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Piled raft foundation systems in swelling and shrinking soils 

Systèmes de fondations en radiers sur pieux dans des sols gonflants et de retrait

J. Sinha -  Department of Land & Water Conservation, N. S. W, Australia
H.G. Poulos -  University of Sydney, and Coffey Partners International Pty Ltd, N.S.W., Australia

A B ST R A C T  : In this paper, the behaviour of piled raft foundation systems in expansive soils is analysed and discussed. The ground 

movement under the raft and along the pile shaft is analysed in order to address its influence on the overall foundation behaviour. In order 

to undertake the analysis, the raft is assumed as a plate, resting on soil and on the piles. A computer program PRAES (Piled Raft Analysis 

in Expansive Soils) is developed to cany out the necessary analytical steps. A “non linear soil-structure interactive” approach is adopted 

to undertake the analysis of stresses. The characteristics of the foundation behaviour are analysed and studied for various ground 

movements, caused by the swelling or the shrinking of the supporting soil. The results are compared with the “flat ground” condition. The 

implication of these effects on the overall foundation performance is discussed. Attention is also drawn towards the potential need for the 

further investigation to enhance the understanding of pile-raft-soil interaction under other conditions.

RESUME : Dans l’étude, le comportement des régimes des fondation sur pilotis avec chevrons dans les sols de nature expansive sont 

analysés et discutés. Le mouvement terrien sous les chevrons et le long des pilotis avec chevrons est analysé pour adresser son influence 

sur le comportement de l’ensemble des fondations. Pour pourvoir conduire cette analyse, le chevron est considéré comme une plaque 

reposant sur sol et pilotis. Un programme d’ordinateur PRAES (Analyses des pilotis avec chevrons dans les sols de nature expansive) est 

en voie de développement pour entreprendre les mesures analytiques nécessaires. Une approche “interactive sol - structure non linéaire 

est adoptée pour conduire l’analyse des forces. Les caractéristiques du comportement des fondations son analysées et etudiées pour 

nombreux mouvements terriens causés par l’expansion ou les contractions des sols d’appui. Les résultats sont comparés aves les 

conditions du terrain plat. L’implication de ces effets sur l’ensemble de la performance des fondations y est discutée. Nours attirons 

l’attention sur les besoins potentiels de futures recherches pour enrichir la compréhension sur les interactions des pilotis avec chevrons 

(plaques) et sol sous d’autres conditions.

1. INTRODUCTION:

In recent years, piled raft foundation systems have been 

increasingly used to support large structures. The concept of using 

piles as settlement reducers underneath the raft is increasingly 

popular and effective (Burland et al, 1977). In the majority of 

cases, the piles are designed to withstand the whole superimposed 

load, ie. the load carried by the raft is totally neglected. However, 

in the actual situation, the raft also shares part of the load. 

Therefore, the design of a piled raft foundation system may be 

optimised by incorporating the load bearing features of the raft 

also. The load sharing between the piles and the raft may be 

influenced significantly by ground movement, caused by the 

processes of swelling or shrinking of soils. In a reactive soil 

environment, the soil surface under the raft and along the pile 

shaft changes its level with the seasonal moisture variation. As a 

result of this, the foundations are subjected to a different state of 

stress distribution, which may adversely affect the foundation 

performance.

In this paper, the behaviour of piled raft foundation systems is 

analysed, including the effect of ground movement caused by the 

swelling and shrinking of soils. The settlement and the load 

distribution features of the foundation are analysed and presented. 

The influence on the bending moment in the raft is also 

addressed.

2- ANALYSIS:

In order to carry out the analysis, the raft is considered as an 

elastic plate resting on a semi infinite soil system and on piles. 

The piles are analysed as cylindrical elements, each acted upon by 

an uniform shear stress and a circular base, having a uniform 

vertical stress. The interactions between various foundation

components (raft elements to raft elements, raft elements to pile 

elements, pile elements to raft elements and pile elements to pile 

elements) are considered in the analysis in order to formulate the 

equations for the whole piled raft system. In order to satisfy the 

soil-raft-pile interface conditions, displacement compatibility is 

incorporated in the analysis. The equations are briefly described 

below :

Displacement of raft elements :

dn + / „ )  (P) -  a A + /Pr ft) = 8,

Total load on raft : 

° T  p  = ptot 

Pile settlement :

{/*}

Load on piles :

E f t .  h D L.) +  a .  n - f -  =  P,
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where,

Irr =
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........(3)
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Interaction factor between raft to raft 

Contact stresses underneath the raft

(1, 1. 1 ,.... i f

Translation for pinned raft

Raft element displacement for pinned condition

Shear stresses along the pile shaft

Soil to soil interaction factors

Vector of free field soil movement (S,) under the

raft (+ ve for shrinking & - ve for swelling soils)

Total load on raft

Raft element to pile element interaction factors
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ipp — 
Li =
Ipr =

Ppile  =  

O» = 

D =

Pile element to pile element interaction factors

Length of pile element

Pile to raft interaction factors

Load on pile

Stress at the pile base

Pile diameter ( = base diameter, Db)

The above equations are formulated for the whole piled raft 

system and are modified to incorporate the soil -structure 

interaction conditions. The relative stiffness of the raft (Sinha & 

Poulos, 1996) is defined as :

4 £ , fj B, (1 -  x>))
=

where,

Er  and Es 

Ir

Lr and B r

E, L\

Concrete and soil moduli 

Thickness of raft 

Poisson’s ratio of soil 

Length and width of the raft

..(5)

The analysis is undertaken by adopting non-linear conditions at 

the soil-structure interface. In order to incorporate this, the 

yielding of soil underneath the raft, separation between the soil & 

the raft and slip at the soil - pile interface are considered in the 

analysis. The values adopted to incorporate above conditions are 

indicated in Table : 1.

Ta b l e  : 1

Features In compression in 

kPa

In tension in 

kPa

Soil - pile slip 50 50

Soil yielding under raft 300 -

Soil yielding at pile base 450 -

Tensile stress under raft - 20

3. SOIL FREE FIELD MOVEMENT :

In the event of a full cycle of seasonal drying and wetting, clay 

soils change in volume and are subject to vertical as well as 

horizontal movement. Horizontal movements cause opening of 

surface cracks in the drier periods, whereas the vertical movement 

leads to a cyclic change in the soil surface level. The magnitude 

of this movement decreases with the depth down to a level below 

which no volume change occurs. The depth of the volume change 

depends on suction as well as on the climatic pattern or the 

drainage condition prevailing at a particular site. The presence of 

an impermeable surface or slab on the expansive soil will alter the 

pattern of seasonal soil moisture change in the soil system. The 

slab will act as a barrier to the direct drying or wetting effects. If 

the foundation is placed in the dry condition, the soil along the 

edge of the slab will be more exposed to wetting compared to the 

central part of the foundation and will result in an edge heave 

formation. Conversely, a slab placed in a wet ground condition 

will be subject to drying along the edge of the slab and will 

experience a “central heave” ie a downward movement of the 

edge soil surface in relation to the centre. Similarly, the change in 

volume along the pile shaft induces force at the soil - pile 

interface and influences the pile performances quite significantly.

In order to carry out the analysis, the free field soil movement 

underneath the raft is adopted as indicated in Figure 1. In case of 

shrinking soils, the profile considers no ground movement at the

i x | 
re— »1

/
Initial ground surface 

(a) Shrinking soils (b) Swelling soils

Figure 1 : Free field soil surface movement underneath the raft

centre and an increasing value towards the outer periphery of the 

raft, with the maximum value occurring at the comers of the raft 

The soil profile is discussed by Sinha & Poulos (1996) in detail 

The respective surface movement at the pile head is distributed 

along pile shaft, depending on depth of influence. The 

depth of the ground movement is dependent on the suction 

property and the reactive nature of the soil. For the purpose of the 

analyses herein, it is taken as 5m and its distribution with depth to 

be linear.

4. RESULTS OF ANALYSIS :

In order to carry out the analysis, the piled raft configuration and 

the parameters adopted are indicated in Figure 2 and Table I, 

respectively. Although, the foundation behaviour is dependent on 

the magnitude of imposed loading, but for the analysis purpose, ii 

is considered as 0.15 MPa.

L (Pile Length) = 20m 
Kp (Relative Pile 
compressibility) — l( f

D = lm 5 m

V, = 0.2

E, = 20 MPa 

v, = 0.3

Pile 2 Pile 3

-G o

- 0 o
Pile 1

Lr/.2= 10 m

Figure 2 : Piled raft arrangement (quarter)

The analysis is undertaken for two dimensionless raft stiffnesses, 

Kr  = 1 and 0.01, which generally represent the rigid and flexible 

raft conditions.

4A. PILED RAFT IN SHRINKING SOILS :

In this section, the behaviour of piled raft foundation systems in 

shrinking soils is analysed and discussed in detail for a wide 

range of ground movements. The central and the comer raft 

settlements are analysed in order to indicate the influence of the 

ground movement on the total and differential settlements. The 

distribution of load along the pile shaft is also presented.

It can be seen from Figure 3 that for the flexible raft condition (Kk 

= 0.01), the differential settlement (ie. the difference in central 

and comer settlements) is high compared to the rigid raft (KR = 

1). The central settlement is larger than the comer settlement in a 

flat ground condition (S0 = 0). The settlement at the comer of the 

raft increases with an increase in ground movement, whereas al 

the centre, the settlement remains nearly unaffected, because the 

centre of the raft is less affected by the shrinking effect. The 

effect of the ground movement along the edge of the raft is not 

transferred towards the central part of the raft, because of the raft 

flexibility. It can also be seen that the differential settlement 

reduces with increasing soil surface movement, and becomes zero 

at approximately S0 = 80mm (Figure 3). Beyond this point, the 

difference in settlement again increases with further increase in

Soil movement (S a) in mm

Figure 3 : Settlement analysis in shrinking soils
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Figure 4 : Load distribution along pile shaft for shrinking soils (KR = 7)
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Figure 5 : Load distribution along pile shaft for shrinking soils (KR = 0.01)

the ground movement, but in the reverse fashion ie. the comer 

displacement becomes higher than the central displacement. In the 

case of the rigid raft condition (KR= I), the central displacement 

also increases with an increase in the ground movement as the 

influence of the surface movement is transferred towards the 

central portion of the raft, due to its rigidity. It can be seen from 

Figure 4 that, in the case of a rigid raft (KR = 1), the load on the 

corner pile (pile 3) is a maximum, therefore any further load 

induced by the shrinking soil, causes the pile to settle, but as the 

raft is rigid and the rigidity of the raft restricts the pile settlement, 

it redistributes the load on the inner piles (pile 1). Therefore, it 

can be seen that the load on the inner pile (pile 1) increases 

rapidly with an increase in the soil surface movement. It is 

understood that the inner pile (pile 1) experiences lesser ground 

movement as well as less initial imposed load from the raft, 

therefore it acts as a stiffer element compared to the outer piles 

and attracts higher load as a result of redistribution. It can also 

seen from Figure 4 that the downward soil surface movement 

induces load along the pile shaft. This is quite significant in pilel 

compared to pile 3. On a flat ground surface (S„ = 0), the load on 

pile 3 is high, compared to the other piles. Therefore any further 

increase in the load due to the ground movement will force the 

pile to settle more, and as result of that the negative shear stress 

(down drag force) will become positive. The settlement of a 

single pile under higher imposed load in shrinking soils has been 

discussed in Poulos (1990). It can be seen that under the 

application of higher imposed loads the additional settlement due 

to the ground movement is very high and as the pile settlement 

exceeds the value of the ground movement at any depth, the 

negative shear stress becomes positive.

It can be seen from Figure (5) that in the case of a flexible raft, 

the load distribution along the central pile (pile 1) is less 

influenced by the ground movements, compared to the comer 

pile (pile 3). As discussed earlier, due to the flexibility of the raft, 

ihe raft is unable to redistribute the stresses towards the central 

portion of the raft or pile. As a result of this, the piles are 

influenced locally, and piles 3 are influenced more than piles 1, 

as they experience higher ground movement. The increase in 

load along the shaft stabilises at a limit, beyond which any 

further increase in the ground movement causes a slip at the soil- 

pile interface and there is no further transfer of load to the pile 

shaft. The percentage of load carried by the raft decreases with 

an increase in the ground movement and in the extreme situation, 

separation may take place between the underside of the raft and 

ihe soil, and the maximum load is then transferred to the piles.

4B. PILED RAFT IN SWELLING SOIL:

As discussed earlier, the soil along the edge of the raft moves 

upward due to the process of swelling of soil. As a result of this, 

the soil exerts an upward thrust on the raft, and it also induces an 

upward force along the shaft of the piles. As the swelling effect 

reduces towards the centre of the raft, as previously discussed, it 

can be seen from Figure 6 that in case of a flexible raft (KR =

0.01), the central settlement remains nearly unaltered, whereas 

the comer settlement reduces with an increase in the ground 

movement( S„). It should be noted that there will be an increase 

in the differential settlement in this situation.

In the case of the rigid raft (KR=1), both the central and the 

comer settlements reduce with increasing S0 . The reduction in 

the central settlement is due to the rigidity of the raft, which 

transfers the upward force exerted along the edge of the raft 

towards the centre of the raft. In the case of the flexible raft 

(Kr =0.01), the raft is unable to transfer the upward force from 

the edge towards the centre, because of its flexibility. The 

swelling soil causes a reduction in the compressive force on the 

pile head due to the upward induced force. Therefore, it is 

possible that a tensile force may develop at the pile- raft 

interface, as discussed later in this section.

In the case of the rigid raft {KR = 7), the reduction in load in the 

central pile (pile 1) is quite significant compared to the flexible 

raft (Kr =0.01), because of the raft rigidity, which causes uniform 

movement of the raft (Figure 7). The upward thrust underneath 

the raft due to the swelling soils causes a reduction in loads in all 

piles. In the case of the flexible raft (K r  = 0.01), the swelling 

force is not transferred toward the central portion of the raft. 

Therefore, as can be seen from Figure 8, the central pile (pile 1)

Swelling Soil Analysis

Central Displacement 

Corner Displacement

Soil m ovem ent ( S 0) in mm

Figure 6 : Settlement analysis in swelling soils
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Figure 7 : Load distribution along pile shaft for swelling soils (KR = 1)
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Figure 8 : Load distribution along pile shaft for swelling soils (Kr  = 0.01)
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is not significantly influenced by the ground movement, as 

compared to the comer piles (piles 3). As a result, the comer 

piles (piles 3) experience a high uplift force and a tensile stress 

develops at the raft - pile interface. In other words, the swelling 

force counteracts the compressive force and generates a tensile 

stress at the pile head. It is obvious that the tensile stress at the pile

- raft interface, if it exceeds the allowable limit, may have an 

adverse effect on the structural integrity of the foundation. 

Therefore, this feature of the foundation behaviour should be 

analysed carefully, in the design phase. The development of tensile 

force and its magnitude are of course dependent on the parameters 

adopted in the analysis.

The influence of the ground movement on the maximum negative 

& positive moment is presented in Figure 9. The analysis is carried 

out for Kr  = 0.01. In the case of the shrinking soil condition, the 

maximum negative moment increases and the maximum positive 

moment decreases with an increase in the ground movement. For 

100mm ground movement, the increase in the negative moment is 

about 50% and the decrease in the positive moment is 57% with 

respect to the “flat ground” condition (S0 = 0). Conversely, for 

swelling soils, the maximum negative moment decreases and the 

maximum positive moment increases with an increase in the 

ground movement. For 100 mm ground movement, the decrease in 

the negative moment is 94% and the increase in the positive 

moment is 30% with respect to the flat ground condition (S0 = 0).

5. CONCLUSIONS:

The following conclusions are drawn from this analysis :

For shrinking soils :

•  The soil surface movement induces additional load (downdrag 

nature) along the pile shaft.

•  Soil movement causes a redistribution of stresses and increases 

the load on piles.

•  The increase in load on various piles depends on the raft 

stiffness as well as on the location of piles under the raft.

•  Shrinking of the soil causes a reduction in the differential

Figure 9:Moment analysis in swelling & shrinking soils(AVe =0.01)

settlement up to a certain extent, beyond which it increases, but 

in a reverse fashion.

•  Shrinking of the soil causes a reduction in the maximum 

positive moment and an increase in maximum negative 

moment.

For swelling soils :

•  The soil surface movement exerts an upward load along the pile 

shaft.

•  Due to the soil surface movement, a redistribution of stress 

takes place and this causes a reduction in the pile load.

•  The reduction of load on various piles depends on the rail 

stiffness as well as on the location of piles under the raft.

•  The piles towards the outer edge of the raft are subjected to 

higher ground movements, and as a result, a tensile force may 

develop at the pile raft interface, which may have a dam aging  

effect on the structural integrity of the foundation.

•  Differential settlement increases with an increase in the ground 

movement.

•  Swelling of soils causes increase in the maximum positive 

moment and decrease in maximum negative moment in the raft.

Further to this, it is also important to note that the response o f  the 

foundation system is also dependent on the various foundation  

parameters such as the raft dimensions, length and number of 

piles, location of piles, intensity of loading, suction, and other 

related parameters. The dimension of the raft dictates the type of 

mound formation, which effects the process of redistribution of 

stresses. The intensity of load is an important parameter as it 

counteracts the swelling force as well as influences the 

redistributing effect. The length of the pile dictates the pile 

settlement behaviour, as longer piles provide a better anchorage in 

comparison to shorter piles for a similar ground m ovem enl 

condition. Similarly, the variation of other soil parameters also 

influences the foundation behaviour. Therefore, scope exists for 

further analyses to be undertaken in order to provide a total 

understanding of piled raft foundation behaviour in shrinking and 

swelling soils.

6. REFERENCES:

i) Burland J.B., Broms B.B. & De Mello V.F.B (1977), 

“Behaviour of Foundations and Structures”, Proc. 9th Int. Conf. 

Soil Mechs. Foundn. Eng., V2, pp 495-546

ii) Poulos, H.G. (1990), “Design of Piles for Negative Friction” 

Piletalk International 1990 ; Jakarta, Indonesia, pp 123 -129.

iii)Sinha, J & Poulos, H.G (1996), “Behaviour of Stiffened Raft 

Foundations” 7 th ANZ Conference on Geomechanics 1996 , 

Adelaide, Australia, pp 704 - 709.

1144


