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APPROXIMATE NUMERICAL ANALYSIS OF A
LARGE PILED RAFT FOUNDATION

PASTSAKORN KiTiyopoM”, TATSUNORI MATSUMOTO™ and RyuuicHI SONODA™

ABSTRACT

An approximate method of analysis has been developed to estimate the settlement and load distribution of large
piled raft foundations. In the method the raft is modelled as a thin plate, and the piles and the soil are treated as inter-
active springs. Both the resistances of the piles as well as the raft base are incorporated into the model. Pile-soil-pile in-
teraction, pile-soil-raft interaction and raft-soil-raft interaction are taken into account based on Mindlin’s solutions.
The proposed method makes it possible to solve problems of large non-uniformly arranged piled rafts in a time-saving
way using a PC. The method can also be used for the deformation analysis of pile groups by setting the soil resistance
at the raft base equal to zero. The validity of the proposed method is verified through comparisons with existing solu-
tions. Two case studies on settlement analyses of a free-standing pile group and a large piled raft are presented. In the
analyses, applicability of the equivalent pier concept is also examined and discussed. The computed settlements com-
pare favourably with the field measurements.

Key words: large piled raft, pile, pile group, pile load test, simplified deformation analysis, site monitoring (IGC:
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INTRODUCTION e
Piled raft foundations have been used to support a var- Lz : %
iety of structures, and they are now widely recognized as .
one of the most economical methods of foundation sys- : =

‘settlement reducers’. This type of foundation has been

tems since Burland et al. (1977) presented the concept of 1@@%

used in Japan since 1980s (for example, Kakurai, 2003).

As a preliminary routine design tool of piled raft foun- §§

dations subjected to vertical, horizontal and moment
loading as well as free-field ground movements, a com- §
puter program PRAB (Piled Raft Analysis with Batter
piles) has been developed by Kitiyodom and Matsumoto
(2002, 2003) and Kitiyodom et al. (2005).

In PRAB a hybrid model, in which the flexible raft is
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(a) Plate-beam-spring model used in PRAB

. . . . . y
modelled as a thin plate, the piles as elastic beams and the ?_ pile spring /
soil is treated as ¥nteractlve‘spr1ngs, is emplqyed. Both the % soil spring ‘5_‘ 5_‘51
vertical and horizontal resistances of the piles as well as g ===

the raft base are incorporated into the model (see Fig.
1(a)). Pile-soil-pile, pile-soil-raft and raft-soil-raft inter-
actions are taken into account based on Mindlin’s solu-
tions (Mindlin, 1936) for both vertical and horizontal
forces.

In this work, the approach described previously by the
authors is modified, in order to make it possible to solve
problems of large non-uniformly arranged piled raft
foundations in a time-saving way using a PC. Instead of
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(b) Plate-spring model used in PRABS

Fig. 1. Plate-spring modelling of a piled raft foundation
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modelling pile as elastic beams, each pile is modelled as
an interactive spring with appropriate stiffness (see Fig.
1(b)).

Similar methods representing raft as a thin plate, soil
and piles as springs were also proposed by other resear-
chers, e.g., Anagnostopoulos and Geogiadis (1998),
Russo (1998), Yamashita et al. (1998) and Kim et al.
(2001). Iterative procedure is required in Anag-
nostopoulos and Geogiadis (1998) and Yamashita et al.
(1998). The interaction between piles and raft is neglected
as the Winkler spring model is used in Kim et al. (2001).
In Russo (1998), the Boussinesq’s point load solution is
used to calculate the displacement occurring at each raft
node, due to the contact pressure developed at the inter-
face of each raft element, while pile-soil-pile interaction
factors are computed from the approximate solutions. In
the simplified PRAB, called PRABS hereafter, no itera-
tive procedure is required, and pile-soil-pile, pile-soil-raft
and raft-soil-raft interactions are calculated based on
Mindlin’s solutions.

The validity of PRABS is examined by comparisons
with existing solutions. Finally, comparisons are made
between the field measurements of a full-scale piled raft
foundation and those computed from the proposed
method. Moreover, as an alternative solution to reduce
the computation time, the concept of the equivalent pier
in which a number of piles are modelled as an equivalent
pier was employed and discussed.

METHOD OF ANALYSIS

Numerical Method

In PRABS, the raft is modelled as a thin elastic plate,
while the piles and the soil are treated as interactive spr-
ings attached to the raft as shown in Fig. 1(b).

The vertical soil springs, kg, at the raft nodes are esti-
mated by Eq. (1).
_4Ga y 1

1-v, {1—exp (—Hh/2a)}
where £ is the finite soil depth and « is the equivalent
radius of the raft element. For a square raft element with
a width of d, a can be estimated as a=d/ ﬁ . G, and v,
are the equivalent shear modulus and the equivalent Pois-

son’s ratio of the whole soil which can be determined fol-
lowing Fraser and Wardle (1976).

kx )

E*
G=r— 2
2(1+vy) @)
Vs = E vs(i)A II/A Itotal (3)
i=1

where E is the equivalent Young’s modulus for the
whole soil given by Eq. (4).

1 1
B E,

A I,/A Iw[a] (4)

where E¥, is the equivalent Young’s modulus for the soil
layer number i given by Eq. (5).

E¥=Ew/(1—vy) %)

where Ey; and vy, are the Young’s modulus and the Pois-
son’s ratio for soil layer number / in the n-layered system.
Al and Al in Egs. (3) and (4) are the differences be-
tween the vertical settlement influence factors at different
soil depths which can be determined by Eqgs. (6) and (7).

Al= I(Z iop) - I(Z{Jottom) (6)
Al o =1(0)— 1(h) (7

where zfop and z%...m are the depths below the surface of
the top and bottom of layer number i. The vertical settle-
ment influence factor I has been given by Harr (1966).

The pile spring stiffness can either be directly input into
the program after obtaining it from another analysis (for
example, the program PRAB), or else calculated from
Eq. (8) following Randolph and Wroth (1978).

4 + 2mp tanh (uL) L

nd-v) ¢ UL ro
ky=Gyro= 8
p= 0 4  tanh(uL) L ®)

nin(l—vy) uL 1o

in which {=1n [2.5(L/ro)p(1 —v)1; (uL)*=[2/CEM)I(L/ro)*;
p=Gr,/Gr; A=E,/G; n=1. L and r, are the length and
the radius of the pile. G;,, and G; are the soil shear
modulus at the depth equal to half of the pile length and
that at the depth equal to the pile length. E, is the
Young’s modulus of the pile.

In all solutions presented herein, the pile spring stiff-
ness has been computed using PRAB. The estimation of
non-linear deformation of the foundations can be calcu-
lated by employing the bi-linear response of the soil and
the pile springs.

Pile-soil-pile, pile-soil-raft and raft-soil-raft interac-
tions are taken into account based on Mindlin’s solu-
tions. The interaction between the raft nodes is calculated
directly using Mindlin’s solutions. However, as each pile
is modelled as a single spring, a point at some characteris-
tic depth, z=¢L, below the ground surface should be
used to obtain the interaction between the pile and the
raft nodes and the interaction between the pile nodes. In
order to obtain an appropriate value for the parameter &,
a parametric study has been carried out. The interaction
factor, «, calculated using Mindlin’s solutions with differ-
ent characteristic depths is compared with the results cal-
culated using PRAB in which the pile is modelled as a s-
eries of beam elements, and consider the interaction be-
tween each pile nodes. The interaction factor is defined as
the ratio of the additional pile head displacement of the
considered pile due to the effect of a neighbouring pile
while both piles are subjected to vertical pile head load, to
the pile head displacement of non-influenced single pile
subjected to a vertical pile head load (see Fig. 2).

_Additional settlement caused by adjacent pile

Settlement of pile under its own load
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(a) isolated single pile (b) interactive two piles

Fig. 2. Calculation of interaction factor, o, using PRAB
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Fig. 3. Comparison of the interaction factors for various L/D

Figure 3 shows the influence of pile spacing between
two piles embedded in a deep homogenous soil layer on
the interaction factor, «, for three different pile slender-
ness ratios, L/D. The influence of pile spacing ratio, s/D,
on the interaction factor is also shown in Fig. 4 for two
different pile-soil stiffness ratios, E,/E;.

It can be seen from the figures that the interaction fac-

Pile spacing ratio s/D

2 4 6 8 10
0.8 T T ¥ T ¥ T ] T
N] | O EJ/E =100 Mindlin's solution
= P s o z=0
.9 06} L/ID=25 o z=L/3 B
8 i % O A z=1p
v z=2L13
s 04} Q M
-.6 Vi
® 02} ]
L
E 0.0 1 s 1 s 1 s 1 1
Pile spacing ratio s/D
2 4 6 8 10
8 16F IEI 'E /EI = iooc;o Mi;1dlin's soIL;tion_
= pe o z=0
“8 3 L/ID =25 o 7=
® 12F A z=L2 A
o | g o v z=2L3
o X z=L
B 0.8} § ] 4
@ A X
= V4 . w
L 04} : -
c
e 1 1
Fig. 4. Comparison of the interaction factors for various E,/E;

raft
V7772272222224
D«:q
L ~
A, E, b Eeq
s
v U |

/;ctu_al ;;iled raizt Piles replaced by equivalent pier

Fig. 5. Concept of equivalent pier method

tors calculated using a characteristic depth of 2L/3 shows
a reasonable overall agreement especially for the cases of
L/D<?25 and s/D>3 with the results calculated using
PRAB. So in the proposed method, the characteristic
depth of 2L/3 is employed in the calculation of pile-soil-
pile and pile-soil-raft interactions. The validity of this as-
sumption is examined through the comparisons with ex-
isting solutions and field measurements.

Equivalent Pier Concept

For calculation relating to large structures supported
by a number of pile groups, Poulos and Davis (1980)
proposed the equivalent pier method. Horikoshi and
Randolph (1999) employed this method to estimate the
overall settlement of piled rafts. In this method, a num-
ber of piles are replaced by a single ‘equivalent pier’ as
shown in Fig. 5.

As suggested by Randolph (1994), the diameter of the
equivalent pier, D.q, can be taken as

De=2/A,/7

(10)
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where A, is the plan area of the pile group as a block.
Young’s modulus of the equivalent pier, E.q, is then
calculated as

E =E+(E,—E)A/A, an

where E, is the Young’s modulus of the pile, E; the
average Young’s modulus of the soil penetrated by the
piles, and A, is the total cross-sectional area of the piles
in the group. Randolph and Clancy (1993) discussed the
applicability of the equivalent pier method and proposed
an appropriate parameter to categorize as

R=ns/L,

where 7 is the number of piles and s is the pile spacing. It
was shown in their work that the equivalent pier ap-
proach was suitable for values of R less than 4 and cer-
tainly for values less than 2.

(12)

COMPARISONS WITH EXISTING SOLUTIONS

Raft Alone

For a square raft having a length of Ly subjected to an
uniform vertical load, g, resting on a deep homogeneous
layer, Fig. 6 compares the distributions of normalised
settlement, S, contact pressure, p, and the bending mo-
ment, M,, from PRABS, with those from the piled strip
model (GARP) by Poulos (1994), and the finite element
analysis by Hain and Lee (1978). It can be seen that there
are good agreements among the solutions in all cases.

Piled Raft

Figure 7 shows the solutions for maximum settlement,
Smax, Of a uniformly loaded square raft supported by 64
piles, in a deep homogeneous elastic soil layer. The nor-
malised maximum settlement is plotted as a function of
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Fig. 6. Comparisons between solutions for uniformly loaded raft

the raft-soil stiffness ratio, Ky, for four different pile slen-
derness ratios, where

_2Ex*Br(1- 7))

13
3nE.L} (13)

R
and Ey is the raft Young’s modulus, ¢ the raft thickness,
and Ly and By are the raft dimensions.

The results calculated from PRABS are compared with
those from GARP and the finite element analysis by Hain
and Lee (1978).

Figures 8 and 9 show comparisons between the solu-
tions for differential settlement and the proportion of
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load carried by the piles. Despite the approximations in-
volved, PRABS can provide solutions of adequate ac-
curacy for the settlement and pile load distribution within
a piled raft with L/D less than 25 and s/D greater than 3
which are common for piled raft foundation employed in
practice.

CASE STUDIES

Sonoda et al. (2009) have described the case of a large
piled raft foundation for a commercial building called
Amuplaza that was constructed in Kagoshima City,
Kyushu, in 2003 to 2004. The building is 7-storied with a
basement floor having a building area of 9000 m?, a floor
area of 50000 m?, and a maximum height of 45 m (see
Fig. 10). A piled raft foundation was employed for the
building in a sandy ground to reduce the average settle-
ment as well as the differential settlement. The building
was constructed using a reverse construction method, in
which construction of the superstructure (building) and
the substructure (foundation) were constructed simul-
taneously, in order to reduce the construction period.
Therefore the foundation was regarded as a free standing
pile group without contribution of the raft resistance in
earlier stages of construction, while the foundation
behaved as a piled raft after the construction of the mat
slab (raft) was completed. A static vertical pile load test
was carried out at the construction site. Moreover, during
the construction stage, settlements of the foundation and
the water pressure beneath the raft were monitored.

A test pile was constructed additionally at a location
indicated by ‘star’ symbol in Fig. 10. The test pile was a
cast-in-situ concrete pile having a length of 32.0 m and a
diameter of 1.0 m.

The programs PRAB and PRABS were employed to
analyse the behaviour of the whole piled raft system. The
analyses were carried out in two stages. The first stage
was the deformation analysis in the stage of pile group
where the raft resistance was not expected. The analysis
in the stage of piled raft was carried out after the end of
the first stage, considering the existence of the raft
resistance. The stress conditions at the end of the first
stage were used for the initial conditions in the second
stage. Shear moduli of the soils at small strain, G,, were
derived by Sonoda et al. (2009) on the basis of SPT and
PS-logging tests as shown in Fig. 11.

In order to determine the soil parameters appropriate-
ly, back-analysis of the vertical load test of the test pile
was carried out using PRAB, prior to the analysis of the
whole foundation. The test single pile and the ground
were modelled as Fig. 12. Young’s modulus of the pile E,
=2.27 x 10" kPa was employed. The maximum shaft fric-
tion, fmax, Of each section obtained from the static vertical
pile load test results was adopted in the back-analysis.

Figure 13 shows comparison of the analysed and meas-
ured load-settlement curves of the pile head and the pile
base. Good matching was obtained if the shear modulus
of the soil obtained from PS-logging was reduced by a
factor of 2 for the soils surrounding the pile shaft and by
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Fig. 11. Modelling of foundation and ground

a factor of 5 for the soil beneath the pile base. These
reductions in the shear moduli of the soils may be reason-
able, considering disturbance of the soils around the pile,
and difference of strain levels between the pile load test
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Fig. 13. Comparison of load-settlement curves of the test pile

and PS-logging. Such reduction in the shear moduli of
the soils around the pile are considered also in the post
analysis of the whole foundation. In order to take into
account the non-linear response, the value of the ultimate
pile shaft resistance, 7;, and the pile base bearing capaci-
ty, q, were set based on the measured values as shown in
Fig. 14. Table 1 summarises the soil properties used in
the matching analysis. These soil properties were also em-
ployed in the calculation of the stiffness values of the pile
springs for the piles which have different configurations
from the test pile. Figure 15 shows the calculated load-
settlement curves for four different configuration piles
which were constructed in the site. Note that pile spring
stiffness used in PRABS is obtained from these curves.
The modelling of the foundation and the ground has
been shown in Fig. 11. It was judged that the modelling
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Fig. 14. Relationship between shaft resistance and local pile displace-
ment
Table 1. Parameters for the calculation of load-settlement curves
Soil layer Depth* (m) G (kPa) 7 (kPa) q (kPa)
1 6.5 to 15.5 51,840 99.5
2 15.5 to 21.5 77,440 44.6
3 21.5 to 26.5 77,440 54.3 900
4 26.5 to 31.5 77,440 54.3 900
* Ground level is at the depth=6.5m
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Fig. 15. Calculated load-settlement curves of construction pile from
which pile spring stiffness used in PRABS is obtained

of the ground to a depth of 63 m is needed when analys-
ing such a large piled raft foundation because the in-
fluence of the wide length of the raft of 156 m reaches to
deeper depths. Note here that SPT N-values for depths
greater than 63 m were very large and the depth of 63 m
was assumed to be a bed stratum.

For the analysis using PRAB with the equivalent pier
concept, Fig. 16 shows the arrangement of the piles and
the equivalent piers. Properties of the equivalent piers are
summarised in Table 2. It can be seen that the values of R
(defined in Eq. (5)) in all types of equivalent piers are less
than 2.
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Fig. 16. Arrangement of piles and equivalent piers

Table 2. Properties of equivalent piers
Pier type D.q (m) L, (m) E., (kPa) R
1 11.17 20 2.51x10° 1.27
2 20.31 20 1.76 x 10° 1.90
3 11.17 25 2.51%x10° 1.14

The interaction factors and soil springs at the raft
nodes were calculated using the shear moduli, G,, at
small strain level shown in Fig. 11, while reduced shear
moduli estimated from the back-analysis of the static
load test mentioned in the previous section were used for
estimation of the soil springs at the pile nodes. For the es-
timation of the Young’s modulus of an equivalent pier
and soil springs at the equivalent pier nodes, it was found
that the use of soil moduli, Gy, at small strain level leads
to the calculated results that match well with the measure-
ment values. This may be due to a fact that the cross sec-
tional area of the soil in the equivalent pier in this case is
about 90% of the total area, so the soil area of distur-
bance zone around the pile is much smaller than the non-
disturbance zone. On the other hand, for the analysis us-
ing PRABS, stiffness values of the pile springs were calcu-
lated based on the back analysis result of the vertical pile
load test shown in Fig. 15.

Figure 17 shows a side view of the building. In the
modelling of the foundation structure, the raft was
modelled by combination of thin plates and beams. The
raft base was located at 6.5 m below the original ground
surface. In the analysis, the construction of the super-
structure was divided into two stages in which the foun-
dation acted as a pile group and as a piled raft. The
hatching indicates the area of the superstructure con-
structed in the stage of piled raft.

Figure 18 shows the time histories of the total load
from the building and measured water pressure beneath
the raft. The construction of the building was completed
in September 2004. The raft (mat slab of the basement
floor) was completed at the end of December 2003. Hence
the foundation was regarded as a pile group until the end
of December 2003, and was regarded as a piled raft after

and piled raft

g 800 ; : : : — . ———40 _
< Pile group +++/Pr+/JJ_“M'M &
T 600 i 30 %
R ] L S T
= Weight of building T 2
S 400 et { 20 9
£ Y Piled raft o
[ r‘* / [=%
> 200 it : 10
% I ! Water pressure f ko
= 0 ol | L 1 L 1 E L L 0 =
2003.08.05 2003.10.01 2003.12.01 2004.02.01 2004.04.01
2003.09.01 2003.11.01 2004.01.01 2004.03.01
Date(yy.mm.dd)
Fig. 18. Time histories of the total load from the building and meas-

ured water pressure at the raft base

that.

The raft base was located at 6.5 m below the original
ground surface. The original ground water table (3.0 m
below the ground level) was lowered to 7.5 m below the
ground level until the end of February 2004, by means of
deep wells. Then, the lowered ground water table was
recovered to the original water table. The measured in-
crease in the water pressure of 35 kPa corresponded to
this recovery of the ground water table.

In the deformation analysis of the whole structure,
rigidity of the superstructure was neglected and vertical
loads from the superstructure were directly applied on the
raft nodes. Figure 19 shows the distributions of loads on
the raft. In the analysis using PRAB with the equivalent
pier concept, the loads acting on the top of the piles,
which were modelled as an equivalent pier, were summed
up and placed on the top of the equivalent pier node. In
analysis for the stage of pile group foundation, load in-
crements shown in Fig. 19(a) were applied, while in anal-
ysis for the stage of piled raft foundation, load incre-
ments of Fig. 19(b) were applied on the raft. Note here
that the ground water level was recovered at the construc-
tion stage of the piled raft as mentioned earlier. The
buoyancy force due to the water pressure at the raft base
was also taken into account in addition to the load incre-
ments of Fig. 19(b).

Figures 20 and 21 show the distributions of calculated
and measured settlements of the raft in the x-direction at
y=40.5m (see Figs. 10 and 16, section A-A’) and those
in the y-direction at x=34.8 m (see Figs. 10 and 16, sec-
tion B-B’), respectively. Increment of settlements in stage
of pile group are shown in Figs. 20(a) and 21(a), those in
stage of piled raft are shown in Figs. 20(b) and 21(b), and
the total settlements at the final construction stage are
shown in Figs. 20(c) and 21(c). In the figures, the calcu-
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(b) Superstructure load increments in stage of piled raft

Fig. 19. Distribution of loads on the raft

lated results of Sonoda et al. (2009) in which each of the
piles was modelled as a series of beam elements in the
analysis using PRAB are also shown. It is seen from the
figure that although the analysis tends to overestimate the
measured settlements in the stage of pile group founda-
tion and underestimate the measured settlements in the
stage of piled raft foundation, the analysis predicted the
measured total settlements fairly well. It can be seen from
analysis results that the analysis results using PRABS
match very well with the analysis results of Sonoda et al.
(2009) and the analysis results using the equivalent pier
concept. This demonstrates the validity of PRABS and
the method to model several piles in the piled raft as the e-
quivalent piers. Note that the calculation time using
PRAB with the equivalent pier concept is less than 1/3 of
the calculation time used in Sonoda et al. (2009), and the
calculation time using PRABS is much less than the cal-
culation time using PRAB.

Moreover, the distributions of calculated and meas-
ured total settlements of the raft are shown in Fig. 22(a)
for the distributions of settlements in the x-direction at y
=16.2m, and in Fig. 22(b) for distributions of settle-
ments in the y-direction at x=132.0 m. It is seen again
from the figures that there are good agreements between
the analysis results and the measured settlements.
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(b) Increments of settlements in stage of piled raft
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Fig. 20. Calculated and measured settlements (at y=40.5 m)

CONCLUDING REMARKS

This paper presents an approximate method of analysis
of piled raft foundation in which the raft is modelled as a
thin plate and the piles and the soil are treated as interac-
tive springs. The method makes it possible to solve prob-
lems of large non-uniformly arranged piled rafts in a
time-saving way using a PC. The method is implemented
via the computer program PRABS. Moreover, the
equivalent pier concept is presented.

From the parametric study on the interaction factors
and comparison between the existing solutions and those
from PRABS indicate that the proposed approximate
method can provide solutions of acceptable accuracy for
the foundation with L/D less than 25 and s/D more than
3 which are common for piled raft foundation employed
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Fig. 21. Calculated and measured settlements (at x=34.8 m)

in practice.

A case study demonstrates that the analysis using
PRABS and PRAB with the equivalent pier concept can
predict reasonably well the settlements of a full-scale
piled raft containing a large number of piles and the cal-
culation time of the analysis are less than the calculation
time of the full model analysis.
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