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Rafts Serviceability Limit State (SLS) bearing capacity of CPRF by evaluating the pile-raft and raft-pile interaction
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factors. The developed model is validated with available experimental results. The simplified expressions for the
evaluation of load-sharing ratio and a mobilized factor of safety of CPRF considering the serviceability re-
quirement of the structure are also proposed. It provides a simple design solution for CPRF subjected to vertical

1. Introduction

For foundations of high-rise structures, the conventional pile group
foundation is still dominant in the current practice which does not give
credence to the raft contribution in the pile group leading to over
conservatism in the design. This is due to the limited understanding of
how to incorporate the capacity of both raft and piles as a single unit.
There may be two cases in the design philosophy, the first one, where a
raft cannot provide an adequate bearing capacity and the other one,
where the raft is unable to perform under the serviceability requirement
of the structure. In both the cases, the piles can be introduced below the
raft to improve the safety against failure or to reduce the settlement to
an acceptable level. The foundation concept where piles can be used
below the raft to achieve both the safety as well as the serviceability
requirements, opens up the margin of the economy in the design so-
lution, and is called a combined pile-raft foundation (CPRF) system.

Several researchers have advocated the use of piles below the raft as
settlement reducers [1-4] with some available applications [5-7]. On
the other hand, few researchers have supported the bearing capacity
approach if flexural rigidity of the raft is very high such that differential
settlement does not pose any issue [8-10] with few available applica-
tions [11,12]. However, none of them have put forward a simplified
methodology that can combine both the safety and serviceability re-
quirements in the design philosophy.

The present study proposes an expression to estimate both the
Ultimate Limit State (ULS) and the Serviceability Limit State (SLS)

bearing capacity of a CPRF embedded in the medium dense sand by
employing finite element methodology. The proposed expression esti-
mates the capacity of the pile and raft components of CPRF within a
maximum difference less than + 10% when compared with the mea-
sured results. Thereafter, the simple equations to predict the load-
sharing response and mobilized factor of safety considering service-
ability requirement of the structure are also derived.

2. Idealisation of load-bearing mechanism of CPRF

The superstructure vertical load applied on the CPRF can be ex-
pressed in terms of load-bearing capacity. It can be computed as the
summation of the capacity of pile group (written in terms of individual
pile capacities) and un-piled raft, multiplied with their interaction fac-
tors:

n
QCPRF = AprQpp Z Qsingle pile + arpQunpiled raft

n=1 (1)
in which, Qcprr, Qsingle pite a0d Quupited rafr are the load-bearing capacity of
the CPREF, single pile and un-piled raft foundation. a,,, «,, and «,, are
pile-raft, pile-pile and raft-pile interaction factors. These factors give
rise to a complex load-bearing mechanism in the CPRF, as shown in
Fig. 1(a). The compatibility condition of Eq. (1) lies in equal settlement
of all components of the CPRF that confirms the rigidity of the system.
At the design stage, the load carrying capacity of single pile and un-
piled raft are only available parameters, hence, the prediction of these
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Nomenclature

The following symbols are used in this paper:

Ap, Ag surface area and base area of the pile
Dp, B, pile diameter and raft width

E Young’s modulus

N, N; and N, bearing capacity factors

P skin resistance along the pile shaft

q vertical stress at the foundation level
q, end bearing pressure

Qcrrrs Qp.crrrs Qr.cprr l0ad-bearing capacities of the CPRF, the

piles in CPRF and raft in CPRF

Qunpited rafts Qeroup pites 10ad-bearing capacities of the un-piled raft and
the pile group

Qsinglepite> Qsinglepite 10ad-bearing and ultimate bearing capacity of
the single pile

Qr load-carrying capacity of the raft component of the CPRF
S pile spacing

w settlement

QcprE is the CPRF coefficient

Qpps Opr, @, Pile-pile, pile-raft and raft-pile interaction factors
¢ friction angle
[ average limiting shear stress down the pile shaft
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Fig. 1. Combined Pile-Raft Foundation (a) sche-
matic representation of interaction mechanism,
(b) discretised three-dimensional model.

-Imposed vertical load

-Shaft resistance in pile

-End bearing resistance in pile
-Un-piled raft resistance

-Raft resistance in CPRF
-Pile-pile interaction

-Pile-raft interaction

-Raft-pile interaction
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interaction factors holds prime importance in the design. Finite element
based numerical methodology is used to obtain these interaction fac-
tors.

3. Numerical simulations to obtain the interaction factors

Finite element analyses were carried out by developing three-di-
mensional models in PLAXIS3D [13]. The Mohr-Coulomb elastic-per-
fectly plastic constitutive relationship was adapted to model medium
dense sand. Several researchers have used this constitutive model to
simulate the behaviour of sand [7,14-17]. Mesh discretization was
done by using the 10 noded tetrahedral element option available in the
standard library of PLAXIS3D. Piles were modeled using the embedded
beam elements with embedded interface elements to incorporate the
interaction with soil along the pile depth and at the pile base, and the
raft by plate elements. The rigidity of the raft was maintained by fixing
the thickness of the raft as per [18]. A mesh optimization study was
carried out to decide the extents of model boundaries which helped in
reducing the computational effort. The dimensions of model boundaries
were kept as 5 times the raft width in lateral extent and 1.5 times the
pile length below the pile length in vertical extent to avoid any un-
desirable boundary effects. Fig. 1(b) shows the finite element dis-
cretised mesh along with the model dimensions. The geotechnical
properties of the homogeneous medium dense sand and mechanical
properties of piles and raft are given in Table 1. The stiffness parameters
of soil dictate the load-deformation characteristics of the foundation
system. The elastic modulus for medium dense sand recommended by
[19] lies in the range of 25,000-50,000 kPa. In the present study, load-
deformation characteristics of the pile and un-piled raft foundations are
obtained for elastic modulus of 40,000 kPa to validate the hyperbolic
load-deformation relationship reported by [21], as shown in Fig. 2. It
was also noticed that the load-deformation characteristics obtained by
using maximum and minimum values of elastic modulus range given in
[19] were within the maximum difference of +5% when compared to
the results obtained for the adopted value. In addition, the negligible
influence of Poisson’s ratio on load-deformation characteristics of the
foundation systems was also observed. This study helped in deciding
the stiffness parameters of soil.

4. Validation of developed numerical model

The non-linear stress-strain behavior of soil brings non-linearity in
the load-settlement response of the foundations [20]. Lee et al. [21]
proposed normalized load-settlement relationship in terms of relative
settlement and load, normalized with foundation size and ultimate load
carrying capacity, given by:

For Pile:

Qsinglepilc _ W/Dp

Qsinglepile,u ap + Bp (W/Dp) 2)
For Raft:

Qunpiled raft W/B,

Qunpz'led raft,u ar + ﬁr (W/Br) (3)

where Qqinglepiteus Qunpiledrafiu are the ultimate bearing capacities of
single pile and unpiled-raft foundation, respectively. w is the settlement
level, D, and B, are the pile diameter and raft width. Egs. (2) and (3)
carry flexible applicability to various foundation conditions i.e. changes
in the geometrical properties and local soil conditions. The model
parameters o, and §, for pile foundation were reported as 0.01 and 0.9;
and a,, B, for unpiled raft foundation were 0.02 and 0.8 at the settle-
ment of 10% of the foundation width (Limit state condition). This set-
tlement level was supported with experimental evidence reported by
[22]; [23] on the model raft and [24]; [25] for a pile foundation.

The load-settlement response obtained through finite element
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methodology was compared with the normalized hyperbolic load-set-
tlement response model proposed by [21]. The ultimate bearing capa-
City Qunpited rafi,u Of @ un-piled raft foundation was calculated on the basis
of the theory of plasticity given by [26]:

Qunpiled raftu = (cN. + qu + O.SBryNy)A (4)

where y is the unit weight of soil, c is the soil cohesion, q is the vertical
stress at foundation level, N, N; and N, are bearing capacity factors.
The ultimate bearing capacity of the pile Qinglepite,u Was obtained as:

)

where A; and A, are shaft and base area of the pile, 7, and g, are
average limiting shear stress down the pile shaft and end-bearing
pressure respectively.

Fig. 2 illustrates the comparison of the results for a 6 m wide raft
(Qunpitedrafin = 36.38MN) and 0.5m diameter, 15m long pile
(Qsinglepiten = 2434 kN) obtained by numerical methodology with the
hyperbolic model proposed by [21]. It can be clearly seen that both the
results are in close agreement. This confirms the qualitative and
quantitative validation of the numerical model. It can be noted that the
numerical model attained the displacement of 10% of the foundation
width. This shows that the finite element method is well suited to
predicting the collapse mechanism of geotechnical structures provided
it is applied properly [27].

Qsinglcpile,u =TAs + qub

5. Evaluation of Interaction factors

After successful validation of the numerical model, a detailed
parametric study, given in Table 2 was carried out by varying the in-
fluencing parameters for a 3 X 3 pile configuration. Thereafter, an ef-
fect of pile configurations was also studied by changing the config-
urations from 5 X 5 to 9 X 9 for a particular pile diameter of 0.5 m. A
total of 170 numerical models were run and analyzed to achieve this
goal.

5.1. Estimation of pile-pile interaction factor (a,)

The pile-pile interaction is the result of pile group effect, defined as
the changes in the load-settlement response of a pile group and single
piles due to superimposition of stress and displacement field of a single
pile in a group [28,29]. The load carrying capacity of a pile group can
be expressed as load carrying capacity of a single pile using this factor:

n
Qgruuppiles = Qpp Z Qsinglc pile
n=1

(6)

Long [30] and Poulos [31] reported the value of unity for medium
dense sand. It is also evident from the present study that pile group
foundation attained ultimate capacity at the settlement level of 10% of
the pile diameter. This attained capacity was equal to the ultimate ca-
pacity of the number of single piles present in the group which in-
dicated the interaction factor of unity at higher settlement level. The
settlement incurred in a CPRF is much higher than in a pile group.
Hence, a pile-pile interaction factor of unity is adopted herein.

Table 1
Geotechnical properties of soil and mechanical properties pile and raft as an input
parameter [19]

Parameter Symbol/Unit Soil Pile/Raft
Soil unit weight y (kN/m%) 18 25
Relative density D, (%) 50 -

Cohesion ¢ (kN/m?) 0 -

Friction ¢ 30 -

Elastic modulus E (kN/m?) 40,000 30,000,000
Poisson’s ratio u 0.32 0.2
Dilation angle P 0 -
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Fig. 2. Comparison of the load-sharing response obtained by hyperbolic model and nu-

merical study.

5.2. Estimation of pile-raft interaction factor (o)

The pile-raft interaction is defined as the changes in the load-set-
tlement response of pile group when the raft is being rested to the soil
surface. The load carrying capacity of piles in CPRF Qp_cprr can be
expressed as the load carrying capacity of the pile group using this
interaction factor as:

)

Qp_crrr = Apr Qgroupplles

The pile-raft interaction affects the load-settlement response of
CPRF in both positive and negative aspects [5]. The positive aspect
refers to the increase in the load carrying capacity of piles of CPRF due
to increase in confinement of the soil mass below the raft which sub-
sequently increases the skin resistance in the piles. This effect is pri-
marily dependent on the location of pile within the raft. On the other
hand, the negative aspect refers to lesser mobilization of pile resistance
due to the lesser relative displacement between piles and surrounding
soil because soils below the raft were forced to move leading to the
release of confinement stress. Since, both the phenomena are dependent
on the mobilization of displacement on loading, the estimation of this
interaction considering both negative and positive aspects is very
complex. In the present study, a,, is evaluated by dividing the capacity
of the group piles and pile components of CPRF at various settlement
levels, as shown in Fig. 3. The values of «, is increasing with increase in
the settlement level and converging to unity. This indicates that nega-
tive interaction dominates at lower settlement level and subsequently
changes to positive interaction as the settlement in the CPRF increases.
Negligible influence on a,, with change in configuration from 3 X 3 to
9 X 9 was observed because it has been implicitly accounted in the
expression. The obtained interaction factors for various configurations
followed a certain trend; hence, an expression was fitted through the
method of least square. The predicted values of «,, were limited to
unity for conservatism in the design and expressed as:

Table 2
Configuration chosen for the study.
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Fig. 4. Variation of percentage difference between numerically obtained results and
prediction model for pile-raft interaction factor (a,,).

Apr = Qp-cere _ 1—exp(—10.55(w/B,)%2%)
Qgroup piles

(8)

Fig. 4 illustrates the percentage difference in the results obtained by
proposed expression and finite element methodology which indicates
that almost all values are lying within the maximum range of + 10%.
Hence, it can be stated that the obtained capacity of piles in CPRF
through the proposed expression will be in the range of + 10% differ-
ence. The validity of the proposed expression is then examined by
comparing the capacity of piles in CPRF obtained by Eq. (8) with that
reported by [10]. They carried out centrifuge tests on a single pile, pile
group, un-piled raft and CPRF embedded in the medium dense sand
(D, = 52%). The relative density of the medium dense sand modelled in
the present study is nearly same as reported by [10]. The piles were of
0.6 m diameter and 15 m in length spaced at 2.4 m (S/D, = 4) centre to
centre with the configuration of 4 X 4 in the group pile and CPRF, at
prototype scale. Please refer to [10] for further details. Fig. 5 illustrates
the comparison in the load-settlement curve reported by [10] and

Pile spacing to diameter ratio (S/d) 3 4 5 6 Pile length (m) Pile Number
Pile diameter (m) Raft width (m)

0.5 4.5,7.5,10.5, 13.5 6, 10, 14, 18 7.5, 12.5,17.5, 22.5 9, 15, 21, 27 10, 15, 20 9, 25, 49, 81
0.8 7.2 9.6 12 14.4 10, 15, 20 9

1 9 12 15 18 10, 15, 20 9
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Fig. 5. Comparison of load-settlement response obtained by centrifuge study and pre-
diction model.

predicted by the proposed equation, which ascertained the validity of
the proposed expression.

5.3. Estimation of raft-pile interaction factor (a,)
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beneath. The load carrying capacity of a raft of CPRF, Qr_cprr can be
computed in terms of load carrying capacity of a un-piled raft using this
factor:

)]

The raft-pile interaction depends on the mobilization of pile skin
friction due to downward movement of soil which in turn reduces the
confining stress just below the raft. To evaluate «,,, one new factor
called CPREF efficiency factor 7 is introduced. It is expressed as the ratio
of load carrying capacity of CPRF to the summation of the load-bearing
capacity of the un-piled raft and the pile group:

Qr-cPrF = Arp Qunpilcd raft

QC PRF

~ Qur + Qo 10)

The value of 7 is calculated for all the configurations mentioned in
Table 2 which indicates, an increase in » with an increase in the nor-
malised settlement (w/B,) as shown in Fig. 6 for a few cases. Negligible
influence on 7 with change in configuration was observed because it has
been implicitly accounted for the solution. A generalized prediction
equation was fitted with the obtained results using the method of least
square as:

1 = 3.5(W/B,)—0.06(S/D,)—0.51D, + 1.27 (11)

Fig. 7 illustrates the percentage difference in the values obtained by
the predicted equation and the finite element methodology which
shows that most of the values are within a maximum difference of
+ 10%. Thereafter, an equation of «y, is derived by using » and ), as:

The raft-pile interaction is defined as the modification in the load A, = Or-crrr _ N+ (n_apr)%
carrying mechanism of the raft when a few piles are introduced Qunpited raft Qur 12)
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Fig. 6. Variation of CPRF efficiency () with normalised settlement (w/B,) (a) S/d = 5and D, = 0.5m, (b) S/d = 6 and D, = 0.5m, (c) S/d = 4and D, = 0.8 m (d) S/d = 3and D, = 1 m.
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Thus, the capacity of CPRF, Qcprrand raft in CPRF, Qg_cprr can now
be obtained by simply using the Egs. (10)-(12). The validity of Equation
was confirmed by comparing the results reported by [10], as shown in
Fig. 5. Hence, it can be postulated that the (Serviceability Limit State)
SLS and (Ultimate Limit State) ULS bearing capacity of CPRF can be
determined by using Egs. (2), (3) and (10). A similar methodology can
be adopted for obtaining the bearing capacity of CPRF for dense sand
condition, owing to the estimation of pile-raft interaction and CPRF
efficiency factor.

6. Load sharing and mobilised factor of safety model of CPRF

The load sharing by CPRF components are dependent on the at-
tainment of settlement level and hence plays a very important role in
deciding the serviceability requirement of the structure. It can be ex-
pressed in terms of acprr, defined as the ratio of load carried by piles in
CPRF to the total imposed load, can be expressed as:

OfprQPG —
+ Q
7(Qpc + Qur) ;7(1 + ﬁ)

_ Qp_cprr _ Apr
XCPRF =

Qcprr 13)

It can also be written in terms of the hyperbolic model of piled and
un-piled raft foundation as:
1
QURu ((D / Br)ap+ By (w / B,)) ]

.
apr

XcPRF =
[ QPGu ar+f,.(w/ By)

14

Fig. 8(a) illustrates a comparison between the variation of acpgp
obtained by the numerical study and prediction model for a 3 x 3 pile
configuration (15m length, 0.5 m diameter) at S/d = 5. Non-linearity
in the variation of load sharing response can be seen. It can also be
observed that the results obtained by prediction model are matching
well with the numerical model.

The evaluation of factor of safety for any geotechnical structure is a
prime concern to practicing engineers. Herein, the mobilized factor of
safety of CPRF, FScprr can be obtained in terms of a factor of safeties of
group piles and un-piled raft. To do this, the factor of safety of un-piled

67

raft can be expressed for any working load as:

Qunpilcd raft,u

Q

The factor of safety of group pile can be expressed for any working
load as:

Fsunpiled raft = (15)

FSyppie = Qgrolgpile,u 6
Similarly, The Factor of safety for CPRF can be written as:
Qcrrru
FScprr = ———— a7
The ratio of a factor of safeties can be expressed as:
FScerr _ QcprFu _
FSynpitedrast + FScrp pite - Qubpited raftu + QGroup pite.u - (18)

Hence, FScprr can be expressed by combining the Egs. (2), (3) and
(10) as:

ap + B,(w/Dp)
(w/Dp)

ar + B, (w/B,)
(w/B,)

FScprr = ’7( (19)

Fig. 8(b) illustrates the variation of a mobilized factor of safety for
CPRF with pile configuration of 5 x 5 pile configuration (15 m length,
0.5 m diameter) at S/d = 3. It can be observed that the results obtained
by prediction model are matching well with the finite element results
which support the accuracy of the new method.

7. Conclusions

This paper proposes a simplified new prediction model for the
bearing capacity and efficiency evaluation for the CPRF at both SLS and
ULS. Finite element modeling was used to achieve this goal. The pro-
posed expressions were validated with the centrifuge results available
in the literature. From the study, it has been found that the capacity of a
CPRF and its components can be predicted at any settlement level
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Fig. 8. Comparison between numerical study and prediction model results (a) Load
sharing ratio (acprr), (b) mobilised factor of safety (FScpgrr).

provided the capacity of a pile group and an unpiled-raft foundation is
known. It also outlines the estimation of load sharing ratio and mobi-
lised factor of safety of CPRF. Thus, the proposed expressions prove to
be a marked improvement over the current design practice with rea-
sonable accuracy, which can be used in the design of a CPRF.
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