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LOAD TRANSFER AND DEFORMATION
ANALYSES OF PILED-RAFT FOUNDATION
IN TAIPEI METROPOLITAN

Der-Guey Lin', Wen-Tsung Liu®, and Jui-Ching Chou’

Key words: piled-raft foundation, load-carrying ratio of the raft,
FLAC 3D, settlement.

ABSTRACT

Piled-raft systems are often suitable for foundations of high-
rise buildings to increase the bearing capacity and reduce the
excessive settlement of foundations. However, the conventional
design of the piled-raft foundation commonly ignores the bear-
ing effect of the raft. A parametric study on the piled-raft foun-
dation performance including the bearing effect for typical
Taipei Subsoil is investigated using 3D FDM program, FLAC
3D. Input parameters of the parametric study are back calcu-
lated from a series of static pile loading tests implemented on
the jobsite of TIFC (Taipei International Financial Corporation
or Taipei 101). Parametric study results show that the load-
carrying ratio of the raft depends on the number of piles of the
pile group and the level of loading applied to the piled-raft
foundation. This also shows that the raft of the piled-raft foun-
dation is capable of sharing load. In addition, the settlement,
differential settlement and bending moment of the piled-raft
foundation are also discussed in this article.

I. INTRODUCTION

The possibility of using a piled-raft foundation to support
superstructures as an economical alternative to the conven-
tional piled foundation is gaining popularity in recent years.
The design of piled-raft foundations requires analyses con-
sidering the load transferring mechanisms between pile, soil and
raft (Poulos et al., 1997). Three types of analyses developed
for the piled-raft foundation are commonly used: (1) simpli-
fied calculation methods — simplifications on modeling the pile,
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soil and raft interactions (Poulos and Davis, 1980; Randolph,
1983 and 1994); (2) approximate computer-based analyses —
using strip on springs approach (Poulos, 1991) or plate on
springs approach (Clancy and Randolph, 1993; Poulos, 1994);
and (3) more rigorous computer-based methods - boundary
element methods, 3-D FEM (Oh et al., 2009; Lee et al., 2010;
Poulos et al., 2011; Karim et al., 2013; Nguyen et al., 2014) or
3-D FDM (Comodromos et al., 2009). In order to mimic the
actual field conditions, 3-D FEM or 3-D FDM analyses are
desirable. 3-D FEM usually requires a large amount of com-
puter storage and time but 3-D FDM on the other hand is
memory and simulation time efficient with practically accept-
able accuracy. The present study chooses 3-D FDM (FLAC
3D) as the prime software for the analysis of the piled-raft
foundation.

In the conventional design of the piled-raft foundation and
the design practice in Taiwan, the contribution of load carrying
by the raft is usually ignored. However, recent studies on real
case histories and full scale pile group tests (Liang et al., 2003;
Lee et al., 2010; Long, 2010) demonstrated that the raft can
carry 15% to 70% of the total load.

The present study therefore attempts to assess the piled-raft
foundation behavior and to broaden the understanding of the
complex interaction between the piles, raft and soil via nu-
merical simulations. First, pile load tests on the jobsite of TIFC
(Taipei International Financial Corporation or Taipei 101) are
modeled to calibrate input parameters of piles. Second, a para-
metric study is performed to study effects of the raft thickness,
the number of piles and the loading level on the settlement, the
bending moment and the load carrying ratio of the raft for a
typical Taipei Metropolitan soil profile.

I1. PILE LOADING TEST SIMULATION

As shown in Fig. 1, Taipei 101 Construction Project (or
Taipei 101) possesses a deep excavation at Tower Zone and
Podium Zone with total excavation area of 152.20 m x 159.14
m x 21.7 m. A total of 508 bored piles were installed beneath
the mat foundation of basement. In Taipei 101, five pile load-
ing tests (three extension piles, P241, P335 and P532, and two
compression piles, P39, P112) were performed. The testing piles
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Fig. 1. Plan view of excavation zone and location of testing piles.

were instrumented with strain gauges and rebar transducers to
estimate the load distribution and deformation. In this article,
comparisons between pile loading tests and numerical simu-
lations for compression pile P241 and extension pile P112 are
presented. The extension loading test of P39 was performed
from April 19 to 21, 1999, with the maximum load of 20 MN
(=2041 Ton) and the compression loading test of P241 loading
test was performed from March 12 to 14, 1999, with the maxi-
mum load of 29.4 MN (3000 Ton). The ASTM D3689-83 and
ASTM D1143-81 were followed for the loading procedures of
extension and compression loading tests respectively.

In the pile loading test simulation, the soil mass was mod-
eled by soil block elements and the pile was modeled by pile
structure elements with interface elements. Soil parameters for
numerical analyses on Taipei 101 field site were determined
by Lin and Woo (2000, 2005) based on 128 boring logs with
high quality field tests and laboratory tests. The ground water
table was set at 2 m below the ground surface. Soil was modeled
using Mohr-Coulomb (M-C) model and the pile was simulated
using Linear Elastic (L-E) model. During pile loading tests,
the loading was applied in a small increment and maintained
at least for 2 hrs or for a settlement rate of pile head lower than
0.25 mm/hr to ensure the dissipation of pore water pressure.
As a result, the simulation of pile loading tests was carried out
by effective and drained analyses. Input model parameters of
soil and pile are listed in Table 1 including cohesion (c"), fric-
tion angle (¢'), Poisson ratio (v'), Young’s modulus (£"), dry
unit weight (y;) and dilation angle ().

Interface elements simulate the normal and shear direction
interactions of pile shaft with surrounding soil mass via shear
coupling spring and normal coupling spring. Parameters of cou-
pling spring are cohesion (¢, & c¢,), friction (¢, & ¢,) and
spring stiffness (k, & k,). Subscript-s is for shear coupling
spring and subscript-n is for normal coupling spring. In this
study, the interface parameters are adjusted based on Desai

Table 1. Input model parameters of soil layers and the pile.

Depth ¢’ ¢ E’ Ya Y
Soil layer (kPa) | (°) (MPa) | (kN/m®) | (9)
0~2m
Surfee fill 20 (300 03 9.4 13.0 0.0
.2N23 o 50 |[28.0| 03 12.6 13.1 0.0
Silty clay 1
.23~32 m 10.0 |30.0| 0.3 14.4 13.1 0.0
Silty clay 2
3.2N41 m 20.0 |32.0| 03 19.2 15.5 0.0
Silty sand
‘.HNSO o 00 |[350| 03 22.8 15.7 2.0
Silty gravel
50-86m 100.0 [ 45.0| 0.3 111.0 18.8 3.0
Sandstone
Test Pile Pile diameter = 1.5 m, Pile length = 72 m
v=10.23, E = 33500 MPa, y,=23.5 kN/m’

Table 2. Parameters of interface elements.

Pile Depth | k, (MPa) |k, (MPa)| ¢, (kPa) | ¢, (kPa) | & (°) | ,(°)

0~2m 93.6 | 45 1.3 1.8 | 21.0 | 200

223m | 940 | 63 | 33 | 44 | 195 | 19.0
23~32m | 950 | 72 | 67 | 89 | 21.0 | 200
32~4lm | 1100 | 144 | 133 | 17.7 | 22.6 | 22.0
41~50m | 130.0 | 457 | 00 | 00 | 250 | 24.0
50~80m | 212.0 | 554 | 66.6 | 88.5 | 33.6 | 33.0

* ky=(4.9~25.8) x G, k, = (0.478~2) x E, c¢;= (2/3)xc’, ¢, = 0.9xc”’
and ¢ = tan'[(2/3) x tan¢’], ¢, = tan"'[(2/3) x tang’|

et al. (1984) to model the pile loading test. Then, the compa-
risons of load transfer and settlement curves between simula-
tion and observation are made to obtain a set of values which
can give the best curve fitting. The interface parameters are
listed in Table 2.

Fig. 2 shows the load-settlement curves at the pile top, the
level of the basement and the pile tip. Results of numerical pre-
dictions and measurements of the compression pile (P241) are
in a good agreement. Only at the final loading increment, the
numerical simulation underestimates about 10% at the pile
head and 25% at the pile tip. Results of numerical predictions
of the extension pile are deviated from the measured settle-
ment. The settlement at the final loading stage is underesti-
mated 53% at the pile head and 46% at the excavation level.
This deviation may be caused by the extension type of loading,
especially in a high loading level, which is different from the
compressive loading considered in the soil model.

Figs. 3 and 4 present the load transfer curves under various
loading levels. For the compression pile loading test (P, =
design load = 12,000 kN), predictions and measurements are
almost identical at lower loading level (1.1 P, and 0.55 P,.).
For the extension pile loading test (P, = design load=10,000
kN), predictions and measurements are similar for a wide
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Fig. 4. Load transfer curves of extension pile P112 at different loading levels.
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Fig. 6. Detailed FLAC 3D grid.

(c) Piled-raft with pile group

range of loading level (2.06~0.42 P,). However, the nu-
merical modeling underestimates in the compression pile load-
ing test and overestimates in the extension pile test at the depth
of 50 m (Sand Stone stratum). This deviation may be resulted
from the generalized soil profile adopted for numerical simu-
lations in Sand Stone stratum.

Overall, FLAC 3D analyses can capture the deformation
behavior of the pile fairly well. Therefore, above simulation
procedures and parameters are considered justified and valid
to use in the following parametric study.

III. PARAMETRIC STUDY

1. Numerical Model

The geometry model used in the parametric study is shown
in Fig. 5. The model consists of nine zone blocks (Zone I~VIII
and Zone Raft) with an area of 236 m x 236 m x 90 m. Fig. 6

RVR A
AL AR A MM R A A I A T R
30 m Eiwv
¥ Li/d 30 m Exvy
x. » X
(a) unpiled-raft (one quarter) (b) soil profile
y
- BR »
00000
N 00000
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y
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“ N
A
( I N J
3 00 -
o0 1
v ! X
PE——
S S

(f) Coordinate system
of bending moment

(e) 3 x 3 pile group (S =4.5d)

Fig. 7. Pile configurations.

shows the details of 3-D finite difference grid of the piled-raft
foundation with 3 x 3 pile group.

An unpiled-raft and three piled-raft foundations with iden-
tical raft dimension of Lz x B =36 m x 36 m and various raft
thickness (g = 1 m, 2 m and 3 m) and various pile configura-
tions were analyzed. The pile configurations are shown in Fig.
7 including 8 x 8 (pile spacing S=2xd=4m),5x5(S=3 x
d=6m)and 3 x 3 (§=4.5 xd =9 m) pile group with pile
diameter d = 2 m, pile length L, = 50 m.

In the parametric study, the soil mass and the pile were
modeled followed the pile loading test simulation. The raft slab
of the piled-raft foundation was modeled by shell structure
elements with a linearly elastic material and no failure limit.
Input parameters of the raft are the same as the pile. In addition,
an idealized Taipei Metropolitan soil profile was used for
analyses. Input model properties are listed in Tables 2 and 3.

2. Settlement of Piled Raft

Fig. 8 shows vertical displacement contours of the piled-
raft with 8 x 8 pile group and the unpiled-raft under a uniform
loading of 1000 kPa. Both rafts deform in a bowl shaped set-
tlement pattern same as observations from Poulos et al. (1997);
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Table 3. Input parameters of soil layers and the piled-raft foundation.

Depth ’ 7 (0 ’ 7 3 o
Sol layer c’(kPa) ¢ (%) v E’(MPa) 7a(KN/m”) v (°)
0~30 m
Silty clay 2.0 30.0 0.3 9.4 13.0 0.0
30~60m 5.0 45.0 0.3 12.6 13.1 0.0
Sandstone
Raft Thickness 1 m, 2 m and 3 m; v=0.16, £ = 33500 MPa, y,=23.5 kN/m?>
Pile Diameter =2 m Length =50 m; v=0.16, E = 33500 MPa, 3,=23.5 kN/m?>

FLAC3D 2.00

Step 1841 Model Perspective
00:40:63 Sun Jun 16 2002

Block Model
Wi

Contous of Z Displacemert

Normalized Settlement,

Normalized Settlement,

(a) Piled-raft (pile group = 8 x 8)

wiEJJqBr(1-v,")

wiEJJqBr(1-v,")

FLAC3D 2.00

Step 3153 Model Perspective
17:52:41 Fri Jun 14 2002

Center: Rotation:
X:1.244e4002 X: 80.000
¥: 1.180e+002 Y. 0.000
Z: 862264001 Z: 0000
Dist: 770504002 Mag.: 477
Inorements: fog.: 22500
Move: 3.065e+001

Rot.: 10.000

SEL Geotnetry

shellSEL Z-Displ. (global)

-7.0346e-001 to -6.9500e-001

-6.8000e-001 to -6.7500e-001
-6.7500e-001 to -6.7000e-001

[]-6.6000e-001 to -6.5500e-001
[|-6.5500e-001 to -5.5000e-001
-6.5000e-001 to -6.4600e-001
-6.4500e-001 to -6.4156e-001
interval = 5.0e-003

(b) Unpiled-raft

Fig. 8. Vertical displacement contours under loading of 1000 kPa.
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Fig. 11. Normalized bending moment of central strip of piled-raft at loading of 1000 kPa.

Comodromos et al. (2009); Lee et al. (2010) and Poulos et al.
(2011).

Figs. 9 and 10 show the normalized settlement of the unpiled-
raft and the piled-raft with 8 x 8 pile group at different raft
locations. The normalized settlement is defined as (w; x E)/
(g x Br x (1-v;%)) where w; is the settlement of the raft, E, is the
Young’s modulus of the soil, ¢ is the applied load and v; is Pois-
son ratio of soil. Results show that piles can effectively reduce
the average and maximum settlements of the raft. Maximum

settlements in center strip (strip-4) of the piled-raft (raft thick-
ness 1 m to 3 m) are reduced by 32.3%, 28.5% and 26.2% res-
pectively comparing to the center strip (strip-2) of the unpiled-
raft. Same observations were found in previous studies (Long,
2010; Karim et al., 2013; Nguyen et al., 2013). Meanwhile, it
is found that the differential settlement reduces as the raft
thickness increases. The maximum differential settlement of
the center strip of the raft is reduced about 50%. The same
trend is also shown by several researches (Oh et al., 2009;
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Rabiei, 2009; El-Garhy, 2013).

3. Bending Moment of Piled Raft

For all pile configurations (8 x 8, 5 x 5 and 3 x 3), the
bending moment (M) of the raft increases with the increase of
the raft thickness as shown in Fig. 11. For the same raft thick-
ness, the bending moment of the piled-raft decreases with the
increase of the pile number. For the raft thickness of 3 m, the
maximum normalized bending moments (M, x 100/gBy’) are
1.08, 1.63 and 1.71 for 8 x 8, 5 x 5 and 3 x 3 pile group respec-
tively. As compared with those developed in the unpiled-raft
(1.52), only the case of the piled-raft with 8 x 8 pile group
reduces the raft bending moment effectively.

Fig. 12 presents the normalized bending moment distribu-
tion along the pile shaft under loading intensity of 1000 kPa
(pile group 8 x 8, S =2d) acting on the piled-raft. The bending
moment of the piles is affected by the settlement pattern of the
raft. Because of the symmetric settlement pattern, the inner piles
experience less horizontal movements. Therefore, the bending
moments on the inner piles (Pile 8, 9 and 10) are less than on
the outer piles (Pile 1, 2 and 5). For a single pile, the maximum
bending moment occurs at the interface of the silty clay layer
and sand stone bearing layer (GL -30 m = Normalized Depth
0.6). It can be inferred that the pile segment at the transition

y , C
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z o F i f .
\ el
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Ok Q e o 9& 9«
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Fig. 13. Load carrying ratio of piles at loading 1000 kPa (8 x 8 pile group,
S=2d,d=2m,Brx Lg=36 m x 36 m, fr =3 m).
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Fig. 14. Load carrying ratio of piled-raft for various loading intensity
(tr =3 m).

zone from the soft soil layer to the stiff bearing layer may carry
a higher bending moment.

4. Load-Carrying Ratio of Piled Raft

Fig. 13 illustrates the loading mechanism of the piled-raft
system and the loading distribution percentage carried by piles.
Aload carrying ratio of piled-raft Ry(= Or/O = (0- 2 0,))/0) is
introduced and calculated as shown in Fig. 14. In which, (Q)
is the total loading carried by the piled-raft system whereas
(Z0p;) and (Qr) represent the loading portions carried by piles
and the raft respectively.

Meanwhile, Fig. 13 also reveals that piles near the raft
center carry a higher percentage of loading than those adjacent
to the raft edge. However, pile load measurements of the Messe-
Torhaus in Frankfurt presented in Small and Poulos (2007) and
numerical simulation results in Bourgeois et al. (2012) show
central piles carrying a smaller loading than corner piles. One
possible reason of this discrepancy could be the raft area
which piles share the loading with. In this article, the distance
from the edge of the raft to the center of the corner is 2d and
that distance in Small and Poulos (2007) and Bourgeois et al.
(2012) is 1d. Therefore, the raft area shares the loading for
corner piles (Pile 1 to4) is 6 m x 6 m. Other piles (Pile 5 to 10)
only have a raft area of 4 m x 4 m sharing the loading. This
area difference causes corner piles carrying a smaller loading
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than central piles.

As shown in Fig. 14, for pile group 8 x 8, the raft shares
43.8% (= Rr = Oxr/Q) of the total vertical load (Q) for the
loading intensity of 1,000 kPa while it appears 30.2%, 10% of
total vertical load for 750 and 400 kN/m” with the raft thick-
ness of 3 m. Ry increases as the loading increases and the
number of piles decreases. From previous studies, the load
carrying ratio of piled-raft varies from 15% to 70% depending
on many factors such as the raft thickness, number of piles, pile
length, configuration of piles, soil profile and loading level
(Liang et al., 2003; Lee et al., 2010; El-Garhy et al., 2013).
Centrifuge test results of Lee et al. (2010) show that Ry in-
creases as the settlement of the piled-raft increases (loading
increases) or as the number of piles decreases. Ry trends in
this study agree with above observations.

IV. CONCLUSIONS

The piled-raft system is commonly used as the foundation
of the high-rise building. The conventional design of the piled-
raft foundation in Taiwan usually ignores the contribution of
the load carrying by the raft. It makes engineers overdesign in
the piled-raft foundation. This article attempts to understand the
complex interaction between the piles, raft and soil via a pile
load test simulation and a parametric study using FLAC 3D.

The pile load test simulation analyzed pile load tests from
Taipei 101 Construction Project. In the simulation, soil layers
were modeled using the M-C soil model and the pile was mo-
deled using pile structure elements with interface elements.
Simulation results indicate that FLAC 3D can capture the de-
formation behavior of the pile fairly well.

The parametric study was performed using FLAC 3D with
the same procedures of the pile load test simulation and the
idealized typical Taipei Metropolitan soil profile. Parametric
study results show: (1) the piled-raft foundation reduces the
settlement and the differential settlement of the raft; (2) the
thicker raft reduces the settlement and the differential settle-
ment of the raft; (3) only the case of the piled-raft with 8 x 8
pile group reduces the raft bending moment; and (4) the raft
can carry a higher percentage of loading when the loading
increases and the number of piles decreases.

Observations from the parametric study indicate that ig-
noring the bearing capacity contribution of the raft results in
overdesign in the conventional foundation design practice. In
addition, assuming piles carrying the same loading in the con-
ventional foundation design practice is not true either. In the
future piled-raft foundation project, it is recommended to use 3D
numerical simulation help engineers understand the loading
distribution mechanisms and optimize the foundation design.
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