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While the availability of 3D FEM or FDM analyses has greatly contributed to the increasing use of piled
rafts for high rise structures, there is a need in industry for practical analysis methods which would also
allow the adoption of piled rafts for more ordinary structures. For this purpose, a 3D boundary element
solution is proposed for computing the non-linear response of piled rafts to vertical loads. The validity of

the analysis is demonstrated through comparison with alternative numerical solutions and field mea-
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surements. Examples are given to demonstrate the basic importance of considering soil nonlinearity
effects in design, thereby leading to more realistic predictions of the raft and pile response. The key fea-
ture of the proposed approach lies in its computational efficiency which makes the analysis economically
viable not only for the design of piled rafts supporting high rise buildings (generally based on complex
and expensive 3D FEM or FDM analyses) but also for that of bridges, viaducts and normal buildings.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In conventional foundation design, it is assumed that the
applied load is carried either by the raft or by the piles, considering
the safety factors in each case. In recent years, an increasing num-
ber of structures (especially tall buildings) have been founded on
Combined Pile-Raft Foundations (CPRFs), an attractive foundation
system which allows the load to be shared between the raft and
the piles, thereby offering a more economical solution. In the
design of piled rafts, a sufficient safety against geotechnical failure
of the overall pile-raft system has to be achieved, while the piles
may potentially be used up to their ultimate geotechnical capacity.
Contrary to traditional pile foundation design, no proof for the ulti-
mate capacity of each individual pile is necessary [14]. Given the
high load level at which the piles operate, consideration of soil
nonlinearity effects is essential, and ignoring this aspect can lead
to inaccurate predictions of the deformations and structural
actions within the system.

Due to the 3D nature of the problem and the complexity of soil-
structure interaction effects, calculation procedures for piled rafts
are based on numerical analyses, ranging from simplified Winkler
approaches to rigorous 3D finite element (FEM) or finite difference
(FDM) solutions using available packages. Winkler approaches
employ a “plate on springs” model in which the raft is represented
by a plate and the piles as springs (e.g.[7,25,15,19,22,13]). Although
such approaches are attractive in their flexibility (e.g. enabling non-
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linear soil response to be incorporated easily), they suffer from some
restrictions mainly related to their semi-empirical nature and fun-
damental limitations (e.g. disregard of soil continuity).

A more rational approach is offered by soil continuum-based
solutions such those based on the boundary element method
(BEM) in which both the raft and the piles within the system are
discretized using elastic theory (e.g. [5,17]). Several hybrid
approaches have also been developed, in which the raft is modelled
via FEM and the piles are modelled either via BEM [11] or using the
finite layer method [35]. All these analyses are however restricted
to linear elastic soil behaviour.

The above restriction may be removed by using 3D FEM and
FDM solutions (e.g. Plaxis 3D and FLAC-3D) which allow complex
geometries and soil behaviour to be modelled, while retaining con-
tinuity within the soil mass. However, such analyses are burdened
by the high computational cost and specialist expertise needed for
their execution, particularly when non-linear soil behaviour is to
be considered. Major difficulties are related to the high mesh
dependency and the uncertainty in assigning mechanical proper-
ties to the pile-soil interface elements (e.g. [18]). This aspect
restricts their practical application in routine design, where multi-
ple load cases need to be examined and where the pile number,
properties, and location may have to be altered several times in
order to obtain an optimised solution. This is particularly true in
the case of “ordinary” piled rafts (e.g. bridges, viaducts, wind tur-
bines, normal buildings) where the cost and complexity of con-
ducting 3D FEM or FDM analyses can rarely be justified.

In an attempt to provide a practical tool for the designer, the
paper describes an efficient analysis method for computing the
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response of piled rafts. The originality of the approach lies in its
capability to provide a non-linear BEM solution of the soil contin-
uum, while retaining a computationally efficient code, thereby
removing some of the limitations of current design methods. The
validity of the proposed analysis is assessed through a comparison
with alternative numerical solutions and a published case history.
Examples are given to highlight the significance of considering soil
nonlinearity effects, thereby leading to more realistic predictions
of the raft and pile response.

2. Analysis method

The safe and economic design of piled rafts requires non-linear
methods of analysis which have the capacity of simulating all rel-
evant interactions between the foundation elements and the sub-
soil, specifically (1) pile-soil-interaction (i.e. single pile response
including shaft-base interaction), (2) pile-pile-interaction (i.e.
group effects), (3) raft-soil-interaction, and (4) pile-raft interac-
tion, as illustrated in Fig. 1a [14].

The proposed method is an extension to the raft analysis of the
non-linear BEM formulation employed in the pile-group program
PGROUPN [2] and widely used in pile design through the software
Repute [3]. The main feature of the approach lies in its ability to
perform a complete 3D BEM analysis of the soil continuum (i.e.
the simultaneous influence of all the pile and raft elements is con-
sidered), while incurring negligible computational costs. Indeed,
compared to 3D FEM or FDM analyses, BEM provides a complete
problem solution in terms of boundary values only, specifically at
the raft-pile-soil interface. This leads to a drastic reduction in
unknowns to be solved, thereby resulting in substantial savings
in computing time and data preparation effort. This feature is par-
ticularly significant for three-dimensional problems and makes the
analysis economically viable not only for the design of piled rafts
supporting high rise buildings (generally based on complex and
expensive 3D FEM or FDM analyses) but also for that of bridges,
viaducts and ordinary buildings.

The main capabilities of the PGROUPN program, including the
proposed extension to the raft analysis, are summarised below:

e based on 3D complete BEM solution of the soil continuum;

e models all relevant interactions (i.e. pile-soil, pile-pile, raft-
soil, and pile-raft);

e piles in any configuration and having different characteristics
within the same group (e.g. stiffness, length, rake, shaft and
base diameter);

o piles connected by fully rigid ground-contacting raft;

e non-homogeneous and layered soil profiles;

e linear or non-linear continuum-based soil model;
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e general 3D loading conditions, including any combination of
vertical, horizontal, moment, and torsional loading;

e output includes the distribution of displacements, stress, forces,
and moments along the piles, plus the normal stress, displace-
ments, and rotations of the pile cap.

2.1. PGROUPN boundary element formulation

A detailed description of the theoretical formulation adopted in
PGROUPN for the case of pile groups has been presented elsewhere
[1,2]. The boundary element modelling of the soil-structure inter-
action for the piles and for the raft is similar and, hence, only a brief
outline of the raft analysis is given below. Similarly to the discret-
ization of the pile-soil interface into a number of cylindrical ele-
ments, the approach is now extended to the raft analysis
(including its reciprocal interaction with the piles) by discretizing
the raft-soil interface into a number of rectangular elements
(Fig. 1b). The behaviour of each element is considered at a node
(located at the centre of the element), each element being acted
upon by uniform normal stress. Thus, only the bearing contribution
of the raft underside is considered (i.e. the raft-soil interface is
assumed to be smooth). It should be emphasised that the analysis
takes into account the simultaneous influence of all the raft and
pile elements within the foundation system, i.e. a “complete” solu-
tion of the soil continuum is adopted. All four of the above interac-
tions (i.e. pile-soil, pile-pile, raft-soil, and pile-raft) are therefore
evaluated as a matter of course, thereby overcoming the approxi-
mations of the traditional interaction factor approach and the fun-
damental limitations of Winkler models (based on empirical
multipliers to account for group action). In addition, by retaining
soil continuity, the input soil parameters required by PGROUPN
have a clear physical meaning (e.g. the soil Young’s modulus and
strength properties) and can be measured directly in a soil investi-
gation. This aspect represents a significant advantage over Winkler
approaches which disregard soil continuity and, therefore, have to
rely on empirical parameters (e.g. the modulus of subgrade
reaction).

The boundary element method involves the integration of an
appropriate elementary singular solution for the soil medium over
the surface of the problem domain, i.e. the raft-soil interface.
Under the assumption of purely linear elastic soil behaviour, the
well-established solution of Mindlin [20] is adopted to correlate
soil stress (t;) and displacements (us) at the raft-soil interface:

Us = [Gs}ts (1 )

where [G;] is the soil flexibility matrix obtained from Mindlin’s
solution. The singular part of the [Gs] matrix is calculated via
analytical

integration of the Mindlin functions over each

(- (- (-

Fig. 1. (a) Soil-structure interactions in piled raft and (b) PGROUPN boundary element mesh.
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rectangular element, therefore resulting in substantial savings in
computing time. It is noted that Mindlin’s solution is strictly appli-
cable to homogeneous soil conditions. In practice, however, this
limitation is not strictly adhered to, and non-homogeneous multi-
layered soil profiles are often treated approximately using some
averaging of the soil moduli [24]. Thus, in the evaluation of the soil
modulus at the raft-soil interface elements, an equivalent value is
calculated on the basis of weighted average values of soil modulus
at each soil layer as proposed by Fraser and Wardle [10] and applied
to this type of problems by Kitiyodom et al. [16]. The BEM formula-
tion is generally based on a sub-structuring technique in which the
raft and the surrounding soil are considered separately and then
coupled. However, under the assumption of perfectly rigid (and
elastic) raft, no corresponding equation for the raft flexibility is
required and therefore Eq. (1) for the soil domain can be solved
directly for the raft stress (t.) by successively applying unit bound-
ary conditions to the raft (i.e. unit vertical displacement and rota-
tions), while enforcing the conditions of displacement
compatibility (us=u, where u. are the raft displacements) and
stress equilibrium (t; = —t.) at the raft-soil interface. This leads to
the system of vertical loads and moments acting on the raft that
are necessary to equilibrate the raft contact stress. Thus, the exter-
nal vertical load (V) and moments (M, and M,,) acting on the cap
can be related to the corresponding vertical displacement (w) and
rotations (0, and 0,,) of the cap via:

Vv w
My, 3 = [K]Q Ox (2)
M,, Oy

where the coefficients of the (3 x 3) [K] matrix are the equilibrating
forces as discussed above. The [K] matrix can be regarded as the glo-
bal stiffness matrix of the raft-soil system (which may be used as
boundary conditions for the superstructure analysis). By inverting
the [K] matrix, the global flexibility matrix of the raft-soil system
is obtained, and hence the vertical displacement and rotations of
the pile cap may be derived for any loading condition. Finally, by
scaling the raft stress due to unit boundary conditions using the
cap displacement and rotations obtained from Eq. (2), the raft con-
tact stress for the prescribed loading conditions is obtained.

It should be emphasised that any combination of vertical,
horizontal, and moment loading can be applied to the piled raft.
However, while the vertical and moment load is carried partly by
the piles and partly by the raft contact pressures, the lateral load
is entirely taken by the piles, given that only the bearing contribu-
tion of the raft underside is considered. Indeed, frictionless contact
between raft and soil is assumed, so that no interfacial shear stres-
ses are allowed to develop, which is a common assumption in
design practice.

2.1.1. Limiting raft-soil stress

The foregoing procedure is based on the assumption that the
soil behaviour is linear elastic. However, it is essential to ensure
that the stress state at the raft-soil interface does not violate the
yield criteria. This can be achieved by specifying limiting values
of raft-soil contact pressure (based on the traditional bearing
capacity theory) in order to allow for local bearing failure of the
raft, while no tension is assumed to develop at the raft-soil inter-
face. For cohesive soils, following a total stress approach, the lim-
iting bearing stress (q,) at the raft-soil interface may be
expressed as [27,21]:

qu = 6Cy 3)

where Cu is the soil undrained shear strength. For cohesionless
soils, following an effective stress approach, the limiting bearing
stress at the raft-soil interface is taken as [21]:

qu = 0.57BN, + &N, @)

where y’ is the effective unit weight, B is the raft width, ¢/, is the
effective vertical stress, and N, and Ny are the bearing capacity fac-
tors as reported by Brinch Hansen [4].

2.1.2. Non-linear soil behaviour

Similarly to the pile analysis [2], non-linear soil behaviour is
modelled, in an approximate manner, by assuming that the tan-
gent soil Young’s modulus (Eq,) varies with the raft-soil interface
stress (t) according to the common hyperbolic stress-strain law
[8,24]:

Eran = Ei(1 — Ryt /tiim)° (5)

where E; is the initial soil modulus, Ry is the hyperbolic curve-fitting
constant and t;,, is the limiting value of the raft-soil stress as speci-
fied in Eqs. (3) and (4). Thus, Eq. (1) is solved incrementally (under
unit boundary conditions) using the modified values of the soil
Young’s modulus of Eq. (5) within the soil matrix [ G;], while enforcing
the conditions of yield, equilibrium and compatibility at the raft-soil
interface. For the raft-soil interface elements which have yielded, no
more increment in stress is permitted and any increase in load is
therefore redistributed between the remaining elastic elements until
all elements have failed. It is noted that yielding of an element intro-
duces a discontinuity in the material property and, therefore, the use
of Mindlin’s solution to determine the remaining elastic coefficients
is only approximate. However, previous work indicates that the
errors engendered by this approach are slight (e.g. [24,1]).

The hyperbolic curve fitting constant Ry in Eq. (5) defines the
degree of curvature of the stress-strain response and its value
can range between 0 (an elastic-perfectly plastic response) and
0.99 (Rr=1 is representative of an asymptotic hyperbolic response
in which the limiting value of raft-soil stress is never reached). The
most reliable method to determine the value of Ryis by back-fitting
the PGROUPN load-settlement curve with the measured data from
a loading test on a full-scale raft. In the absence of any test data,
taking into account the high nonlinearity of response, the value
of Ry can be taken as 0.9 based on the findings of Duncan and
Chang.

2.2. Assumption of fully rigid raft

The PGROUPN analysis is currently restricted to the assumption
of perfectly rigid raft. In practice, this assumption makes the anal-
ysis strictly applicable to “small” piled rafts [36], i.e. those rafts in
which the bearing capacity of the unpiled raft is generally not suf-
ficient to carry the applied load with a suitable safety margin, and
hence the primary reason for adding piles is to increase the factor
of safety. This typically involves rafts in which the width (B;)
amounts to a few meters (typically 5m < B, <15 m) and is small
in comparison to the length (L) of the piles (i.e. B,/L < 1). Within
this range (whose limits should however be regarded as tentative
and indicative only), the raft response may be considered as truly
rigid and hence the design should aim at limiting the maximum
settlement (being the differential settlements negligible). In practi-
cal applications, a simple check on the validity of the assumption of
rigid raft may be performed by calculating the raft-soil stiffness
ratio (Ks) as defined by Horikoshi and Randolph [12]:

E-1-12 B\ /t\?
w-s7p (o) () ©
where the subscripts r and s denote the raft and soil properties,
respectively, E is the Young’s modulus, v is the Poisson’s ratio, B,
is the raft width, L, is the raft length (with B, < L;), and ¢, is the raft
thickness. For values of K> 5-10, the raft can be considered as
rigid while a lower limit K> 1.5 may be assumed for practical
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purposes [29]. It is however observed that the above definition of
K;s does not include the additional stiffening contribution provided
by the piles and by the superstructure which in effect increases the
actual raft rigidity. Clearly, for “large” flexible rafts (in which typi-
cally B,/L > 1 according to the definition by Viggiani and colleagues),
the assumption of rigid raft is no longer valid and the limitation of
differential settlement becomes one of the design requirements.
However, except for thin rafts, the maximum settlement and the
load sharing between the raft and the piles are little affected by
the raft rigidity (e.g. [27,33]).

It should be emphasised that the current assumption of fully
rigid raft prevents the application of PGROUPN to those piled rafts
in which the raft flexibility plays a major role in design optimisa-
tion. Indeed, this includes determining the optimum combination
of raft thickness and pile characteristics (number, layout, length,
diameter) in order to achieve an economical and effective design.
However, the proposed PGROUPN program can be useful in those
situations where the piled raft is essentially designed as a pile
group with a rigid cap (e.g. for a bridge pier), while making use
of the extra raft component of capacity in order to reduce the piling
requirements which are necessary to achieve the design criteria
(e.g. bearing capacity, settlement). This type of piled raft can be
regarded as a ‘raft-enhanced pile group’ (according to the defini-
tion of [23]), i.e. a pile group which has been value-engineered in
order to take advantage of the raft contribution for resisting the
applied loads. As discussed by O’Brien and colleagues, the design
concept of ‘raft-enhanced pile group’ is different from that of con-
ventional CPRF or ‘pile-enhanced raft’. Indeed, in a pile-enhanced
raft, the raft will usually carry the bulk of the design load, while
the piles are added to resolve local non-compliances (e.g. differen-
tial settlements, raft shear force or bending moment). In such cases,
it might not be necessary to take into account the piles’ capacity
component into the overall geotechnical bearing capacity. In con-
trast, in raft-enhanced pile groups, the piles usually attract most
of the overall design load, and use is made of the extra raft capacity
to reduce the piling requirements (in raft-enhanced pile groups, the
raft typically takes between 20% and 50% of the total load).

3. Numerical results

The validity of the proposed analysis is verified through a com-
parison with alternative numerical solutions and a published case
history.

3.1. Comparison with Kuwabara [17]

The accuracy of PGROUPN is initially assessed in the linear elas-
tic range for the piled raft (3 x 3 group) sketched in Fig. 2. The fig-
ure shows the dimensionless load-settlement ratio (P/E;Dw, where
P is the total applied load and w is the settlement) of the piled raft
for a wide range of pile length-diameter ratios (L/D). For compari-
son, results from the corresponding free-standing pile group are
also reported and show the small influence of the raft contribution
to the resulting settlement, in line with current understanding.
However, the load distribution is considerably affected by consid-
eration of the ground-contacting raft, as illustrated in Fig. 3a which
shows the percentage of the total load carried by the raft and by
the corner pile as a function of the L/D ratio. The figure shows that
the raft load decreases with increasing pile length, given that the
longer the piles, the more load is taken by the piles. For compari-
son, the load taken by the corner pile of the pile group is also
reported, showing a significant reduction of corner load in the
piled raft as compared to the pile group.

Such reduction is also evident in Fig. 3b which compares the
axial load profile P(z) (where P,, = P/9 is the average pile head-load

in the free-standing group) along the corner and the centre pile of
the piled raft and the pile group (with L/D = 25). It is worth noting
that the presence of the ground-contacting raft leads to an increase
of axial load in the upper portion of the piles, particularly in the
centre pile. This is a consequence of the additional vertical soil dis-
placements caused by the ground-contacting raft, leading to a local
downward movement of the soil relative to the pile. In this condi-
tion, the shear stress reverses sign (i.e. it becomes negative),
thereby resulting in a local increase of axial load. Clearly, the above
effect is more significant in the upper portion of the central pile,
the most affected by raft-pile-soil interaction (due to the com-
bined influence of raft-pile and pile-pile interaction effects). Over-
all, Figs. 2 and 3 show a favourable agreement of PGROUPN with
the boundary element solution of Kuwabara [17], the variational
approach of Shen et al. [31], and the hybrid analysis of Ta and Small
[35] which combines the FEM for the raft with the finite layer
method for the piles.

3.2. Comparison with Kitiyodom and Matsumoto [15]

A comparison is carried out for a square rigid raft supported by
2 x 2 piles and embedded in five different linear elastic soil pro-
files, as shown in Fig. 4 and described by Kitiyodom and Matsum-
oto [15]. The settlement of the piled raft and the percentage of total
load (V=900 kN) carried by the raft are reported in Fig. 5, showing
a good agreement of PGROUPN with the two analyses carried out
by Kityodom and Matsumoto, i.e. a rigorous 3D FEM solution and
a “plate on springs” approach (incorporated in the program PRAB)
in which the raft is modelled as a thin plate, the piles as elastic
beams, the soil as springs, and use is made of Mindlin’s solution
to account for the interaction between structural members.

3.3. Comparison with Kitiyodom et al. [16]

Fig. 6 reports the normalised settlement (WE,/qLg) and the per-
centage of total load taken by the piles as a function of the pile
length-diameter ratio (L/D) for a square rigid raft (having a width
of Lg), supported by 8 x 8 piles at a spacing-diameter ratio
s/D =6.25, embedded in a deep homogeneous elastic soil layer
(having a soil Young’s modulus E;), and subjected to an uniform
vertical load (q), as reported by Kitiyodom et al. [16]. The figure
shows a favourable agreement of PGROUPN with the analysis of
Kitiyodom et al. [16] (using the program PRABS, a simplified ver-
sion of the PRAB program described above in which each pile is
now modelled by a single spring of equivalent stiffness), the pro-
gram GARP by Poulos [25] (employing a “plate on springs” model),
and the hybrid analysis of Hain and Lee [11] (which combines the
FEM for the raft with a BEM-based interaction factor procedure to
account for the interaction between structural members).

3.4. Comparison with Poulos [26,27]

Although the numerical results presented above are all based on
the assumption of linear elastic soil behaviour (mainly due to the
limitations of the numerical approaches used for comparison), it
is essential to consider the effects of soil nonlinearity for a more
realistic response. For this purpose, the piled raft (3 x 3 group)
shown in Fig. 7 is examined, as reported by Poulos [26,27]. The raft
bearing capacity is taken as 300 kPa with a pile load capacity of
873 kN in compression and 786 kN in tension. In order to compare
PGROUPN results with those of alternative numerical analyses,
three different soil models are employed: linear elastic (indicated
as LE), non-linear (indicated as NL, using the following hyperbolic
constants from Eq. (5): R= 0.9 for the raft and the standard values
Rf=0.5 for the pile shaft and Ry= 0.99 for the pile base, as reported
in [2], and elastic-perfectly plastic (indicated as EP, adopting Ry=0
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for both the piles and the raft). A variety of published numerical

solutions is considered, as follows:

(1) GARP by Poulos [25,27] using an elastic-perfectly plastic soil
model (EP) and assuming either a rigid (i.e. a raft thickness
tr=1m giving K,s=6.1 from Eq. (6)) or flexible raft (i.e.

t;= 0.5 m giving K5 = 0.8).

(2) FLAC-3D finite difference analysis (using the flexible raft
with t, = 0.5 m) as carried out by Poulos [26] using solid ele-
ments to model the piles, the raft, and the soil, with the lat-
ter being modelled as a Mohr-Coulomb material.

(3) FLAC-2D finite difference analysis (using the flexible raft
with t,=0.5m) as performed by Poulos [26] using a
Mohr-Coulomb model for the soil and assuming plane-
strain conditions, with the piles and loads “smeared” over
a 6 m width.

(4) Plaxis 3D finite element analysis (using the flexible raft with
t;=0.5 m) as carried out by Engin et al. [9] using the embed-
ded pile model (i.e. a simplified model of the volume pile).

The following observations are made from the load-settlement
response shown in Fig. 7:
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(a) As the load capacity of the piles becomes nearly fully utilised
at a load of about P =10 MN, the load-settlement behaviour
reflects that of the raft, which is significantly less stiff than
the overall pile-raft system, while the load carried by the
raft starts to increase significantly (Fig. 8a); as previously
observed, the fact that some of the piles (usually the stiffer
piles located around the perimeter of the group) are close
to their ultimate capacity is not an issue for a piled raft
and is actually inevitable for an efficient design.

(b) At a typical design load P =12 MN (equivalent to an overall
factor of safety of 2.15 against the piled-raft ultimate capac-
ity of 25.9 MN), PGROUPN (EP) agrees well with the corre-
sponding settlement value obtained by GARP (EP) for the
rigid raft.

(c) The load-settlement curve of PGROUPN (EP) compares
favourably with that computed by GARP (EP) for the flexible
raft, thereby confirming the little effect of the raft thickness
on the maximum settlement.

(d) The load-settlement response of PGROUPN (NL) agrees well
with that obtained by FLAC-3D (NL) for the flexible raft;
PGROUPN (NL) also compares favourably with the settle-
ment value calculated by Plaxis 3D (NL) for the flexible raft
under the design load P=12 MN.

(e) FLAC-2D (NL) seriously over-predicts the settlements
because of the implicit assumption of plane-strain in the
analysis.

The load sharing between the raft and the piles as a function of
the total applied load as computed by PGROUPN is reported in
Fig. 8a, showing a significant reduction of the total load carried
by the piles with increasing load level because of the raft’s contri-
bution (such reduction cannot clearly be modelled by the linear
elastic analysis). The values of load percentage carried by the piles
under the design load P =12 MN are compared in Fig. 8b, showing
a generally good agreement between analyses (except for an over-
estimation of pile load computed by FLAC-2D).

Overall, the comparison presented in Figs. 7 and 8 shows a rea-
sonably good agreement between the computed response from all
methods other than the FLAC-2D analysis, thereby suggesting that
plane-strain analyses of piled rafts must be approached with
extreme caution because the results may be misleading especially
for square or rectangular rafts [26]. The comparison also demon-
strates the importance of considering soil nonlinearity effects in
order to obtain realistic predictions of the settlement and the load
sharing between the raft and the piles. Indeed, assumption of lin-
ear elastic behaviour beyond a load of about 10 MN would lead
to an under-estimation of the settlement (Fig. 7) and an over-esti-
mation of the amount of load carried by the piles (Fig. 8a), with a
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piles and (b) load percentage carried by piles.

consequent over-design of the requirements for structural strength
of the piles. As emphasised by Poulos [28], an analysis which
accounts for soil nonlinearity, even though in an approximate
manner, is preferable to a complex analysis in which linear soil
behaviour is assumed.

3.5. Case history

The case history for the Messe-Torhaus building in Frankfurt is
presented, as reported by Sommer et al. [34]. The 30-storey tall
building was constructed during 1982-84 and was the first struc-
ture designed as a piled raft in Germany. The building is supported
by two separate piled rafts, each with 42 bored piles with a length
of 20 m and a diameter of 0.9 m. The piles under each raft are
arranged in a 6 x 7 rectangular configuration with a centre-to-cen-
tre spacing of 2.9 m and 3.5 m along the shorter and the larger side
of the raft, respectively, as indicated in Fig. 9. Each raft is
17.5m x 24.5 m in plan, 2.5 m thick and is founded at 3 m below
ground surface. During construction, the behaviour of the piled raft
was carefully monitored by a geotechnical measurement pro-
gramme, as described by Sommer and colleagues.

The piled raft is embedded in the Frankfurt clay which is a stiff,
overconsolidated clay. In the PGROUPN analysis, it is assumed that
the undrained shear strength (C,) increases linearly with depth
from 100 kPa at the foundation level to 200 kPa at the pile base,
with an undrained Young’s modulus derived from the correlation
Es/C, =600 and a Poisson’s ratio of 0.5. It is noted that the above
soil parameters are equal to those adopted in the approximate
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@) O O O O O O
B | |
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Fig. 9. Messe-Torhaus: pile arrangement.
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variational approach by Chow et al. [6] so that a direct comparison
between analyses may be made. For consistency with the Chow
analysis, an elastic-perfectly plastic soil model has been adopted
(i.e. Rr=0 for both the piles and the raft) and a total load of
181 MN is assumed to centrally act on the piled raft (as only
approximately 75% of the total structural load of 241 MN was
applied at the time of the measurements reported herein). In addi-
tion, the following parameters have been assumed (as these were
not reported by Chow and colleagues): an adhesion factor (o) of
0.7 (in order to achieve an ultimate pile load of about 7 MN, given
that the measurements showed that piles were carrying at least
this amount of load, as discussed by [32]), and a Young’s modulus
of 23.5 GPa for the piles and 34 GPa for the raft (as reported by
[30]). It is noted that K= 2.2 results from Eq. (6) and, hence, the
PGROUPN assumption of rigid raft can be reasonably applied, as
confirmed by the field measurements which showed that the raft
actually behaved as rigid.

The maximum settlement of the piled raft and the proportion of
load carried by the raft are reported in Fig. 10 showing a good
agreement between analyses and measurements. In this case, soil
nonlinearity appears to have only a relatively small effect on the
computed response (at least in terms of settlement and load car-
ried by the raft). The rather low value of the measured load carried
by the raft (20%) suggests that the effect normally intended by a
piled raft was not realised, thereby indicating a quite conservative
design. Indeed, the contact pressures between raft and soil are
scarcely larger than those due to the dead weight of the raft (i.e.
about 25 MN, resulting in a load proportion of 14%), so that almost
the complete load of the superstructure is carried by the piles.
Thus, while the aim of reducing settlements of the foundation in
comparison to a shallow foundation has been reached (resulting
in a reduction of about 50%), a more efficient design could have
been achieved using fewer piles of greater length. Indeed,
PGROUPN shows that an identical value of settlement (i.e.
44 mm) can be attained with a significantly smaller total pile
length, specifically with 25.5 m long piles in a 4 x 5 group config-
uration (at a spacing of 5.0 m and 5.5 m along the shorter and the
larger side of the raft, respectively). In this case, a better ratio of the
raft-pile load sharing could have been achieved (i.e. 23%) with a
saving of 39% in total pile length, i.e. from 840 m for the original
6 x 7 group (L=20m) to 510 m for the 4 x 5 group (L =25.5 m).
Finally, it is observed that PGROUPN non-linear analyses for the
6 x 7 and 4 x 5 group configurations run in 3 and 1 min, respec-
tively, on an ordinary computer (Intel Core i7 2.7 GHz), thereby
resulting in negligible computing costs for design.

4. Design example

The hypothetical design example shown in Fig. 11 is described
in order to demonstrate that, in suitable ground conditions, a
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significant reduction of the piling requirements can be achieved
with the use of a piled raft as compared to a conventional pile
foundation. Two foundation systems are evaluated:

(1) A 4 x 4 pile group (i.e. with no raft contribution) designed
according to a traditional approach in which an overall (geo-
technical) factor of safety FS =2 is assumed to apply to the
maximum axial force of the single pile.

(2) A piled raft (3 x 3 group) in which FS = 2 is assumed to apply
to the total force acting on the whole pile-raft system.

A total force E, =25 MN is acting on the foundation and a max-
imum allowable settlement of 25 mm is prescribed. The analyses
are carried out using PGROUPN (non-linear soil model) with the
parameters indicated in Fig. 11 (the raft may be considered as fully
rigid being K =10.5). The initial solution of an unpiled raft
(11 m x 11 m) is discarded due to both bearing capacity and settle-
ment requirements, given that the raft bearing capacity is equal to
54.5MN (based on q,=6C,) and the raft settlement results in
38 mm. Thus, a pile-group solution is considered and it is found
that a group of 4 x 4 piles (30.5 m long) at a spacing of 3D =3 m
is required in order to achieve FS =2 on the maximum axial force
(Vimax) of the corner pile (i.e. Quuowabie = 2421 KN > V0 = 2390 kN).
It is noted that the calculated pile-group settlement is equal to
14 mm, i.e. well below the allowable value of 25 mm, thereby indi-
cating that a design optimisation may be achieved.

A piled raft solution (3 x 3 group with pile spacing of 4D =4 m
and pile length of 20 m) is then evaluated following the methodol-
ogy outlined in the ISSMGE CPRF Guideline [14]. According to the
guideline, a sufficient safety against failure of the overall pile-raft
system is achieved by fulfilling the following in equation:

Ey < Ry — Ey -y < otk

- Ek Ve VR < Rtot‘k (7)

where E; is the characteristic total force acting on the CPRF, yr and
yr are the partial safety factors on actions and resistance, respec-
tively, and the characteristic value of the total resistance Ry has
to be derived from the load-settlement response of the CPRF and
is equal to the load at which the increase of the settlement becomes
increasingly superproportional, as determined from a “numerical”
load test. In order to allow a direct comparison with the above
pile-group solution, it is assumed that an overall FS =2 applies to
the force Ej (this assumption is equivalent to consider a value of
YrYr =2). This implies that Eq. (7) is fulfilled by proving that
Reotk = 2E,=2-25 =50 MN. Thus, using PGROUPN, a numerical load
test is performed to generate the typical load-settlement curve (i.e.
the CPRF overall resistance), as illustrated in Fig. 11. From this
figure, it can be seen that, up to the loading of 50 MN, the increase
of the settlement is not yet superproportional (i.e. Rk > 50 MN),
implying that no significant failure of the CPRF has occurred. Thus,
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Fig. 10. (a) Settlement of piled raft and (b) load percentage carried by raft.
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Fig. 11. Load-settlement response and piled raft analysed.

the ultimate bearing capacity (ULS) of the piled raft is proved. It is
noted that the maximum pile axial load is equal to V,;qx = 2210 kN,
which would give FS=1.5 (being the ultimate pile capacity
Quie = 3358 kN); however, in contrast to conventional pile founda-
tions, the proof of the bearing capacity for single piles is unneces-
sary because this proof is inconsistent with the concept of piled
rafts. Within the same numerical load test, proof of the serviceabil-
ity limit state (SLS) for the piled raft can be performed and, under
the total load of 25 MN, a settlement of 20 mm is calculated, i.e.
below the allowable value of 25 mm. It is found that at this load
level the raft carries 39% of the total load.

Finally, it should be emphasised that the piled raft solution
leads to a significant reduction in the required number and length
(L) of the piles as compared to the conventional pile group, result-
ing in a saving of 63% in total pile length, i.e. from 488 m for the
4 x 4 pile group (L=30.5m) to 180 m for the 3 x 3 piled raft
(L=20m).

5. Conclusions

The paper has described a practical analysis method, based on a
3D complete BEM solution and implemented in the code
PGROUPN, for determining the non-linear response of piled rafts.
The method has been successfully validated against alternative
numerical analyses and field measurements. It has been shown
that the concept of piled raft, generally adopted for “large” flexible
piled rafts, can also be applied effectively to “small” rigid piled
rafts (and to any larger piled raft in which the assumption of rigid
raft is valid), making PGROUPN ideally suitable to a wide range of
foundations such as bridges, viaducts, wind turbines and ordinary
buildings (where use of 3D FEM or FDM analyses would be uneco-
nomical). In such cases, if the raft can be founded in reasonable
competent ground (which can provide reliable long-term resis-
tance), then the extra raft component of capacity can be used to
significantly reduce the piling requirements which are necessary
to achieve the design criteria (e.g. ultimate bearing capacity,
settlement).

Given the relatively high load level at which the piles operate
within a pile-raft system, the influence of soil nonlinearity can
be significant, and ignoring this aspect can lead to inaccurate pre-
dictions of the deformations and the load sharing between the raft
and the piles. Consideration of soil nonlinearity would also be
required if PGROUPN is used to perform a numerical load test fol-
lowing the methodology outlined in the ISSMGE CPRF Guideline.
Due to the negligible costs (both in terms of data preparation

and computer execution times), a large number of cases can be
analysed efficiently, enabling parametric studies to be readily per-
formed, thus offering the prospect of more effective design tech-
niques and worthwhile savings in construction costs.
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