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Box-shaped pile  and dia phragm  wa ll founda tions for high loads 

Fondations sur pieux carrés et mur diaphragme pour supporter fortes charge

H.Brandi -  Institute lor Soil Mechanics and Geotechnical Engineering, Technical University of Vienna, Austria

ABSTRACT: Box-shaped pile and diaphragm wall foundations have proved suitable for transferring heavy loads of bridges, power 
plants, tanks, lowers or other buildings in a concentrated form into the ground. The bearing-deformation behaviour and the earthquake 
resistance of such “box-foundations” are superior to those of conventional pile groups. The reason lies in the reduction of lateral soil 
displacement and in the composite effect between concrete elements and the enclosed soil. The paper describes results of 
comprehensive model tests and in situ measurements, theoretical aspects and case histories.

RÉSUMÉ : Les fondations sur pieux carrés (en forme de boîte) et mur diaphragme sont souvent utilisées pour transférer les charges 
de ponts, centrales électriques, réservoirs, tours et autres structures. Le comportement de la capacité et de la déformation ainsi que la 
résistance aux séismes de ces types de fondations est supérieur à celui des fondations conventionnelles sur groupe de pieux. La raison 
se trouve dans la réduction des déplacements latéraux du sol et dans l’effet composite entre les éléments du béton et le sol. Cet article 
présente des résultats de modélisations détaillées, d ’essais sur le chantier, d’études de cas et aspects théoriques.

1 INTRODUCTION

Box-shaped foundations were originally constructed as a 
combination of sheet pile walls (similar to cofferdams) with a 
capping raft. The sheet piles restrained a lateral soil movement, 
but did not transfer essential vertical loads. Later, the bearing 
capacity could be significantly improved by using bored piles or 
diaphragm walls as well as jet grouting or the deep-mixing 
technique. Along the circumference of such foundation-boxes, 
bored piles should be installed in a secant or at least contiguous 
form, so that shear stresses can be taken along their connecting 
line. In the case of an intermittent pile installation, the spaces 
between the piles should be strengthened by (jet-) grouting to 
provide closed walls, especially in non-cohesive ground. In 
special cases, this method may be more cost-effective than the 
installation of secant piles.

Properly constructed box-shaped foundations act as a 
compound body consisting of piles (diaphragm walls etc.) and 
the enclosed soil. This quasi-monolith can transfer high vertical 
and horizontal forces. Piles and capping raft form a box which 
acts physically like a “pot” turned upside down. Consequently, 
the settlements are smaller than for conventional pile groups, 
and the earthquake resistance is significantly higher. Pile boxes 
represent the classical form of a piled raft foundation utilising 
the enclosed soil core as an integrated load transfer member.

2 MODEL TESTS

Comprehensive model tests were performed to investigate
parameters influencing the bearing-settlement behaviour of box- 
shaped pile foundations. The research program comprised 70
tests including the following test series (Hofmann 2001; Brandi
& Hofmann 2001):
■ Pile boxes with inner piles (according to design practice)
■ Pile boxes without inner piles
■ Pile boxes without soil infill (simulating zero-stiffiiess of 

the enclosed soil)
■ Pile boxes filled with “concrete” (simulating a monolithic 

block)
■ Conventional pile groups (axial spacing a £ 2d)
■ Close contact or free gap between raft and soil beneath
■ Single piles

Tests with conventional pile groups and single piles were 
conducted to compare the load-settlement behaviour of the 
different pile patterns. Furthermore, the following parameters 
were varied to check their influence:
■ Pile diameter d = 15 to 37 mm
■ Pile length 1 = 250 to 600 mm
■ Density of soil y = 16.3 to 16.8 kN/m3.

During the tests the load-settlement curves until failure, the 
settlement troughs and the pile forces in five or six measuring 
levels were registered (in steps).

Figure 1 shows the standard types of investigated box- 
foundations (Hofinan 2001, Brandi & Hofman 2001). The pile 
pattern was similar to the design of foundation alternatives for a 
long river bridge, whereby type S (= small box) was constructed 
finally (Figure 17). Figure 2 shows typical conventional pile 
groups which were investigated for comparison; therefore, they 
exhibit some similarity to the outlines of the model pile boxes. 
The model scale was 1:50 and the test soil a dry uniform sand of
0,l/2mm with an internal friction of about 4> = 35 °. The fill 
density of usually y = 16,7 kN/m3 lay slightly above the mean 
value o f Ymn = 14,9 kN/m3 and ymax = 17,6 kN/m3.

Figures 3 to 8 show some test results in normalised diagrams. 
The data are given dimensionless to enable a direct comparison 
with results gained for conventional pile groups or from in situ 
measurements on construction sites. Moreover, dimensionless 
diagrams can be applied more easily to larger scales.

Figure 3 illustrates that the pile length within the group has a 
greater specific influence than the number of piles. In principle, 
such a tendency could be found for the conventional pile group 
as well as for the box-shaped pile foundation but should not be 
generalised. In the case of box-foundations, the influence of pile 
length is relatively smaller, especially for a slenderness of 1/D 
>2.5 where D is the (equivalent) box diameter.

Figures 4 and 5 demonstrate the effect of pile arrangement 
and intensity of bond within the pile box. The installation of 
inner piles reduces the settlement which can be expressed by a 
cell-factor a« £ 1.0. A comparison of these two figures and 
Table 1 shows that the Q/(Ady) ratio -  hence the geotechnical 
“efficiency” of small boxes is relatively greater, whereby, of 
course, large box-foundations as a whole can take higher total 
loads due to their larger area and pile number. The hatched zone 
between pile box without infill and monolithic block in Figure 6 
depends on the bond factor between piles/piles and piles/soil or
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Figure 1. Pattern o f  the box-foundations used for the standard model 
tests (scale 1:50). Equivalent diameter D for a circular box-foundation 
indicated for box S.
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Figure 2. Pattern o f  conventional pile groups used for model tests (scale 
1:50) as a comparison to Figure 1. Broken line indicates equivalent area 
A  and circumference U.
Axial pile spacing = 2d. a) =  16 piles; b) = 20 piles.

on the stiffness o f the enclosed soil core respectively. The 
border line for a monolithic block can be considered the limit 
value for a deep-seated raft foundation or a caisson (completely 
filled with concrete).

Comparing Figures 4 and S also demonstrates the influence 
o f the box size on the load-settlement behaviour. From the 
dimensionless diagrams it can be deduced that piles of a small

Q / (A .d.y)

0 100 200 400 600 800

Figure 3. Influence o f  pile number and pile length (1) on the load- 
settlement behaviour o f  conventional pile groups (to Figure 2). 
Dimensionless interpretation:
s = settlement, Q = total load on the foundation, d = pile diameter,
A = foundation area (within outline o f  pile group), y -  density o f  soil.

Q / (A .d.y)
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Figure 4. Dimensionless load-settlement curves for the pile box S. Pile 
length 1 = 40 cm.
s = settlement, Q =  total load on the foundation, d = pile diameter,
A = foundation area (within circumference o f  pile box), 
y = density o f  soil.

Q  / (A .d .y)
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Figure 5. Similar to Figure 4, but pile box L.

box-foundation exhibit a higher relative effectiveness. 
Nevertheless, the allowable total load of the large pile box is, of 
course, higher.

The different load transfer of a single pile, a conventional 
pile group and a box-shaped pile foundation is illustrated in 
Figure 7. It shows that the normalised total load carried by boxes 
is higher than that carried by conventional pile groups.

The influence of size and shape of the foundation box on the 
load-settlement behaviour is summarised in Figure 8 for the 
standard model tests (Figure 1) and a pile length of 50 cm, 
whereby the results for pile lengths between 45 and 55 cm also 
lie within the hatched zone. The influence of the ratio of box
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Figure 9. Box-factor tc o f  box-foundations versus the ratio A/U/d, where 
A = area o f  pile box, U = circumference o f  pile box, d = pile diameter. 
Derived from model tests.
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Figure 6 . Influence o f  stiffness o f  enclosed soil or bond effect between 
piles and enclosed soil o f  the box-foundation S; pile length 1 = 40 cm.

A/U/d [1]

1 1.2 1.4 1.6 1.8 2 2.2

Figure 7. Comparison o f  load-settlemeut behaviour o f  a single pile, a 
conventional pile group (20 piles, i.e. a in Figure 2) and a small pile box 
(20 piles, i.e. S in Figure 1). Pile length 1 = 50 cm.

area A to box circumference U increases with the limit pile load. 
This ratio corresponds to the “hydraulic radius” R. Hence, boxes 
with a small hydraulic radius (i.e. long-stretched) can transfer 
higher loads than those with a square or circular shape. This 
coincides well with the theory because square or circular 
foundations cause a higher stress concentration in the ground.

The portion of external load directly taken by the soil core 
increases with increasing hydraulic radius of the pile box, 
assuming a similar pile arrangement From the model tests, a 
“box-factor” k  could be deduced:

Q soil = k  . Q total (1)
hence Q pile = (1 - k )  . Q total (2)
whereby 0 ^  k  < 0.4

The box-factor increases with the stiffness of the soil core. 
Usually it lies below k  < 0.4. A higher value can be obtained if 
the soil core is improved by jet grouting or deep mixing.

Figure 9 shows the box-factor for limit loads, which 
characterise a beginning steepening of the load-settlement 
curve. The K-lines should not be extrapolated linearly to values 
higher than A/U/d = 2. It is rather recommended to design piles 
with a box-factor that then is kept constant (for safety reasons). 
Under failure load the forces concentrate in the piles, because 
the ratio o f stiffness of piles to plastiQed soil increases. This 
causes a decrease of the box-factor k . Figure 9 demonstrates the 
great influence of the cell size(s) on the load transfer via the soil 
core(s). The portion of external load directly taken by the 
enclosed soil of the box-foundation increases with the 
“hydraulic radius” AAJ or A/U/d. A cohesion of the soil has no 
significant effect on the ratio /QtoU1, but it influences the 
load transfer mechanism of the piles, hence the percentage of 
skin friction force and base resistance force.

Figure 9 represents only one among various correlations 
because the box- factor depends on a series of parameters:
■ Ratio A/U/d
• Slenderness of the box-foundation, 1/D
■ Ratio of stiffness of concrete members (Excrete) to soil

(Esoü)
■ Multi-cellular pattern of the box foundation
■ Ratio of service load to limit or rupture load
■ Settlement.

The portion of external load directly transferred from the raft 
into the soil (Qsoa/Qtom) decreases with pile length 1 and box 
slenderness 1/D respectively. The main reduction occurs between 
1/D = 0 (i.e. flat foundation where the raft takes 100 % of Qtot>i) 
and 1/D = 0.5 to 0.75 where the raft usually takes about 60 to 30 
% of Qtotoi.
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Figure 8 . Summarising results o f  model tests on pile 
boxes S, M, L (Figure 1). Pile length I = 50 cm.
Qiim = limit load (sum o f  external load, acting on the 

box in the level o f  pile heads), 
s = settlement, d = pile diameter, y = density o f  soil,
A = foundation area (o f  the pile box)
U = circumference o f  the pile box
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Table 1. Efficiency o f  inner piles forming stiffening cross walls in a box- 

foundation. Results from model tests (Fig. 1)

Figure 10. Base pressure o f  the piles versus settlement o f  the pile box S 

(Figure 1). Pile length 1 =  50 cm.
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S (small) 18 2 11 18 1,62

M (medium) 20 4 20 30 1,50

L (large) 24 8 33 38 1,14

Figure 11. Scheme o f  load transfer in a box-shaped deep foundation with 

inner pile- or diaphragm walls.

The transfer of vertical loads by a box-shaped pile foundation 
concentrates rather on the inner piles than on the outer ones. 
This effect increases with increasing total load (e.g. Figure 10) 
and can be explained by Figure 11: The load flowing from the 
rail directly into the soil causes a silo pressure there, hence a 
negative skin friction along the piles. In the lower part of the 
inner piles the negative skin friction may change to a positive 
value, but the resultant skin friction force Q„ usually remains 
negative. Consequently, the inner piles are loaded more 
intensively. Such a load distribution could also be observed in 
clay, while in conventional pile groups the load concentrates 
rather on the outer piles (according to the base pressure 
distribution beneath a rigid raft).

The base pressure of the piles increases with the size of the 
soil cells because larger cells facilitate higher silo pressures. In 
the upper zone of the box, the ring walls are subjected to a

lateral earth pressure difference that is directed outward. With 
increas-ing depth, the horizontal silo pressure is widely 
compensated by the earth pressure at rest acting on the outer 
face of the box-foundation. Therefore, adjacent piles should 
exhibit sufficient bond along their connecting line (mainly in the 
upper zone), i.e. secant piles are advantageous over tangent 
piles. In the case of contiguous or even intermittent pile walls, a 
load transferring closure can be obtained by jet-grouting 
between the spandrels.

The effectiveness of piles forming cross walls in a deep box- 
foundation can be quantified by dividing the settlement 
reduction by the increase of the proportional pile number when 
adding inner piles to form a multi-cellular pattern. The model 
test exhibited that piles forming cross walls in long-stretched 
boxes have a larger effect than those in square-shaped or circular 
cells (Table 1).

3 THEORY AND CALCULATION

3.1 General

In conventional design practice, the bearing capacity of the 
capping raft of deep foundations is usually neglected. But box
shaped deep foundations behave as a compound body: the 
enclosed soil cannot move laterally and takes part in bearing 
external loads. Consequently, the capping raft can be designed 
to take a significant percentage of the forces from the structure 
above by transferring it directly into the ground. Comprehensive 
model tests and in-situ measurements have shown that the 
settlement of such box-foundations is smaller than it would be in 
the case of conventional groups of piles or diaphragm panels. 
Avoiding the lateral deformation of the soil core and minimising 
its shear deformation lead to a significant reduction of the 
settlements, because the foundation system acts like a pot turned 
upside down. For the design and calculation of such deep box- 
foundations, several hypotheses have proved suitable:
■ Half-space hypothesis
■ Limit case hypotheses
• Subgrade reaction models
• Numerical models.

3.3 Elastic-isotropic half-space hypothesis

In this case, the ground is considered a homogeneous, elastic- 
isotropic mass. This is, of course, an idealisation, but experience 
has shown that plausible results are derived from this 
approximation, especially in connection with widely available 
calibrating data from in-situ measurements. Moreover, it allows 
for a cleaner performance of parametric studies, as the 
superposition law is fully valid.

Another idealisation refers to the skin friction: A constant 
distribution is assumed along the shaft o f the box-foundation. 
Furthermore, these forces are theoretically concentrated in the 
middle of an equivalent cylindrical wall with a fictitious 
diameter D. A disadvantage of this idealisation is that the silo 
pressure within the enclosed soil core cannot be calculated this 
way. The (reinforced) concrete of the deep foundation is 
considered linear elastic. The basic idea of calculating the load 
transfer by point resistance and skin friction of the deep
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Figure 12. Symbols for Mindlin’s solution for a load 

at a point within the elastic-isotropic half- space 0 5 10 15 20 25

E Q U IV A L E N T  D IA M E T E R  D  [m ]

foundation walls on the one hand and by the capping raft on the 

other hand is similar for all mathematical models: The 
settlements of the half space on top and toe of the foundation 
box are determined in such a way that their differential 
settlement coincides exactly with the elastic compression of the 
“box” or cylindrical “caisson”. If the capping raft is assumed to 
be rigid, the mathematical analysis can be further simplified.

The geotechnical theory is based on Mindlin’s solution for a 
single force at a point within the half space (Figure 12). Hence, 
the shear modulus G and Poisson’s ratio v of the soil must be 
known:

P n - 4 v  8 ( l - v f - ( 3 - 4 v )  ( z - c ) 2 

AZ"  16*0(1 - v ) L  r,

| (3 -4 v )(z  + c)2 -2 c z   ̂ 6cz(z + c)2 j  (3)

r23 r2

where q2 = r2 + ( z - c ) 2, r22 = r2 +(z + c f ,  v = Poisson's ratio

For evaluating the point resistance of the foundation box, the 
values of Mindlin must be integrated along the circumference of 
the foundation base. In many cases it is sufficient to assume a 
circular line load along the fictitious diameter D (Hazivar, 
1979). In practice a calculation with unit values for skin friction 
and point resistance has proved suitable. The magnitude of 
Poisson’s ratio v (within the common borders) has only little 
influence on the splitting of the external load into skin friction 
and point resistance. The ratio of elasticity moduli of the 
foundation box to the half space, on the other hand, influences 
the result more. The point resistance below the wall elements 
increases with increasing stiffness of the foundation. In such 
cases, the assumption of a constant skin friction along the box 
does either not apply -  or must be considered a rough 
approximation.

The ratio depth to diameter (“slenderness”) 1/D of the box- 
foundation influences the percentage of skin friction and point 
resistance significantly. Under conditions common in design 
practice, the point resistance under the concrete elements varies 
between 20 to 40 % of the total pile- or diaphragm wall load. 
Exceptions are exclusively floating or end-bearing elements, 
representing theoretical borders of the variable ratio o f point 
resistance. Generally, the point resistance of piles or diaphragm 
panels of a box-foundation is greater than for conventional 
groups of single piles or wall-elements. The percentage of skin 
friction increases with the slenderness of the box-foundation.

For a usual slenderness of depth : diameter = 1/D = 1 to 6, the 
positive skin friction within the foundation box (+Qs,i) varies 
between 10 to 30 % of the total skin friction (Qs). This relatively 
small portion can be explained by the silo pressure within the 
box which causes a negative skin friction in the tope zone of the 
soil core.

Figure 13. Settlement curves for a cylindrical box-foundation under a 
unit load o f  Q = 1 kN. Slenderness 1/D o f  the foundation as parameter, 
whereby 1 = depth o f  pile or diaphragm wall foundation. Unit modulus 

o f soil Es = 20 MN/m2, d = wall thickness.

Figure 13 shows a design chart for the determination of the 
unit-settlement o f a cylindrical box-foundation depending on its 
diameter and slenderness. Originally, the integration of 
Mindlin’s equations was performed for a circular diameter 
referring to the axis of the circumference wall (Hazivar, 1979). 

Therefore, if  the box has a rectangular or polygonal shape, an 
equivalent diameter must be chosen. The theoretical diameter 
should be somewhat smaller than the outline of the cell (e.g. 
minus d/2), depending on the pile spacing (intermittent, 
contiguous or secant). This is an allowable approximation that 
has proven suitable in practice, especially for commonly 
designed and utilised rectangular box-foundations. In the case of 
a rectangular foundation box, the transformation into an 
equivalent diameter means a theoretically stronger stress 
concentration -  especially in the case of long-stretched boxes 
(e.g. Figure 1, Box S). This effect justifies an equivalent 
diameter somewhat larger than the axial wall spacing and fits 
better to that area where friction forces are transferred in reality

Single elements within the enclosed soil core reduce the 
settlement, but not significantly. Transverse walls have a greater 
effect. Another purpose of such additional elements is to stiffen 
the foundation-box and to gain a statically optimal support for 
the capping raft. Furthermore, the bearing capacity for 
horizontal loads and moments increases, and the earthquake 
resistance is improved significantly.

The settlement assessment curves of Figure 13 were 
developed for cylindrical box-foundations without stiffening 
elements inside. But comprehensive model tests on box-shaped 
pile foundations with and without inner piles disclosed that the 
installation of inner walls increases the bearing capacity and 
reduces the settlement. From model tests and in situ 
measurements on numerous sites a cell-factor could be 
deduced that describes the effect of a multi-cellular shape of the 
box-foundation (Figure 14). It was determined for service loads 
corresponding to about 50 % of the limit loads. Commonly it 
varies between

0,5 < a ,  <1,0 (4)

The maximum value occurs if no inner piles are installed, the 
minimum refers to a  multi-cellular pattern with relatively small 
cells. In the latter case the pile (or diaphragm wall) foundation 
behaves increasingly like a quasi-monolithic block foundation 
with a deep-lying foundation base.

Figure 14 illustrates that the cell-factor depends on the 
“hydraulic radius” A/U of the box-foundation, on the pile 
diameter d (or wall thickness d) and on the number of cells
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A/U/d

Figure 14. Cell-factor °cc o f  (m ulti-cellular) box-foundations versus the 

ratio A /U/d. Num ber o f  cells, n, o f  the box-foundation as parameter.

within the box. The relatively greatest settlement-reducing and 
stiffening effect is gained with two or three cells. Usually, large 
foundations should exhibit at least three cells. The theoretical 
minimum of occ is obtained if the entire box is filled with 
concrete elements (or je t grouting columns or deep mixing 
columns). But this is uneconomical. A cost-effective 
compromise, however, could be a local soil core improvement 
by (jet) grouting Nevertheless, experience has shown that the 
cell-factor used for practical settlement assessment should not be 
assumed smaller than « c = 0.5.

From Figures 13 and 14 the settlement s of a box-shaped 
deep foundation with an equivalent diameter D can be calculated 
as follows:

a c o o
y

I Q .  J U s  J

etc = cell factor o f the deep box-foundation (from Fig. 14)
Q'tot [kN] = settlement -  effective total load on top of the pile 
group (or diaphragm wall group)
Q! = unit load, i.e. Qj = 1 kN
Es [kN/m2] = modulus of soil (mean value)
Es | = unit modulus, i.e. Es-i = 20 MN/m1 
Az' = unit settlement from Fig. 13

Equation (5) is primarily valid for a wall thickness of about d 
= 1 m, but may be used for d = 0.8 to 1.5 m with sufficient 
accuracy. It is -  strictly speaking -  based on a Poisson’s ratio of

Figure 15. Local failure model o f  a box-shaped deep foundation with 

inner p ile  or diaphragm walls. Fictitious single pile failure analysis (=> 
safety factor F2). Other schem es are also possible.

v = 0.3 and on a modulus ratio of structural members to soil of 
about 103. But values of 0 . 2 < v 5  0.5 have no relevant influence 
on the result. Furthermore, a variation of the ratio Ep,|e : Esou 
between 5.102 to 5.103 is allowable if the soil modulus is 
properly chosen. Hence equation (5) and Figure 13 have proved 
suitable for a wide range of different soils. Only for very soft 
clays too large settlements are calculated, and for very stiff 
overconsolidated clays the cell-factor should be neglected 
(hence approximately rcc = 1 also for multi-cellular boxes). 

Furthermore, this formula should not be used for ground with a 
modulus of about Es > 100 MN/m2. Design charts and cell- 
factors for multi-cellular deep box-foundations consisting of jet- 
grouting walls or deep-mixing walls are under development. Bui 
there is no basic difference to box-foundations with piles or 
diaphragm walls.

3.3 Limit case hypotheses

Limit case hypotheses and analyses refer to theoretically 
idealised limit assumptions and are not necessarily identical with 
limit load analyses or limit load conditions of deep foundations.

For evaluating the bearing capacity of box-foundations, two 
methods have proved successful in design practice:
• Calculating the bearing capacity of the single pile or single 
diaphragm element => F i safety factor
• Calculating the bearing capacity and settlement of the box- 
foundation as a unit (monolith theory) => F2 safety factor.

Evaluating the bearing capacity of single elements provides 
only fictitious limit values because the bond effect between 
concrete elements and enclosed soil core is neglected. Thus, 
maximum pile or diaphragm wall loads are calculated. But 
actually, single elements cannot fail because of the composite 
effect and the rigid (reinforced) connection of the piles or 
diaphragm panels with the capping raft. Moreover, deep box- 
foundations exhibit a self-regulating bearing behaviour, 
especially if  the boxes are stiffened with inner pile walls: in case 
of a local overloading of the soil around a pile, stress 
redistribution is possible. Therefore, very low safety factors are 
sufficient for this theoretical model: usually F| > 1.15. For short 
construction stages or catastrophic conditions even values of F¡ 
= 1.05 have been allowed. Contrary to the monolith-theory, skin 
friction may be taken into consideration along the outside and 
inside face of the foundation-box, but not between the single 
elements.

The mutual influence of adjacent piles regarding their 
bearing capacity depends mainly on the geometry of box- 
foundations, the pile spacing and pile diameter. The scheme of a 
local ground failure is sketched in Figure 15 indicating that the 
interaction may have a positive or negative effect. This analogy 
is, o f course, a rough approximation, because failure curves 
around the toe zone of pile or diaphragm walls are different 
from those beneath and aside flat footings. But it should 
emphasise the different bearing behaviour of piles arranged in a 
conventional group on the one hand or in a box-shaped pattern 
(with inner walls) on the other hand.

A sophistication of the single element failure theory is 
obtained by considering the box-factor which was found from 
model and in situ tests. The portion of external vertical loads 
that is transferred directly from the raft into the soil core varies 
under service loads typically between 20 to 40 %. Hence the 
capacity of the piles could be proven with a reduced load. But 
such a sophisticated calculation is no longer a limit case analysis 
and would require higher safety factors Fi due to the variable 
interaction between soil and piles (or diaphragm walls).

The other limit case hypothesis is an idealised “monolith- 
theory”. According to Figure 16, a full bond effect between deep 
foundation elements and the enclosed soil is assumed This 
compound body comprises the outer circumference of the 
foundation if secant piles or diaphragm walls are installed. In the 
case of contiguous piles, the theoretical area should be reduced
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Figure 16. Box-shaped foundation (consisting o f  bored piles or 

diaphragm walls and the enclosed soil core) loaded by vertical and 

horizontal forces and moments: Idealised model “quasi-monolith" o f  the 

limit case hypothesis for determining the safety factor F2 against ground 

failure and evaluating the settlements.

by at least half a pile diameter. For the quasi-monolith, only skin 

friction along the outside surface of the foundation box may be 

taken into account.

This limit case hypothesis provides the minimum pile or 
diaphragm wall loads. However, a full composite effect occurs 
only theoretically but hardly in practice. Therefore, relatively 
high safety factors are required: about F2 > 3.0 if conventional 
calculation methods for evaluating the base failure of equivalent 
“shallow” foundations are used. Short-term traffic loads do not 
reach the toe of the deep box-foundations but are more or less 
directly transferred into the upper soil zone, unless the box has 
an exclusively end-bearing character.

For settlement analyses, the monolith-theory has proved 
practicable and sufficiently accurate in engineering practice. 
According to the simplified model in Figure 16, the base of the 
box-foundation is considered the fictitious surface of the half 
space. The theoretical contact pressure qb includes the reduction 
of the total load Q by the skin friction Qs.

The actual stress Aa being decisive for evaluating the 
settlement is smaller than qb -  due to the existing soil pressure rr2 
in the foundation depth z. Furthermore, the theoretical influence 
depth below the foundation toe can be reduced to a value equal 
to the width of the box-foundation.

4 IN-SITU MEASUREMENTS AND CASE HISTORIES

Numerous data from in-situ measurements have been collected 
over a period of about 30 years. They comprise stress and 
deformation/settlement measurements of box-shaped deep 
foundations of bridges, hydropower plants, industrial buildings 
and high-rise buildings. The ground plan of the box-foundations 
was rectangular, circular, elliptical or polygonal and mostly 
stiffened by transversal and/or longitudinal wall elements. 
Sometimes single piles or diaphragm wall panels were installed 
additionally within the cells (for static reasons; to compensate 
installation failures etc.). The ground conditions variai from 
very soft clay to stiff overconsolidated clay, from loose to dense 
sands, gravel, heterogeneous colluvium, from weathered slope 
deposits to decomposed rock.

1

Figure 17. Ground plan o f  the deep box-foundation o f  a river pier o f  an 
expressway bridge. Corresponds to pile box S o f  model tests (Figure 1). 
Black piles are fully instrumented. Earth pressure cells are placed within 
the soil core. Pile diameter d - 1.2 m. Soil: dense sand.

The wall systems and the way of installation were also 
different Both have an influence on the load-settlement 
behaviour of the box-shaped foundations. Diaphragm walls, for 
instance, provide a better transfer o f shear forces between the 
concrete panels than contiguous pile walls, but on the other hand 
have a smaller skin friction.

The in-situ measurements confirmed that the percentage of 
load taken either by the capping raft or by the piles (or 
diaphragm walls) depends on various parameters, such as:
■ Cross section (incl. pile pattern etc.) and slenderness of the 

foundation-box;
■ Ratio of stillness of concrete elements and soil;
■ Magnitude and distribution of external loads (V,H,M);
■ Ratio of service load to ultimate (failure) load;
■ Ground properties;
■ Vertical and horizontal displacement o f the soil;
■ Magnitude and distribution of the contact stress between 

raft and soil;
■ Foundation depth;
■ Depth of excavation (construction pit);
■ Installation factors.

Consequently, the results of in-situ measurements scatter 
relatively widely, including various alterations also during the 
construction period. In the following, two case histories are 
selected which represent widely different soil conditions: dense 
sand and weak clay.

Figure 17 shows a recent example where site conditions were 
simulated in model tests in order to investigate in detail the load 
transfer from the structure into the ground and the bearing- 
setdement behaviour of the box-shaped foundation. The in situ 
cross section of the pile box corresponds to box S of the model 
tests (Figure 1).

A  large bridge was constructed for an expressway crossing 
the river Danube. The ground consisted of a 5 to 6 m thick cover 
of river gravel underlain by dense sands (with silty interlayers) 
exhibiting an internal friction of 0  = 32° to 36°. The dry density 
of the sand varied between y<j = 15 to 17.5 kN/m3 (mean value 
16.5) corresponding to a void ratio of n = 0.43 to 0.33. Three 
piles, the raft and the enclosed soil of the main pier were 
instrumented with pressure cells and strain gauges (vibrating 
wire system).

The large diameter bored piles (d = 1 2m) were installed from 
ship and therefore only in a contiguous and not in a secant 
pattern. Consequently, the upper part of the enclosed soil core 
(i.e. the loose sandy gravel) had to be improved by jet-grouting 
in order to obtain sufficient bond effect and shear transfer 
between piles and soil. Furthermore, inner erosion due to 
groundwater flow should be avoided by this measure. The 
foundation was designed to withstand ship impacts of 
2000 tons and 6 m deep riverbed scouring with a safety factor of 
F > 1.2 against base failure.

In the first phases of loading, the measurements showed a 
quick increase of soil pressure immediately beneath the capping 
raft up to ov = 0.5 MN/m2 and somewhat la ta  to a v = 0.6
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Figure 18. Ground plan o f  the deep box-foundalion o f  a river pier o f  a 

highway bridge. Soil: soft (silty) clay.

MN/m2. This stress level remained rather constant then; 
increasing loads from the bridge deck during ongoing 
construction caused only an increase in pile loads. Under service 
load conditions, the portion of external vertical loads directly 
transferred by the raft into the ground varied between 35 to 40 
%. This coincides very well with the results from the model 
tests.

On the site, the direct load transfer from the raft into the 
ground could be expected to be somewhat higher than in the 
model tests. This was due to the in-situ ground improvement by 
jet grouting, causing a higher stiffness o f the enclosed soil core. 
Moreover, this measure caused a load redistribution from the 
outer piles to the inner piles. The observed settlements 
corresponded well with the settlement prognosis. Equation (5), 
for instance, proved sufficiently suitable:

Qtot = 40,000 kN; A = 29.5 m2, U = 24.5 m , D = 6.1 m 
d =  1.2 m, l = 2 3 m ,  1/D= 3.8, A/U/d = 1.0; n = 3 cells 
Az’ = 1.04x10‘3 mm (from Figure 13) 
x c = 0.84 (from Figure 14) and Es = 70 MN/m2.

Hence settlement after half space hypothesis (equ. 5): 
s = 0.84 x 40,000 x 20/70 x l.lx lO '3 = 11 mm

Figure 19. Deep box-foundalion against earthquake based on the 
restraint method. (Jap. Geotechn. Society 1998).
a) Suppression o f  shear deformations in the ground during an 

earthquake
b) Suppression o f  lateral flow o f  the ground after liquefaction.
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□  □ □  

□  □ □

□  □ n
□  □ □

In order to provide sufficient safety against ground failure 
and excessive lateral movements also in the case of a deep scour 
during critical construction stages, a relatively deep foundation 
was necessary. Moreover, the superstructure has been statically 
very sensitive. Consequently, the settlement of this main pier 
was relatively small. The prognosis was s ^  15 mm, depending 
on the pile installation and jet grouting technique. The hitherto 
measured value is s = 9 mm (end of construction).

Figure 18 shows the box-shaped pile foundation of a 317 m 
long highway bridge crossing an Alpine river. The ground 
consisted of 3 m river gravel underlain by soft laminated silty 
clays with silty-sandy interlayers. These young sediments were 
water saturated (wn = 30 -  45 %) and exhibited a plastic to 
liquid consistency. The dry density varied between yd = 12.5 to 
16 kN/m3. The oedometric modulus was Es = 3.5 -  5/MN/m2 
near the surface and increased with depth to Es = 8 -  13 MN/m2 
at 40 m , whereby a mean value of Es = 8 MN/m2 was measured.

Each main pier of the statically sensitive superstructure had 
to transfer a load of Q = 100 MN into the ground. The deep 
foundation was designed as a box-shaped piled raft foundation 
with a mean pile load of Q = 1.5 MN and a maximum pile load 
of Qmax = 2 MN for 35 m deep large diameter bored piles (d =
1.2 m). In order to verify the design assumptions, a static pile 
test was performed before construction work started Up to 1.5 
MN incremental loading occurred in steps of AQ = 500 kN, then 
in steps of AQ = 100 kN until the maximum test load of 2 .6 MN 
was reached. Usually the loads were kept constant over a period 
of 30 minutes. Only at Q = 1.5 MN and 2.4 MN a consolidation 
phase of about 65 hours was added. This caused settlements of 
12 mm and 35 mm respectively, at a consolidation degree of 
about 90 -  95 %.

From this field test, a total settlement o f nearly s = 10 cm 
could be expected for a conventional pile group. The box-shaped 
pile foundation, however, underwent less movement due to the 
bond effect within the multi-cellular pile-soil structure. Long
term measurements since the construction during 1984/1985 
have shown a significantly smaller settlement and a final 
consolidation since 1994. This value coincides with the 
settlement prognosis deduced from equation (5):

Equivalent diameter of the box-foundation, D = 16 m
Length of piles, 1 = 35 m
Slenderness of foundation box, 1/D = 35/16 = 2.2
Load on pile top, Q’tot = 85,000 kN
Modulus of ground (mean value), Es = 8 MN/m2

From Figure 13a unit settlement of Az’ = 0.53xl0'3 mm is 
derived. Due to the inner pile wall pattern, a cell-factor of occ =
0.50 is assumed (Figure 14). Thus, the total settlement can be 
assessed by s = 0.50 x 85,000 x 20/8 x 0.53xl0‘3 = 56 mm
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Nowadays, the elements of deep box-foundations are mainly 

secant or contiguous bored pile walls or other cellular structures 

consisting of diaphragm walls, jet-grouting walls or walls using 

the deep-mixing technique.

This foundation scheme restrains the shear deformations of 
the soil during an earthquake or after liquefaction. Liquefaction 
of the soil enclosed by the structural elements is prevented or at 
least minimised (Figure 19a). Moreover, the lateral movement of 
the ground after possible liquefaction is restrained ( Figure 19b). 
Consequently, cellular deep foundations have proved suitable as 
a powerful protecting measure against soil liquefaction. The 
wall elements serve not only for shear strain restraint and 
liquefaction prevention /  minimisation, but at the same time 
prevent serious damage from minor liquefaction by supporting 
the structure resting on the box-foundation (Japanese Geot 
Society, 1998). A stable support is provided by transmitting the 
loads from the building into the non-liquefied ground via the 
box-shaped cellular deep foundation which exhibits a high 
stiffness.

T
b o x - fo u n d a tio n

(b o re d  p ile s ,  d =  0 . 9  m )

Figure 20. Box-shaped deep pile foundation o f  a bridge abutment 
subjected to high horizontal loads from soft soil squeezed by a high 
embankment on top o f  a valley.

(-capping raft 

-8 .9  m ------------------- Jf-

- reinforced BORED PILES 
—  not reinforced ( 0  0 .9  m)

Figure 21. Ground plan to Figure 20.

The measured settlement is s = 50mm. This slightly lower 
value is due to the 5 m thick raft which was required as a stable 
block to provide sufficient safety in the case of deep riverbed 
scouring. Therefore, the foundation depth o f the pile box lies 40 
m below ground surface, whereas the calculation considers only 
the pile length of 1 = 35 m.

5 EARTHQUAKE RESISTANCE
AND OTHER DEEP BOX-FOUNDATION PROPERTIES

Austria has several earthquake zones where intensities up to 10° 
Mercalli-Sieberg (corresponding to about 7° Richter) are to be 
expected. Horizontal ground accelerations can occur up to 1.4 
m/sec in rock; locally higher values are possible in loose 
sediments. The dynamic forces of an earthquake are time- 
dependant, furthermore, compression and shear waves do not 
reach all piles of a group simultaneously. Consequently, a 
conventional pile group may undergo progressive failure, 
whereas a box-shaped pile foundation behaves like a quasi
monolith and remains stable. Therefore, box-shaped deep 
foundations with a cellular pattern have been increasingly used 
there since 1970. Cellular sheet-pile foundations had been 
already constructed in the Fifties and had suffered no damage 
during earthquakes. Commonly, opposite sheet piles of a cell 
have been connected by tie rods or at least tied back to the 
reinforced concrete raft Such connections are especially 
important if the box-foundation is subjected to possible 
scouring, i.e. in the case of bridge piers in rivers.

Figure 22. Highway bridge pier in a sliding slope. Box-shaped pile 
foundation with a high resisting moment against lateral forces. 
Additionally, pile wall tied back with prestressed anchors as protective 
retaining structure in front o f  the bridge pier.

Figure 23. Ground plan to Figure 22
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Figure 24. Post-strengthening o f  an old river pier foundation (box
shaped sheet pile wall) by a box-shaped diaphragm wall enclosure to 
provide sufficient safety against base failure caused by scouring. 
Furthermore, the river bed was deepened by man-made excavation to 
increase the efficiency o f  a new hydropower plant upstream.

sheet pile  wa ll 
diaphragm wall

BOX  FOUNDATIONS

Figure 25. Ground plan to Figure 24.

From theory, model tests and numerous in situ measurements 
and observations it can be concluded that box-shaped pile 
foundations and box-shaped diaphragm wall (sluny trench wall) 
foundations exhibit the following advantages:
• Piles or slurry trench walls and enclosed soil form a quasi

composite body with a high bearing capacity.
Transfer of high, concentrated loads at smaller settlements 
than in the case of conventional pile groups.

• Smaller foundation area required than in the case of 
conventional pile groups with axial pile spacings of a £ 2d 
to 3d. This is especially important for bridge piers situated 
in rivers.
High resisting moment against lateral forces from high 
embankments on soft soil (acting on bridge abutments -  
e.g. Figures 20,21) or in creeping/sliding slopes (e.g. 
Figures 22,23).

• Very suitable in the case of strongly heterogeneous and 
anisotropy ground.

• High resistance to earthquake and soil liquefaction.
High resistance to scouring (foundations in rivers; torrents).

• Suitable for post-strengthening existing buildings, for 
instance piers of river bridges, increase of safety against 
ground failure in the case of scouring.

Box-foundations have a great resisting moment against 
lateral forces and moments. Therefore they are especially 
suitable for bridge abutments or retaining structures on weak 
soils and in slide-prone slopes. The horizontal forces from the 
fill, embankment/slope can be taken with a rectangular box 
shape, the longer side being parallel to the direction of the 
maximum force. Such long-stretched boxes show a significantly 
greater bearing capacity than groups of single piles, because, 
statically, they act as vertical disks.

Intermittent pile walls with jet grouting columns between the 
piles are sometimes a cost-effective (and environmentally 
friendly) alternative to secant pile walls (Figure 26). Thus, 
closed walls with a full shear bond can be obtained without 
excavating material from not reinforced piles; furthermore each 
pile can be reinforced. The only disadvantage is the requirement 
of an additional site equipment. The optimum free pile spacing 
lies typically between 0.2 to 0.5 m depending on the soil 
properties, required lengths of piles and jet grouting columns, on 
the jet grouting technique and on static requirements.

( re in fo rce d )

je t g rou ting 
co lum ns

Figure 26. Scheme o f  a combined wall system for deep box foundations: 
Reinforced bored (augered) piles and jet grouting columns in between.

6 CONCLUSION

Deep box-shaped foundations have proved suitable in all kinds 
of soils to transfer high, concentrated loads into the ground or to 
withstand high lateral forces from creeping (e.g. beneath high 
embankments on weak clay or in unstable slopes). Usually, box- 
foundations consist o f bored piles or diaphragm walls, arranged 
in a cellular pattern. The enclosed soil core cannot move 
laterally and becomes part of a composite body or “quasi
monolith” with a high earthquake resistance. Dimensionless 
load-settlement diagrams derived from model tests show the 
advantage of box-shaped pile foundations over conventional pile 
groups. This is also valid for boxes and groups of diaphragm 
wall elements, deep-mixing or jet-grouting foundations. The 
results of comprehensive model tests and numerous in situ 
measurements (since 1970) correspond very well. Consequently, 
in spite of the theoretical complexity, the bearing capacity and 
settlement behaviour o f such foundations can be calculated with 
sufficient accuracy for use in practice. As various theoretical 
idealisations and approximate assumptions are unavoidable, 
calculations should not be limited to one method. Limit case 
analyses are recommended to assess the maximum and 
minimum forces in the capping raft and deep foundation 
elements (monolith-theory and single element-theory).
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