

(f) the combined finite element and boundary element method
developed by Sinha (1997)

(g) the combined finite element and boundary element method
described by Franke et al. (1994).

Figure 19 compares the predictions of performance for the
above methods, together with the measured values. The calcula-
tions have been carried out for a total load of 968 MN, which is
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Table 1. Correlation factors K; and K,

Soil type K] K2 Kz
(raft) (displacement piles) (non-displacement piles)
Sand 90 325 165
Sandy silt 80 205 115
Clayey silt 30 165 100
Clay 65 100 80
1 equivalent to an average applied pressure of 323 kPa. The
3 following points are noted:
Side building raft (a) The measured maximum settlement is about 105 mm, and
Main most methods tend to over-predict this settlement. However,
tower VT most of the methods provide an acceptable design
ceccos ,.'. prediction.
c Side e eeeven (b) The piles carry about 50% of the total load. Most methods
3 building feeeeesaes j tended to over-predict this proportion, but from a design
N ‘ viewpoint most methods give acceptable estimates.
(¢) All methods capable of predicting the individual pile loads
E ] suggest that the load capacity of the most heavily loaded
= Main tower piles is almost fully utilised; this is in agreement with the
— 40 piles raft measurements.
— (d) There is considerable variability in the predictions of
= (b) minimum pile loads. Some of the methods predicted larger
E —]-\',: i minimum pile loads than were actually measured.
= ! !
g | | This case history clearly demonstrates that the design philoso-
o)

(a)

Fig. 18. Westend 1 Tower, Frankfurt, Germany (Franke et al., 1994):
(a) cross-section; (b) foundation plan

phy

of fully utilising pile capacity can work successfully and

produce an economical foundation that performs satisfactorily.

The

available methods of performance prediction appear to

provide a reasonable, if conservative, basis for design in this

case.
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Fig. 19. Comparison of analysis methods for piled raft foundation, Westend 1 Tower, Frankfurt, Germany: (a) central settlement; (b)

proportion of pile load; (c) maximum pile load; (d) minimum pile load

Five-storey building in Urawa, Japan

Yamashita et al. (1994, 1998) have described a well-instru-
mented and documented case of a piled raft foundation for a
five-storey building on stiff clay in Japan. Figure 20 illustrates
the geotechnical conditions, the basic parameters obtained from
laboratory and field testing, and the building footprint, which
was rectangular, with sides 24 m by 23 m. The foundation
consisted of a raft (inferred to be 0-3 m thick) with 20 piles,
one under each column. The piles were bored concrete piles,
either 0-8 or 0-7m in diameter, with a central steel H-pile
inserted. The pile diameter and steel pile size depended on the
column load, which ranged between 1-02 MN and 3-95 MN.

The program GARP was used to analyse this case, using the
values of soil Young’s modulus reported by Yamashita er al.
Figure 21 shows the computed and measured settlements along
three lines. Also shown are the values calculated by Yamashita
et al. (1994). The settlements computed by GARP are in
reasonable agreement with, although generally a little larger
than, the measured values. The GARP values are also in fair
agreement with the values computed by Yamashita ef al. Figure
22 compares computed and measured pile loads. In general, the
computed pile loads are higher than the measured values,
although the general trends with respect to pile load distribution
are reasonably well reproduced by the analysis. The GARP pile
loads are also in general agreement with those computed by
Yamashita et al., although there are some differences at a few
column locations. In general, however, the agreement between
measured and computed piled raft behaviour is reasonable.

This case provides an opportunity to check the criteria devel-
oped above in the section ‘The design process’ for the maxi-
mum loads that can be applied to a raft before piles are
required. It is found that, making reasonable assumptions re-
garding the concrete and reinforcing steel properties, the maxi-
mum column loads that could be sustained by the raft alone are
about 144 MN for internal columns and 0-50 MN for columns

near the edge of the raft. On this basis, it would be concluded
that piles are required under all 20 columns, and this indeed
was the actual case. To investigate how the foundation would
perform if some of the piles were removed, GARP analyses
were carried out with piles removed below the least heavily
loaded columns, but it was found that the foundation perform-
ance was affected very adversely unless the raft thickness was
increased substantially. Hence it would appear that the criteria
in ‘The design process’ would have provided appropriate gui-
dance in the selection of locations for the piles to be provided.

This case also provides an opportunity to examine the per-
formance, predicted by GARP, of alternative foundation designs,
in particular a raft without piles, and a piled raft with a thicker
raft. Figure 23 shows the computed settlement and bending
moment profiles along column line B for the piled raft and a
raft 0-3 m thick, without piles. The raft without piles suffers
substantially larger settlements, and very large bending mo-
ments (actually far in excess of the structural capacity of the
raft). Figure 24 shows the corresponding results for piled rafts
with raft thicknesses of 0-3m and 0-75m. In this case, the
thicker raft serves merely to even out the settlement profile, but
increases the bending moments significantly. The results in Figs
23 and 24 therefore indicate the considerable benefits of locat-
ing piles below the columns, and the feasibility of using
relatively thin rafts in conjuction with piles.

Messe Turm Tower, Frankfurt

This building is one of the pioneering structures designed to
be supported on a piled raft foundation. It has been described
extensively in the literature (e.g. Sommer et al., 1991; Tamaro,
1996; El-Mossallamy and Franke, 1997). The Messe Turm tower
is 256 m high, and at the time of its construction was the tallest
building in Europe. It is supported by a raft 6 m thick in the
central portion, decreasing to 3 m at the edges. A total of 64
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Fig. 20. Five-storey building in Japan (Yamashita et al., 1994): (a) elevation of building and summary of soil investigation; (b) foundation plan

piles are present, arranged in three concentric circles below the
raft. The piles are 1:3 m in diameter, and vary in length from
26-9 to 349 m. The distance between the piles varies from 3-5
to 6 pile diameters. Figure 25 shows details of the foundation.
The piles were designed to develop their full geotechnical
capacity and to carry about half of the design load.

Extensive instrumentation was installed to monitor foundation
performance, with measurements including foundation settle-

ment and rotation, subsurface settlement, pile head loads, and
distribution of load along the length of the pile.

The foundation behaviour was complicated by drawdown of
the groundwater table arising from a nearby subway excavation.
Figure 26 shows the measured time—settlement behaviour of the
tower (Tamaro, 1996), and indicates that the total settlement of
the building was about 115 mm as at the end of 1995, approxi-
mately 7 years after the commencement of construction. Also
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shown in Fig. 26 is the predicted time—settlement behaviour,
which agrees reasonably well with the measurements. This
pioneering project again demonstrates the feasibility of design-
ing piled raft foundations with the piles developing their full
capacity.

Residential buildings in Sweden

Hansbo (1993) has presented a case history involving two
similar buildings supported by piles. The first was designed
using a traditional approach, with a factor of safety of 3 for the
piles. A total of 211 piles, 28 m long were used. The second
was designed using the ‘creep pile’ concept, in which the piles
were designed as settlement reducers, with a factor of safety for
the piles of the order of 1:25. This building was supported on
only 104 piles, 26 m long. Figure 27 shows the measured
settlement contours for each building, and the measured rela-
tionship between average settlement and time. Despite the fact
that the second building was supported on less than half the
number of piles, it settled no more (in fact, slightly less) than
the first building. This case clearly demonstrates the potential
economy that may be achieved by the use of the piled raft
design concept, without significant sacrifice of foundation per-
formance.

Stonebridge Park apartment building

This case history was first reported by Cooke et al. (1981),
and has been revisited by a number of subsequent researchers.
The actual foundation involved the use of a raft 0-9 m thick,
with 351 piles, 450 mm in diameter and 13 m long, driven into
London Clay. Using a piled raft analysis via the computer
program NAPRA, Viggiani (1998) was able to obtain good
agreement between the calculated and observed settlement (Fig.
28). Viggiani also carried out an interesting theoretical exercise
of reducing the number of piles progressively, and observing the
effects on the settlement and load sharing between the raft and
the piles. The results of this exercise are shown in Fig. 29. For
the original foundation, virtually all the load was carried by the
piles. Reducing the number of piles had very little effect on
either the settlement or the amount of load carried by the raft
until the number of piles became less than about 200. Even
with 117 piles (one-third of the original number), the settlement
increase was only about 50%, while the factor of safety was
reduced by about 58%.
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D Computed by Yamashita et al. (1994)
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Fig. 22. Computed and measured pile loads: case of Yamashita et al.
(1994)

Viggiani also showed that the number and layout of piles was
significant in terms of the differential settlement. While redu-
cing the number of piles tended to increase the differential
settlement, concentrating the piles towards the centre of the
foundation led to a marked reduction in the differential settle-
ment. This conclusion is also supported by the work of
Horikoshi & Randolph (1998).

Commercial building in Sao Paulo, Brazil

Poulos (1994b) has described the application of the piled raft
design concept to the Akasaka commercial building in Sao
Paulo. The building consists of a multi-storey block, occupying
a total rectangular footprint of 44-5 m by 26:75 m. The founda-
tions consist of individual footings below each column, with
piles below the more heavily loaded columns to reduce differ-
ential settlements. Figure 30 shows the foundation plan, while
Fig. 31 summarises the geotechnical profile.

Analyses were carried out for footing SP11, in order to
assess the necessary number of piles required to satisfy the
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design requirement of a maximum settlement of 30 mm. Precast
reinforced concrete piles 520 mm in diameter, and extending
about 12 m below the basement raft level, were assumed. The
estimated ultimate load capacity of each pile was about 2500 kN.

Preliminary design calculations were carried out to give the
required number of piles for various values of factor of safety
of the piles. A conventional design approach, assuming a safety
factor of 2-5 for the piles, and ignoring the effect of the footing,
would require 23 piles. For a design based on the concept of
full utilisation of pile capacity, only eight piles are required,
and an overall factor of safety for the piles and the footing is
2-5.

For a detailed analysis of the various design options, the
program GARP was used, with the necessary geotechnical
parameters being estimated on the basis of correlations with
SPT data (Decourt, 1989). Fig. 32 shows the computed variation
of maximum settlement with the number of piles, for raft
thicknesses of 0-5, 0-75 and 1-0 m. In this case, the settlement
ranged from over 50 mm for an unpiled footing to about 20 mm
for about ten piles or more. The characteristics of behaviour are
very similar to those in Figs 13 and 14: that is, there is little
benefit in adding piles beyond a certain numbr (in this case,
about ten), and there is relatively little effect of raft thickness
on the maximum settlement.

For a maximum settlement of 30 mm, Fig. 32 indicates that
only about six piles would be required; such a foundation
system would have an overall factor of safety of about 2-25,
and was in fact recommended by the consulting engineer on the
project as the appropriate design for that foundation.

CONCLUSIONS

This paper demonstrates that the design of piled raft founda-
tion systems can be carried out as a three-stage process,
involving a preliminary design phase to obtain an approximate
assessment of the required number of piles, a second phase to
assess where piles may be required, and a detailed design phase
to refine piling requirements and locations and provide informa-
tion for the structural design of the foundation.

Alternative design strategies for the design of the piles have
been discussed, and it has been demonstrated that effective and
efficient foundations can be designed by utilising a significant
part (if not all) of the available capacity of the piles. This
philosophy of designing piles as settlement reducers can lead to
foundations with fewer piles than in a conventional design, but
which can still satisfy the specified design criteria with respect
to ultimate load capacity and settlement. The conventional
approach of assuming that all the load should be carried by the
piles can often lead to an over-conservative and uneconomical
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design. It is also important to note that using an increasing The piled raft foundation solution is not suitable for every
number of piles to improve foundation performance works only circumstance. It is unlikely to be very effective if soft clays or
up to a certain point, beyond which adding further piles results loose sands exist near the surface, and it is generally not a
in almost no additional benefit. suitable option if ground movements are likely to occur below
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the raft. However, in cases where the soil conditions allow the
raft to develop adequate capacity and stiffness, the piled raft
solution may be very suitable.

The main obstacles to increased use of this type of founda-
tion appear to be two-fold: an inherent conservatism in founda-
tion design by some foundation engineers; and restrictions
imposed by some building codes on the minimum factors of
safety that may be employed in pile design. On the positive
side, there is an increasing number of examples of successful
use of piled rafts. Also, there is a rapidly increasing under-
standing of the mechanics of behaviour of piled rafts, and a
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number of design methods and tools now exist to facilitate
analysis and calculations for piled rafts. It is to be hoped that
these positive aspects will assist foundation design engineers to
overcome the obstacles, and that piled rafts will become a more
commonly employed foundation type.
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