BENOPYCCKMA HALUWOHANBHbBIN TEXHUYECKUM YHUBEPCUTET
CTPOUTENDBHbB W ®AKYNDBbTET

MEXAYHAPOOHAA HAYYHO-TEXHUYECKAA KOHOEPEHLUNA

FEOTEXHUKA BEINTAPYCU: HAYKA U MPAKTUKA
(r. MuHck, BHTY — 23-25.10.2013)

VK 624.131
PILE-RAFT FONDATIONS IN SOFT SOIL

Martin Vozar
Crosaykuil mexHu4eckuil yHugepcumem, CmpoumesbHulil oaxyivmemn,
Kageopa ceomexnuku, 2. bpamucnasa, Crosaxus

Ha muromankax, rie Ha 3HAYMTENBHYIO TIyOWHY OT TOBEPXHOCTH
MPOCTHPAIOTCS cnabble TPYHTHI C HU3KOH HECyIIeH CIIOCOOHOCTHIO
Y BBICOKOH AedopMaTHBHOCTBIO, (DyHIAMEHTBI TITyOOKOTO 3aJI0KEHUS,
TaKkhe Kak CBau, OOBIYHO NMPUHUMAIOTCS MPOSKTUPOBIINKAMH TIPH CTPO-
HUTCIIBCTBE BBICOTHBIX 3JIaHI/II‘/'I, YTO NPUBOAUT K BBICOKON CTOMMOCTH
CTPOUTCIILCTBA. Tem ne MCHEC, B HCKOTOPLIX ClIydasaX, OTHOCHUTCJIbBHO
JEIEeBBIN THIT QyHAaMEHTa, TAKOH KaK CIUIOIIHAS IUTUTA, IPU [IPUMEHe-
HUU MOJKET TPEISATCTBOBATH BO3MOXKHOCTH pa3pyIIeHHs] TpPU CIBUTE
Oyiarozapsi OrpOMHBIM Harpy3kaM Ha HIDKEJEKallle TPYyHTHI, HO Pe3yJiib-
TUpYIOIas ocajka OyaeT HaMHOTo Oonblie gomyckaemoil. Takum obpa-
30M, JUISl TOTO YTOOBI UMETh SKOHOMHUYECKH BBITOJHBIN THI (PyHIaMEH-
Ta, CIUIOMIHON (PyHIAMEHT YCTaHABIMBACTCS HAJl OCHOBAHUEM IIPEITIO-
JlaraeMoro 3JIaHWs, a CBaW YCTAHABIMBAIOTCS B OMPEICIEHHOM MeECTe
MOJ TUIMTOHM C LEJbI0 YBEIMYECHHUS! HECyIIeH CIOCOOHOCTH KOMOWMHHPO-
BaHHON CHICTEMBI C YMEHBIIEHHOHW Pe3yIbTHPYIONIEH ocamakoit. OmHako
B YIUIOTHACMBIX CITa0BIX TpyHTax, B3aI/IMOI[eI\/'ICTBI/Ie MCXKAY TPYHTOM,
TUIUTOM ¥ CBassMM CTAHOBUTCS 3aBUCHMBIM OT BpeMeHHU. B nmanHoil cTa-
ThE TpEANIaraeTcs IMpocTas METOJWKa JJs MPOSKTHPOBAaHUS CBAMHO-
IUTUTHBIX CHCTEM M €€ CPaBHEHHE C TaKOH e Mojenpio MKD.

In areas where soft soil of low strength and high deformability ex-
tends over considerable depth from ground surface, deep foundation like
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piles are adopted by the designers for construction of high rise buildings,
resulting high cost of construction. However, in such cases, a relatively
cheaper foundation system like raft if adopted can counteract the possi-
bility of shear failure due to huge super structural loads on the sub soil
but the resulting settlement would be too large to be permitted. Thus, to
have an economic foundation system, a raft is provided over the base of
the proposed building and some piles are installed at specified location
below the raft to increase the load carrying capacity of the combined sys-
tem with reduced resulting settlement. But in a consolidating soft soil,
the interaction between soil, raft and pile becomes time dependent. In
this paper, a simple design methodology for pile raft system is proposed
and with the same MKP model is compared.

'Ing. Martin Vozar, Katedra geotechniky, Stavebna fakulta STU
v Bratislave, Radlinského 11, 813 68 Bratislava, tel.: 02/59274281,
e-mail: martin.vozar@stuba.sk

1. Introduction

In soft clayey subsoil, performance of a foundation is very much af-
fected by time dependent soil deformation. Time dependent behaviour of
soil results from properties of consolidation which has certain non linear
characteristics. In soft ground, piled raft foundation are widely used and
employed in construction of high rise buildings for their low overall and
differential settlement with higher bearing capacity. The design of piled
raft is based on the soil — structure interaction between the constituting
elements and this is achieved through different method proposed by Pou-
los (2001), Katzenbach et al. (2000), Randolph (1994), Franke (1991).
However, the piled raft subsoil interaction problem is highly complicated
as it depends on large number of parameters like pile-raft geometry, pile
spacing, sub soil characteristics etc. Especially, load deformation of soft
soil may become non linear under high stress level. In case of submerged
condition soft ground displays low strength, sensitive thixotrophy and
high compressibility. Hence, in realistic design of piled raft foundation
system time dependent behaviour of soil deformation and consolidation
characteristic of the founding ground should be given due importance.

In this paper, an attempt has been made to formulate a design method
for calculation of load carrying capacity of piled raft system in a soft
consolidating underlying soil stratum. Pile elements are used to control
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or restrict the average settlement to a permitted value and at any point of
time, the raft shares a portion of load so that the piles carry the remaining
super structural load. The effect of ongoing consolidation settlement is
considered in design. The time effects of interaction of piled raft and soil
is numerically modelled.

As a result, the time dependent behaviour of interaction of the piled
raft and the soil is investigated in this paper by incorporating the effect
of consolidation of the sub soil. Proposed method includes the field per-
formance of pile from routine pile load test conducted at the construction
site in Eastern part of Kolkata city in a very unique soft clay deposit ex-
tending from 2 m to 16 m (more or less) below ground level. But it is
necessary comper this results with MKP models.

2. Literature Survey of Analytical studies on Piled-Raft

In the analytical field, pioneering work was started by Butterfield &
Banerjee (1971) and thereafter important developed models are Strip-
Spring model by Poulos (1991), Plate-Spring model of Clancy and Ran-
dolph (1992), Boundary element method by Sinha (1997), FEM applica-
tion in raft and Boundary element for pile by Hain and Lee (1978),
Franke et al. (1994), FEM analysis involving plain strain & axisymmet-
ric problem by Hooper (1974); Prokoso & Kulhawy (2001), 3D FEA by
Zhang et al. (1991). All these methods do have specific objectives in
studying the overall & differential settlements, raft bending and paramet-
ric effects. Time effects in soil structure analysis was first considered by
Wood et al. (1975) on the basis of 1D Terzaghi*s model of consolidation
by virtue of finite difference method. Then the time dependent response
of the piled-raft-soil interaction system under vertical loading was ana-
lysed by Cheng et al. (2004) using 2D FEM based on Biot's theory of
consolidation. The linear creep Page 3 of 11
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Wood et al. (1975) on the basis of 1D Terzaghi*s model of consolidation
by virtue of finite difference method. Then the time dependent response of
the piled-raft-soil interaction system under vertical loading was analysed
by Cheng et al. (2004) using 2D FEM based on Biot's theory of consolida-
tion. The linear creep model was incorporated by Viladkar et al. (1993)
into FEM in interaction analysis and it is found that bending moment, con-
tact pressure and differential settlement vary with time. A simplified rheo-
logic element model was used by Xia (1994) to evaluate the distribution of
raft contact pressure on visco-elasto plastic soil. A three dimensional FEM
is proposed by An et al. (2001) to predict the creep settlement of founda-
tion on elasto visco plastic soil. The interaction analysis considering time
effects induced by both viscosity and consolidation was conducted by
Wang et al. (2001) in which a closed form fundamental solution of stresses
of saturated visco elastic soil underlying raft under vertical loading is de-
rived. However, a critical study of Poulos (2001) showed that results from
such models shows large scatter from each other.

For the present work, to understand the raft soil, raft pile and pile soil
interaction of composite pile raft foundations some practical assumptions
have been made for the stress strain behaviour of the pile, the subsoil and
raft. The interaction of the pile and soil responses is restricted in linearly
elastic region. Such assumptions have resulted in satisfactory outcome in
the piled raft researches based numerical model of Roy and Chattopadh-
yay (2011) and on finite element models of Mossallamy et al.(2009),
Jeong et al. (2003).

The proposed method is formulated basically to determine the time re-
quired, iteratively, by the piled raft composite foundation where load sharing
and consequent load transfer between the pile and raft reaches an optimum
balanced state for a super structural load on it in a soft consolidating sub
soil. Study was also done to evaluate the separate individual load carrying
capacities of raft and pile. As piles take huge load on a very small amount of
settlement, corresponding load sharing and settlement of the raft is also stud-
ied. The time settlement relationship for the raft is also obtained taking into
consideration consolidation properties of the existing soil profile. This is
done to recognize time effects in interaction of piled raft and sub soil as it
has got a practical significance as Chun-yi Cui et al. (2005) through his EVP
soil model has shown that reactions and deformation of pile raft foundation
varies with time in consolidating soft ground condition. Capacity of pile is
determined through load test. The total settlement and load settlement char-
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acteristic of pile is determined through load settlement curves obtained from
the routine load test.

3.  Capacity of piled raft foundation

For a raft, proposed design approach starts with evaluation determina-
tion of its bearing capacity from both the shear failure criteria and per-
missible settlement limits for existing subsoil profile. The safe load for
the raft is finalized following the most critical condition of the above two
criteria. Now from the routine pile load tests the load that could be safely
taken by the pile is evaluated through load settlement curves. Thus for a
chosen settlement of ,,D “, if raft carries a load, DR and pile carries a
load, DP, then the capacity of piled raft foundation, D PR can be ex-
pressed as

DPR=DR+DP @)

Here settlement ,,.D * takes care of both immediate and consolidation
settlement of the subsoil profile. Figure 1 illustrates the schematic
presentation of pile load test result and piled raft load sharing.

4. Calculation of DP

The value of settlement ,,.D “ of the combined pile-raft system, can be
taken and adopted as per project requirement or subsoil condition and corre-
sponding load on pile i.e. D P can be obtained directly from the load settle-
ment curves of the conducted routine load test on pile. The value of ,,D *“ can
be varied to obtain required load sharing mechanism between the piles and
the raft within linear zone of the load settlement curve of the pile.

Example Figure 1: Schematic diagram (a) Load settlement curve of routine pile load test;
(b) Load taken by raft and pile at chosen settlement, D, from pile load test curve.
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5. Calculation of ‘DR’

As mentioned previously, ,,D “ in the proposed approach is the total
settlement i.e. sum of both initial and consolidation settlement for the
raft. The value of ,,D R for raft is calculated considering both consolida-
tion settlement and immediate settlement of the existing subsoil profile.
At a consolidation settlement of Dc, let the load taken by the raft be DRc.
At that load of DRc, corresponding immediate settlement, DI is calculat-
ed. DRc can be derived from the consolidation equation. From the above
equation, DR can be written as

C ), +ARc
Ac=—"c Hlog, L2 2 @)
l+e, ;
i
ARc =[10]p, - p, (3)

po— is the initial overburden pressure ; H — height of compressible
strata; Cc_compression index; e,_initial void ratio of the consolidating
layer.

So that the total settlement of the raft and pile becomes almost identi-
cal and hence ,,D R* can be written as

DRc=DR

Figure 2 illustrates the schematic representation of time settlement
curve of raft, load settlement of the raft and gradual consolidation set-
tlement process of the piled raft foundation respectively. In addition, the
time settlement of raft is incorporated to obtain the optimum time re-
quired to reach the balanced state of the piled raft foundation where load
transfer and total settlement of piled raft becomes almost negligible and
full load carrying capacity of the piled raft foundation is mobilised.

Water table was found to be at 0.8 m below existing ground level.
From geological exploration we have return results before equalization
subgrade surface. It was equalization for 8.0 m below existing ground
level.
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Example Figure 2: Schematic diagram (a) Time settlement curve of raft;
(b) Load settlement of raft at chosen settlements; (c) gradual consolidation
settlement of pile raft composite.

Example Table 1: Soil profile with design soil parameters
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15m

Example Figure 3: Adopted piled-raft geometry 15x15 m raft;
1000 mm diameter pile having length 30 m

Example Figure 4: MKP model of pile-raft foundation
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Comperison of results
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Example graf 1: Comperison of results

6. Conclusions

The present method is in good agreement with the established model
(1 -8%). In this proposed method the pile dimensions, raft dimensions,
different suitable methods of pile group arrangement could be incorpo-
rated in tentative designs to make a most cost effective and efficient
foundation system for a prototype foundation system. The present meth-
od by virtue of its procedures, includes the all the soil-structure interac-
tion effects of pile, raft and composite piled raft foundation system as the
method is solely based on the determination of all the engineering char-
acteristic of a site physically and capacity of pile is directly calculated
from the routine load tests.
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