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Nonlinear Interactive Analysis of Concrete Piled-Raft
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ABSTRACT:

The piled raft foundation has shown growing applicability in the last two decades as an
cconamiy foundation type, where the structural loads are carried partly by the piles and partly by
the contact stresses under the raft. The ratio of the load carried by piles to that carried directly by
the contact stresses under raft depends on many factors. Among these factors are the relative
rigidily of the raft, the shear strength of the soil under the raft, the shear strength of the soil at the
pilc tip, the frictional stresses along the piles, and the piles settlement. The investigation Lhe
cffect of these factors requires reliable finite element model that takes into consideration the
nonlinear soil behaviour and the interaction between soil, piles, and rafll. In this article, two 3-D
nonlinear finite element models of piled raft foundation are adopted. In the first model, the
interface elements are placed between the piles and soil, as well as between the raft and soil. In
the second model, the interface elements are placed between the piles and the soil only and a gap
is formed between the raft and the soil (free standing cap). The soil is modeled using Drucker-
Prager vield criteria while the piles and the raft are treated as a linear elastic material. The
proposcd models are applied to piled raft resting on medium clay while the piles are resicd on
medium dense sand. The results reflect, the interaction among (he piles, raft and soil. The siudy
shews (he effect of the contact between the soil and the raft on the pile loads and raft moment

and deflection.

INTRODUCTIGN

In the complex models o the prlcd il
. foundation  model. the  chowe o e
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appropriate method ol analysis is  very

mportant for design purposes. o lact. the
method of mnalvsis aflects diveethy the
response ol the structural clemenis. The
piled ralt feandation model is studied using
dilferent methods, “The method ol subgride
reaction is studied by Pesai. I\'uppu.\,nmy.
Alameddine " ang Abo-Our Bl Phis
method  neglects  the interaction belbween
adiaeent piles which  alteas the pile
setdement. pile load. and  dellection and
bending ol the ralt. Morcover, it neglects
amy fixation between the rall and pile heads.
The methods which are based on Mindlin's
cquations are studicd by Butterlield and
Benerjee "”. Poulos and Davias M and
Kussabra bl Fhese methads consider the rall
to be cither rigid or pericetly Oexible. ie..
they  can not deal with a pile group
connected at the heads by a ralt of actual
sillness. Savwho % used a standard Irame
analyvais progeam which may model two-
dimensional problem. However. this method
represent aspecial case and has nvo main
fitattons, Fieste sail straim is considered (o
be i the elastic range. Sccondly it negleet
pile-to-pile interaction cllects. The  {inite
clement analssis of pile Toundation has been
presented by many investigators. The power
ol the Ninite clement method lies in s
capability 1o model complicated conditions,

represent non-lingar stress/strain behavior off

the soil. In addition. it may  represent
weometrical  honlinearity,  and  simulaie
relative displacements between pile and soil.
and shear strength of soil at interlace (stalus
noenlinearityd. Desai and  Tolloway Pl have
presented an - idealization ol (e inferface
laser between the soil and the structure Tor
axiaymmetric linite clement model of asialty
loaded prle embedded in soil. Jeong. Kim,
Beiud ™ have presented  linite clement
mode! ol piled ralt foundation (o study the
down drag on friction and end bearing ol the
pile group. They consider the surrounding
soit as lincar clastic material and then as an

P s

clasto-plastic  material.  Shabana
presented Tinite clement muodel ol conerele
prle rall Toundation 1o study the frictiongl
stress distribution on the pile in pile group
and the interaciion between pile. soil. and
ralt.  Ile  consider  the  nanbineariny of
material.  nealincarity  of  geometry. and
sortlincarity ol sttus by using inlerlace
clenmients benwveen the soils and the siracinre,
However, his study iy Timited o solr ol
and medium ¢lay as soil underneath e
piled raft. The mam objects ol the present
study are 1o reach an analysis method tha
can give the actual straining aciion for all
clements ol the  piled  conerete rall
foundation model and study (he interaction
among the soil. piles, and rali,

GENERAL CONSIDERATIONS

The nonlincar analysis of the soil/structure
interaction  can be  modeled (o swisi
physical conditions between the soil and the
structure by using the inferlace (contact)
clements benween the soil and the structine
These clements are special clements svhich
can simulate the layer of soil al inter Face
represent the stress state Tor any poeint at the
interface with its mode. This analssis is
maore comphicated. sinee tey ictade nol
only material and geometric nanlinearity hul
also the state ol nenlinearity at the interlace
between the soil and structure such as shp
and gap.

MODES OF THE INTERFACI

The modes of aninterface under static and
dynamic loading are stick (honding). stidae.
separation. rebonding, and nterpenciration
ol one material into ils neighbor. Lach of

“these modes and their constitiiive models

: It
are discussed ™.
Stick (honding) Mode
n the stick (bonding) made there s ne
relative motion under shear stress ¢ ) which
is associated with the attempt of slipping al
interlace. ‘The typical interlace data mdicates
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that. the shear limit Tor bonding is dependent

in some Jashion on the inlerface normal
pressure,”

The experimental data shows that the critical
shear stress limit Tor sliding at interface is
gcovemed by a coulomb — type criterion
which is represented by a tinear function of

the normal pressure for rather large range of

inferfaee pressare as:
For stick (bonding) state the Tunction

(. <0.0 (n
Where .= interlace normal stress ( has
negative value in compression),
7 = inlerlace shear siress,
Stip (stiding) Mode
The sliding mode occurs when (he shear
stress exceeds a certasn yield stress and
F,  remains compressive. In this case
cquation (1) hbecomes

(e, 1)=0.0 (2)
Lquation (2) represents the Coulomb friction
model, This model defines an cquivalem
interface shear steess 14wl which sliding on
the surface begins, as a function of interlace
normal stress a, ( contact pressure ). The
cquivalent interface  shear stress 7 will
incrcase with  the increase ol interlace
normal stress up 1o a certain value at which,
regardiess of the'magnitude of the interface
normal steess. shding will oceur. This value
is delined as  the maximum  equivalent
inlerface shear stress. A reasonable upper
estimate ol a maximum cquivalent interface

shear stress Tor many malerials is o, /ﬁ

where s the Von Mises yield stress.

Separation (debonded) Mode

I separation mode normal siress o, tends
o be tensife. The narmal siress during the
transition from the stick (bonding) to the
separation stales can change from an initial
compressive 1o zero to lensite. But the
tensile stresses are not allowed between the
structure and the soil. This can be (reated
simply in the analysis, If the tensile normal

stress exists on the interlace. (his will be an
indication ol a gap forming belween the bwo
material surfaces and materials are no longer
coupled  theough  the interface. This s
simulated by zeroing the interlace stress and
the constitutive laws, i.e.. there are not any
[riction or normal stresses.

Rebonded Mode
Rebonded mode oceurs when the ol

stress o, changes to compression. Onee the
normal stress o, becomes compression. this
an indication of no gap between the (wo
malerial surfaces and materials are coupled
through the mnteclace and 1he constitutive
laws arc reactivaied. Henee. the interface
returns 10 bonding state as mentioned helore.

Irnterpenetration Mode

The interpenctrating mode oceurs swhen one
ol the two interface materials interpenetrales
into its neighbar. This mode is associled
with cither stick or

sliding mode. The value of interpeoctraiion
ol one material into its ncighbor depends on
the normat stiffness of the interface elements
and the normal stresses on (he plane of
intecface. 1t independent on the  [riction
constants which are used in coulomb

low. All contact problems require a stilTness
between  the  contact  surfaces. ANSYS
program (ANSYS 2001} estimales a delault
value for contact stiffness based oo the
material  properties of the underlying
deformable clements as shown in Fig. 1.

The presented modef in this puper can b
described simply as a concrete rall skib
supported by piles and the soil in which the
piles arc impeded in as shown in Fig. 2. 1vis
required Lo make an idealization for 1he
concrete rall by shell elements. piles by
solid elements, the soil stratw by solid
clements, and the interface between ghe
structure (raft and piles) and ihe soils by
three-dimension surface-to-surface interlace
(contact) elements which are belicved (o be
the best [or the considered model. The niwn
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leatures must be satistied Tor cach element.,
thice-dimension  clement. nonlinearity.”
plasticity. and large disptacement. Several
clement tvpes are found in ANSYS library
SO D45 element is used 0 modet the
soils and the pites, SHELLT8E eloment is
uscd 1o moded the comerete ralt. TARGE{70
and CONTALTTS clements are used 1o medel
the interface between soil and the structure
clements. TARGET7O s used  lor targel
surlace and CONTA T 05 used for contacl
surlie,

METHODOLOGY

Nonlinear Analysis Solution

The linite element code ANSYS  which
mcludes material, geometrical, and  slatus
(contact) nonlinearity is used in the analysis.
The  displacement-based  Tnite  ¢lement
method has been employed in this study.
The procedure of this method depends on
solving  number  of  simullaneous  lincar
countions. The veneral equation of the Hinear
hnite element methad 0 a matris form is;

I = KL (3)

where, I'= nodal forces vector, K= stillhess
matris. U= nodal displacements vector.
In the soil/structure interaction prablems. the
ponlinear analysis 1s required Lo satisly some
physical conditions. The malerial,
geomelrical. and slalus (contaci)
nonlinearity - have  been  (aken  into
consideration,  The  nonlincar  struclure
behavior cannot be represented directly sith
such 4 set of lincar equations.  Briclly
speaking.  the  procedure ol nonlincar
solution is pertormed  using I2q. (3) by
adopting a0 series ol successive  small
meremental linear solutions and assunting
that  the  externadly  applied  loads  are
described  as a function  of  time, Al
completion of cach incremental solution, the
adjusiment of the stilTness malrix has been
performed o reflect the nonlinear changes in
steucturad stiffness belore proceeding (o lhe
next load increment.

More specifically. the basic problem
i a pencral nonlincar analysis is o find the
statle of cquilibrium ol a body correspomling
o the applicd loads. Assuming that the
externally applied loads are described as a
function of tme. the cquilibrivm conditions
of & system ol [inite clements representing
the body under consideration  can be
expressed at any time as !

'R-"1"=0 (4
where

'+ = the nodal point forces that correspord o
the element stresses al this time L.

R="Ry+ R+ 'R {(3)
IF:Z I '(Blm” i'rlml ”.-I/(m} [())
M)

TRy = bady loree veclor,

"Ry = surlace larce vector,

' R¢ = concentraled load vector.

'B™'= (ransposed of the steain-displacement
matrix lor element m at time L

" = (he stresses on the element moat tine
f.and V'™ = volume of the element .

In general large deformation anafysis, (he
stresses and the volume of the body al time
arc unknowi. When the analysis includes
path-dependent  nonlincar  geometric or
material — conditions,  or  time-dependent
phenomena. the cquilibrium, relations i 1.
(4) nced be sotved lor the complele thime
range ol interest. This is caericd out using a
step-by-step incremental analysis, The basic
approaclr i an incremental  step-hy-step
solution is to assume that the sofution Tor the
discrele time (is known, and that solution
ivorequired,

il

i

for the diserele time AL
Where AL is  a suitably  chosen time
increment. Hence, considering Ly, (4}
Lime | +Af one has;

I-I‘-;\IR _l'*.-\IF — 0 {71
Since the solution ' I is known al Hime 1. one
can write:

S R T I (8)
Where I is the increment in nodaf forees
corresponding 1o the increment in - the
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stresses [rom time o time 1 =AL The vector”

I can be approximaled using a tangent

shITiess matria al time 1. 'K as the Tollowing:
="K N

where

W ostiffness mawix ai tme  t svhich

cortesponds o ibe geometric and material

condivion at time Loand U= veetor ol

incremuental nodal displacement.
Substititing (8 and (9) into (7) we obluin

tKll :i\il{ _II; (|0]
g (1) can be solved for U and an
approximation to the displacement '™ U al
time U AL can be calculwied. Then an
approsmngtion to the  stresses and
corresponding nodal forees at time ( +AL can
he evaduated. Before proceceding (o next time
ierenment. 0ne or mare ileralion is necessary
until the solution of T, (7) is obtained to
sullicient accuracy,

ILLUSTRATION EXAMPLE

Based on o parametric study, the plan
dimensions ol soil are taken 38.0x38.0 m
and its depth is taken 32.0 m. The soil
underncath the rafl is medium clay and s
depth is equal 10 14.4m, while the bearing
soit is medium sand and its depth is equal to
[7.6m. see Lig. 2. For simplicity. the appliced
load is taken as a unilorm vertical load on
the whole rali. Only. one quarter ol the
maodel is solved due to symmetry, The cross-
sectional area of the pile 1s aken square

D.3N0.5m. Phegplan dimensions (2Yx2Y') ol

the raft are HLOX4.0m with overhang s
0.5m. The center-o-center distance ol the
pries S e the side fength 1) (spacing ratio) 15
tiken 3.0, The pile sfenderness ratia 17D s

-

cqual o 32.0.The modulus of clasticity of

il

conerete is cqual 10 2. 0x10% /m ~ while its
Poisson’s ratio is 0.2 and density is 2.5 t/m” .
The modutus of elasticity ol soil along the
pile shatl (medium clay) s equal 1o 3000
Um® while its Poisson's ratio is 0.3, density
is 18 Um " cohesion is 5.0 Um *, and angle

al internal friction is 152 The modulus of

clasticity ol bearing soil (medium sandy s
cqual to 6000 (m? while its Poisson's ratio is
(.35, density is 1.8 vVm T cahesion s zero.
and angle of internal lriction ix 357 Three-
dimension contact elements are placed ai the
interface between soil and piles. and soil and
rall. The interface adhesion between soid and
congrele is 2.5 ¢m © . and angle ol feiction
between medium chay soil and conorete s
12°. Fig. 3. shows the meshing ol the two
models. In the first model {see Fig 3-00) a
contact layer is placed between the vall and
the underncath soil and the oial sumber ol
clements ol the model are 22653 clemenis,
In the secord model (see Fig, 3-Dy o gab s
placed between the ralt and the underneath
soil only in order Lo ensure a lree standing
cap concepl. The total number ol clements
ol the sccond modet are 22221 clements.
The unsymmelrical matrix system ol the
solver is used since the non-associated Row
rule  with - Coulomb  lasw  produces
unsymmietrical - matrix. o give more
accuracy.  the  adjustments have  heen
performed by full-Newton-Raphson iterative
solution! !

PILE LOADS

In piled ralt foundation the sall transmits the
load w the piles and (he underneath soil. The
piles loads are resisted by end hearing
slresses Trom the bearing soil (medium sand)
and  skin  [riction  stresses ltam o the
surrounding soil. So the type of surrounding
soil and the structurat compoenent may allecl
piles loads. This scction preseols the ¢ffect
ol the rall relative rigidity VS an piles loads
Also the elfeet of the contact pressure under
ralt or the cap status is presenied.

Effect of Raft Reltive Rigidity +/§ on the
Piles Loads

Fig. 4 shows the clieet of ralt relatve
rigidity US on the pereentage ol the pile lowd
with respeet to the total piles loads at
PPN, 201%. PUPimas. 33
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PPN = 100%. Where Puis the total foad
apphicd 10 the structure (own sweight and the
rall load) and Pimax is the maximum value
ol the otal toud applied to the structure. The
lieure presents the results for cach pile. 1t is
observed that, Tor the outer piles the increase
S oereases the pereentage ol the pile
load. Towever. the eleet on the corner pile.
Lo pile PLHE s more signilicant than that on
the exiernal piles as pile P12 and PPI3.
Conversely. the inerease in US resulis in
decrease e the pile doad for inner piles.
Hlowever, the clTect on the pile P33 is more
significant than that on the other inner piles.
[tis worth repesting. however, that the
above-mentioned behaviour is limited 1o the
case ol uniform load on the rali. It should be
kept in mind that there is a symmelry about
the main dingonal aleng (he piles P11, P22,
aind P33 This symmetry causes the resulls
ol piles P120 P13, and P23.cspectively. 1o

be the sime as that of pile P21 P31 and
P32

Iffect of relative vigidity of the piled raft
178 on the point and friction resistunce of
the pife

Figs, 5,00 and 7 show it comparison belween
two cases of ralt relative ngidity /S on the
percentage of the point load and friction lowd
lor piles Pyl PI3, and P33 respeclively
wilh the progress ol loading. The continuous
curves  represent the  percentage of  the
resistance lor the Tivst case in which (/S
cqual to 0.24 and duah curves represent the
percentage of the resistance lor the second
case in which ¢/S equal to 0.48. with the pile
load (v o). Generally  speaking  the
behuvior of the three pites are approximalely
the sume. A slight deercase 1s noticed for the
pereentage ol the point load with  the
increase ol ¥S, On the contrary, a slight
mercase oceurs for the percentage ol the
[metional foad with the incecase of U/S. This
is not mean the value of the point load
decreases wilh the increasing in /S but this

results in the increasing it the {rictional
resistance of the pile which increase the total
resistance of the pile and this decreases the
pereentage of the point load. However. the
value of increasing in the pereentage ol VS
cqual 1o 100%, leads 1o very small value ol
mereasing in the pereentage ol the skin
friction resistances which may be less than
the increasing lrom mwvn sveight of the raf).
IFig. 8 shows the relation behween both point
and Irictional toad of pile P11 and the (otal
pile load ol the same pile. It can be seen
that. both of pointand lriction Joad increases
with the increase of the pile load wirtil w pile
toad cqual o 154.0 tons, approvimately
(50%) of the pile load. Aler that. the
(rictional  load becomes — approsimuely
constant and  the  point Joad increases
approximately tinearly with the progress ol
pile load. This mecans thai. the increase in
the {riction load aller 50% (approximalcly)
ol the pile load is very small. This indicution
that the riction stresses reach g level near
the state of Tull mobilization at this pile Toad
fevel.

Lffect of the Contact betiveen Suwif and the
Raft on Piles Loads

In the piled rall Toundation the ralt fransmits
the load (o the piles and undermcatl soil
(bedded cap). The contact pressure under
rafl is carricd by the undemcath seil. When a
gap cxists between the rall and the soil (fre
standing cap), the (otal joad ol the rall
(ransmits to the piles only, Accordinghy. aly
pile loads are increased in the case ol frev
standing cap. Naturally. the existence of
contact between the soil and rall decreases
the piles Towd, as showay in Fig, 9. As can be
seen in Fig, 9, the percenmage decrease in the

LLPS

piles load lies in a range of 15-106%.
MOMENT ALONG THE PILE

Fig. 10-a and 10-b show the relation
between /S ratio and the absolute masimum
value of Mx and My respectively. The
maximum value of the bending momcenis
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occurs al the connection between the pile
and ralt. I is seen that the values ol the
absolute maximum moment decrease wilh
the increase of VS catio. [n this respect. it is
noted that when ¢S ratio s doubled the
moment value decreases Lo tess that 40%. In
other words, S ratio has a signilicant elleet
on the connecting moment between the pile

and rall. Fig, 10 shows the distribution ol

bending moments Mx and My atong the
three piles PHEL PLIL amd P33 for fwe values
ol /S {0.24 and 0.48) when the unilorm load
( vertical load only) on the ralt w=30.0 t/m2
or al PUPtmax = 41%. As previously noted,
the maximum value of Mx and My is al the
piles heads. Inercasing of /S ratio reduces
all values of bending moment at the piles
heads, and increases slightly the moment in
the middie of piles. This may be explained
by the ellect ol the Iraming action that is
assumetd between the piles and raft. Of greal

importanee, honvever, is the higher values ol

bending moments in the outer face ol piles
rather Uy inner Faces. More specificalty. as
<hown in g 11 Mx and My al lap of pile
PLI as well as Mx at top of pile P13 are
higher than those of the other faces of the
considered piles. This conclusion can be
cencralized o all the piles under rall,

BENDING MOMENT AND
DEFLECTION OF THE RAFT

Ulsoally bending moment and deflection of
the raltrepresents one of main objeclives of

the analysis Tor™pile rall foundation design.
In this scetion, the ¢ffect of the rafl relative
rigidhiy and the contact pressure under rafl
are studied.

Lffect of the Raft Relative Rigidity on
Bending Momemr and Deflection of the
Ruft

Fig. 12 shows the distribution of bending
momenls on the eall, along sections A-A,
and 3-13. Tor

four values ol (/S (0.24.°0.32. 0.40 and 0.48)
when PtIPPimax cqual o 4% (rafl load

w=30.0 m?. It is observed that (he
increase in the values ol US increases all
positives vatues of the bending moment of
the rall. These values of the  bending
moment not only result from the wlorm
load on the ralt but also result Trom the
relative settlement of the supporting piles.
So il very important to view the dellection
ol the ralt along the suppocting ples. Fig. 13
presents the deflection of the raft along
sections A-A and B-B and shaws 1he elleel
ol ralt relative rigidity US values on it when
PU/Ptmax cqual to 41%. 1 is noted that. the
value of rafl relative rigidity ¥/S has a high
inlluence on the deflection of the rall and
the increasing in /S valuc decrcases (he
dellection. Also. this figure gives o goud
idea about the relative settlements ol the
piles and shows that, the relative settlement
of the piles decreases with (he increase in
rafl relative rigidity /S,

Iffect of Caontact Pressure nnder Raft on
Bending Moment and Deflection of the
Raft

Fig. 14 shows the bending  momeni
distribution on the raft for two cases. The
first is the case of

bedded cap (there  is conlact  pressure
between rall and soil). The sccond case s
the case of [ree

stancting cap (there is a gap between rult and
soil}. It is noted that the absolule values off
bending

moment on (he rafl is less in the Nirst case,
Alsa, the deflection ol the rafl is less in (he
lirst case as shown in Fig. 15, 10 is vens
important o note that, the deflection in Tig.
[5-a gives an idca aboul (he relative
sctllement of Lthe pile along section A-A.

CONTACT PRESSURE UNDER RAIT

The contact pressurc under the piled ralt
may carry a signilicant amount ol ralt load.
This is observed, in the model in which a
gap is found between the raft and 1he soil
{Irce standing cap). In that model. the
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carrviog capacity ol the pited ralt deercases
by about 20%. 1 this section, some factors
which mav altect the contact pressure under
calt e studied. owever. the ¢llect ol the

caft relative rigidity which is a function of

the rall thicknesseand the pile spacing is
included in this stedy.

Comrace  Pressare  under  Raft with  the
Progrosy of Loading

Fig. 16 presents the percentage ol the
resultant ol the contact pressore under ralt. It
is noted that the pereentage of the resultant
of the contact pressure under rall increases
with  the  progress ol loading  with a
reasonable  rate. Also. the rufll  relative
rividity (75 has litlle elfect on the contact
pressure under rafl. This, in part, may be duc
(o the increase of raft deformation with the
progress of {oading. Another rcason is the
seithement ot the piles which cause the soil
unclerncath the valt to be stressed by rafl and
the abilits ol the medium ¢lay (e carry the
toad,

CONCLUSIONS

A5 nonlinear finite clement mode! for the
analisis of conerete pile rafl under vertical
loading s presented. Both of the pile-
foundation interaction and  soil-Toundation
interaction has becn taken into
consideration. Based on the above study (he
following conclusions are highlighted:

Foothe ralt relative rigidity VS afleels
the piles loads. The loads of the outer
pHes increase with the increase ol /5
vidue, while whose of the inner piles
decrease with (the increase of /S
vilue.

2. Under the vertical load only the
piles. i -the concrete  pile  rafl
foundation: may be subjected o a
signilicant  amount ol bending
moment which has the maximum
value at pile head.

3. The rafl retative rigidity /S huas a
high inftuence on the values ol tiw
maximum moment at the piles heads.

4. "The tnercase in the values ol the vl
relative  rigidity  US  ioereases all
positives  values  of  the  bending
moment of the rait.

5. The increase in the values of the rafl
rehidive rigidity /S decreases the
deflection of the mit and the relative
seltlements of (he pifes.

6. The resultant of the conjact pressure
under rafl increases with the progress
ol loading by considerable rate and
summation ol contacl  prossure
represents about 20% of the capacits
of piled rafl.
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