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is in direct contact with the soil and hence it carries a significant portion of the load. Regarding the design
of piled raft foundations, one of the most important issues is to determine the proportion of load carried
by the raft. In this paper, numerical analyses using the Finite Element Method (FEM) were carried out by
developing 3D finite element models and with considering interaction effects for a piled raft foundation,

the effective factors and their impact on load percentage carried by raft, are investigated. In addition,  Keywords:

a new equation for determining the load percentage carried by raft in granular soil is proposed for a o
group less than a 9x9 pile configuration. The developed model is verified with available experimental Granular soil
: . . . . ranular so1
results. The results of numerical analyses show that the load percentage carried by the raft is significantly

affected by several parameters, such as the distance of the piles from each other, the diameter of the piles, Piled raft
the internal friction angle of the soil and the number of piles in the group. In the current study, from the ~Finite Element Method
numerical analyses, it has been observed that the percentage of the raft carried load in piled raft system ABAQUS

varies from 15% to 42% of the applied load.

1- Introduction

The concept of a piled raft system was first introduced by
Davis and Poulos in 1972 [1]. To determine the proportion of
load sharing of the raft, several studies have been performed
by many researchers. Cook et al. (1986) first stated that
rafts could carry up to 30% of the total structural loads [2].
Hemsley (2000) reported that the raft could carry up to 50%
of the building loads [3]. Other researchers, by conducting
various studies, have estimated the bearing capacity of the
raft from the total load to be more or less between 20% and
60% [4-7].

The overall objective of this study focuses on investigating
the bearing behavior of a piled raft foundations on granular
soils under vertical loading by using 3D analysis model in
ABAQUS finite element software. The validation of the
present piled raft model was done by a comparison with a
Small scale model tests, which was carried out by Elwakil
and Azzam (2015) [8]. Then, a series of numerical analyses
was performed for various distances and diameters of the
piles, the different numbers of piles in the pile group and
three internal friction angles of soil, so the proportion of load
taken by raft from the total load in different conditions is
determined. Finally, a relation is provided to determine the
load percentage carried by raft in piled raft foundations.

*Corresponding author’s email: Ghanbari@khu.ac.ir

2- Numerical modeling

Numerical analysis of the present research has been done
using ABAQUS 3D software and mesh discretization was
done by using the 10 node elements. Regarding boundary
conditions, since simple distant boundaries are typically used
in the static analysis, are closed in the X and Y directions and
the lower side in all three directions. It has also been noted
that the soil-structure interaction and the constraints on the
problem are well-defined. These soil structure interactions
include the interaction between pile sleeve and soil, pile tip
and soil and raft subsurface interaction with the soil. The
geotechnical properties of soil and mechanical properties of
the pile and raft used in the analysis are in accordance with
the soil parameters of Elwakil and Azzam (2015) study. The
constitutive modeling used in numerical simulation is the
hardening soil (HS) constitutive model.

To determine the bearing capacity of the raft, several
numerical analysis has been performed and 36 numerical
models have been made in which the effect of four factors
has been investigated. These factors are: connection situation
of the raft to the soil surface, internal friction angle of soil (),
number of piles in group (n), and the ratio of the center-to-
center distance of piles to pile diameter which is called pile
spacing ratio (S/D).
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Fig. 1. LPC changes with tan¢g for 5.5 inches’ settle-
ment

3- Results of numerical analyses

After completing the FEM analysis steps, the force of the
piles and raft and the load percentage for different settlement
of the system were determined. Out of a total of 36 numerical
models made, 18 models are related to connected cap piles,
known as piled raft foundations. Using the results, in the
piled raft foundations, as the number of piles in the group
increases, the proportion of load taken by raft decreases and
the load sharing by piles increases. Also, the raft has a greater
impact and share in participation and bearing in areas with
higher internal friction angle of soil. Investigation of the pile
spacing ratio also shows that the larger S/D, the higher the
bearing capacity of the raft and with decreasing this ratio, the
share of the raft decreases.

Based on the performed analysis, the changes in load
percentage carried by cap (raft) which is briefly indicated by
LPC, are plotted in terms of the internal friction angle of soil
as well as the pile spacing ratio S/D for 5.5-inch settlement
and the 16 and 36 pile groups by graphs. In Figure 1, LPC
changes are observed in terms of tang and in Figure 2, LPC
changes are observed in terms S/D ratio.

By considering the fitting curve equation of each of these
diagrams, the Equation (1) for piled raft foundations with S/
D<10, group of piles for less than a 9x9 pile configuration in
granular soils is obtained.
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LPC=A><(%)+B><tan(p—C

A=0.071
B=0.375-0.004n
C=0.126-0.001n

In this equation, LPC is load percentage carried by cap
(raft) in terms of percentage, ¢ is the internal friction angle of
soil and n is the number of piles.

4- Conclusions

Based on the numerical analyses performed in the present
study, the following results were observed in the piled raft
foundations embedded in granular soil:

1- The percentage of the raft carried load in piled raft
systems varies from 15% to 42% of the applied load

2- The larger the S/D ratio, as the other parameters are
constant, the higher the bearing capacity of the raft.

3- In the group of piles with constant S/D ratio, for a
certain number of piles, the larger internal friction angle
of the soil, the higher bearing capacity of the raft. Also, by
reducing the number of piles in the group and keeping the
internal friction angle of soil constant, the bearing capacity of
the raft will increase.

4- Introducing a new equation to determine the load
percentage carried by cap (raft) in piled raft systems in
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granular soil for a group less than a 9x9 pile configuration,
with pile spacing ratio (S/D) less than 10.
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Table 1. Properties of piled raft foundation related to ten high-rise buildings in the world
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Table 3. Geometric properties of the models in the 16-pile groups and 36-pile groups
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Table 4. The material parameters used in the numerical models used in the present research
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Fig. 5. Select the desired contact surface to extract the force of different elements
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Fig. 6. Force—settlement diagram in a 16-pile groups, ¢=35° and S/D=4
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Fig. 7. Force—settlement diagram for different components of piled raft in a 16-pile groups, ¢=35° and S/D=4
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Table 5. Different components forces of piled raft in a 16-pile groups, ¢=35° and S/D=4
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Table 6. Changes in load percentage carried by cap with the increase of the foundation settlement in a 16
and 32-pile groups and ¢=30°
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Table 7. Changes in load percentage carried by cap with the increase of the foundation settlement in a 16
and 32-pile groups and ¢=35°
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Table 8. Changes in load percentage carried by cap with the increase of the foundation settlement in a 16
and 32-pile groups and ¢=40°
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Fig. 8. LPC changes with tan ¢ for 5.5 inches’ settlement, (a) 16-pile groups and (b) 36-pile groups
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Fig. 9. LPC changes with S/D for 5.5 inches’ settlement, (a) 16-pile groups and (b) 36-pile groups
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Table 9. Comparison of the load percentage carried by cap obtained from Equation (1) and numerical modeling
in a 16-pile groups
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Table 10. Comparison of the load percentage carried by cap obtained from Equation (1) and numerical
modeling in a 36-pile groups
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Fig. 10. load carried by cap, piles and piled raft system in tests performed by Elwakil & Azzam [20]

04 04 04
LpC - 139 1.322 L15 o1

o > (V2)0) el 5 SS9 (aBilof] adlbs gl (yrizeon

s on jl & Y] cwl VeSS0 Bilae «SoMST ()l ohe
dols g oo VY jhb 4 ged VP L 0g)S cdllas oyl alSitole]]
b ol Hlas se as 3 YO B Sl dygl; L S 5 o Luo YV/O

ARTAN



&lo
[1] M. Budhu, SOIL MECHANICS AND FOUNDATIONS,
(2008).
[2] E. Davis, H. Poulos, The analysis of piled raft systems,
Australian Geomech, Jour-nal G, 2 (1972).

[3]L.J. Novak, L.C. Reese, S.-T. Wang, Analysis of pile-raft
foundations with 3D finite-element method, Structures

Congress 2005: Metropolis and Beyond, (2005) 1-12.

[4] F. Basile, Non-linear analysis of vertically loaded piled
rafts, Computers and Geotechnics, 63 (2015) 73-82.

[5] A. Eslami, M. Veiskarami, M. Eslami, Study on
optimized piled-raft foundations (PRF) performance with
connected and non-connected piles-three case histories,
International Journal of Civil Engineering, 10(2) (2012)
100-111.

[6] A. Saeedi Azizkandi, H. Rasouli, M.H. Baziar, Load
sharing and carrying mechanism of piles in non-connected
pile rafts using a numerical approach, International

Journal of Civil Engineering, 17(6) (2019) 793-808.

[7] F. Tradigo, F. Pisano, C. Di Prisco, A. Mussi, Non-
linear soil-structure interaction in disconnected piled
raft foundations, Computers and Geotechnics, 63 (2015)
121-134.

[8] R. Cooke, Piled raft foundations on stiff clays—a
contribution to design philosophy, Geotechnique, 36(2)
(1986) 169-203.

[9] J.A. Hemsley, Design applications of raft foundations,
(2000).

[10] A. Mandolini, G. Russo, C. Viggiani, Pile foundations:
Experimental investigations, analysis and design,
Proceedings of the International Conference on Soil
Mechanics and Geotechnical Engineering, 16(1) (2005)
177.

[11] A. Davids, J. Wongso, D. Popovic, A. McFarlane, A
Postcard from Dubai design and construction of some of
the tallest buildings in the world, Proc. of the CTBUH
8th World Congress, (2008) 3-5.

[12] Y.F. Leung, K. Soga, B. Lehane, A. Klar, Role of linear

«@=Y0° S/D=-X\0 (I3l & g (V) aly Solol p lade oyl
&S Wl e Cund 4 doyd YY bgas C=-0) 5 B=-¥)) A=...v)

3 umli;‘;il.oﬂ Cand )d 00 (5 S0l o b pod 3olles

LPC=A><(%}+B><[an(/J—C

S 35 s —F

S92 &b 3y Sl g e el o )b @i Sl BaiS 5
8,5 5 adlas 3y50 (cdm dw (SiloJde Sygo a4 slagly S
Ldg U9Ld~o o2 L Llhé.o.w 3l 9 uw])i ewtin Slasuin Jo LthL;: L)’I
bty 8 K0S L SB l agl og i b g Jate blod o,
&3 S9y 2 Fee Syll 1586 Glise o pldl slaslo Jso
|3 905 Cl)"*“““w*’““'\”)fu"’wu@*”ﬁ&%wgs’)b
sl el ol 2 S5k 5 SN ()l ot e sl il 9
b Sl dy6l; g b gadds alold a4y ylad Caus o dlus (roud Hlad

5 ok Iynl (clagads andly )3 ol Cowd 4 gl Cp ke deldl )
ol 0l (S5 L;Lmdib Sk

PN e adly gla o e > SN (gl doyd )

ol i SIS o)k

ey S0y J) gads dlold) 395 5 S)3S/D s o Y
St o ool sl (o5 ol b o9 5SS logads B L
b oo il 58l SaMs

(RS Rowd slaw S le).’ wols S/D Coms b oo 0515 »-Y
S sl e Bl S5 SB 3 Sl 4l; a0
4)9]) P9 wl; 9 05; » Lm&m» Sl u».blg l) Cyro .J)LL;O u».\‘)ﬁl
b daled ol SaMS 6yl prew SB L3 S

Slrg Vel peS pad jlad 4 dols Cons ol g dal) ¥
b AXA | 568 sl mows 2l 4 dL‘z’Qh SB oy (S slagess 40l
A o pasuie |y US55k J1 ST 6k

LPC:AX(%)+men(p—C

A=0.071,8=0.375-0.004n,C =0.126—0.001n

yyoy



Engineering, 45(1) (2021) 359-371.

[17] A. Kumar, D. Choudhury, Development of new
prediction model for capacity of combined pile-raft
foundations, Computers and Geotechnics, 97 (2018) 62-
68.

[18] M. Rabiei, A.J. Choobbasti, Innovative piled raft
foundations design using artificial neural network,
Frontiers of Structural and Civil Engineering, 14(1)
(2020) 138-146.

[19] S. Sahraeian, J. Takemura, M. Yamada, S. Seki, A
Few Critical Aspects to Rational Design of Piled Raft
Foundation for Oil Storage Tanks, Geotechnical and

Geological Engineering, 38(2) (2020) 2117-2137.

[20] A. Elwakil, W. Azzam, Experimental and numerical
study of piled raft system, Alexandria Engineering

Journal, 55(1) (2016) 547-560.

elasticity in pile group analysis and load test interpretation,
Journal

engineering, 136(12) (2010) 1686-1694.

of geotechnical and geoenvironmental

[13] T. Abdel-Fattah, A. Hemada, Use of creep piles to
control settlement of raft foundation on soft clay—
case study, Proceedings of 8th Alexandria international
conference on structural and geotechnical engineering,

Alexandria, (2014) 89-109.

[14] P.D. Long, V. Vietnam, Piled raft—a cost-effective
foundation method for high-rises, Geotechnical

Engineering, 41(1) (2010) 149.

[15] S. Al-Ne’aimi, M.S. Hussain, Numerical modeling
and parametric study of piled rafts foundations, Arabian

Journal of Geosciences, 14(6) (2021) 1-13.

[16] H. Singh, P. Garg, J. Jha, Modeling the Response of a
Piled-Raft Footing: Ultimate Bearing Capacity, Iranian

Journal of Science and Technology, Transactions of Civil

DOI: 10.22060/ceej.2022.20051.7329

A. Asadinia, S. Amirafshari, A. Ghanbari, New equation to determine the load percentage
carried by raft in piled raft foundations, Amirkabir J. Civil Eng., 54(8) (2022) 3139-3154.

o2 gl )l e (il & digSy

ARIAE






