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Behaviors of pile-supported embankments in highway engineering
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Abstract: Based on the variational approach for pile groups embedded in soil modeled using a load-transfer

curve method, a practical method was conducted to estimate the settlement of symmetric pile group supported

embankments. The working mechanism of composite foundations improved by rigid or semi-rigid columns is

analyzed by this method. Under equivalent strain conditions, the pile-soil stress ratio approaches the pile-soil

modulus ratio up to a limited value of pile stiffness (R, <10); in the subsequent stages of high pile stiffness

(R, >10), a further increase in the pile-soil modulus ratio cannot lead to a significant increase of stress

transferred to the columns in composite foundations. The major influencing factor of the stress concentration

from soil to pile in a high pile-soil modulus ratio is the padding stiffness. For the composite foundation

improved by cement mixing columns, the effective column length is about 15 to 20 m and it is a more

economical and effective design when the column length is less than 15 m.
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The use of pile-supported embankments is not a
new technology. Embankments on relief piles have
been used for more than 60 years, and “modern” stone
pile technology was first implemented in Europe in the
1960s. However, the new method of considering total
direct and indirect project costs along with newer more
economical designs has dramatically increased the us-
age of pile-supported embankments worldwide. Specifi-
cations for designing modern pile-supported embank-
ments have been implemented in the United Kingdom,
Sweden, and Germany. Modern pile and soil reinforce-
ment technology, pile-supported embankments will fre-
quently provide the best combination of economy, con-
struction speed, settlement performance, reliability, in-
stallation/QC simplicity, and environmental compliance
than that of any other ground improvement methods or
bridge construction technique.

Pile-supported embankments have been designed
and built extensively in Europe and Asia, in which the
cushion’ s modulus is larger than that of ground soil
and embankment soil. So the interaction between the
cushion and pile should be considered when calculating
the settlement. By now, many theories about the inter-
action between cap and group pile have been promo-
ted. Butterfield and Banerjee''' promoted the boundary
element method based on the Mindlin solution to ana-
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lyze group-pile foundation, in which interaction be-
tween cap and foundation was considered. Ottaviani'”
did research on cap-group pile with the three-dimen-
sional finite element method. Poulos and Davis"' sys-
tematically summarized the calculation methods of
pile-soil interaction under a grid cap. Chow'*' promoted
a method based on a finite element method to analyze
the group pile in unhomogeneous foundations, and Shi
et al. % used this method to calculate the settlement
of large diameter bored piles (LDBPs) which took into
consideration the grid cap coupling and the piles’ rein-
forcement behavior. But, what talked above are all
based on the hypothesis of a grid cap board, it cannot
be suitable for the calculation of settlement of a pile-
supported embankment directly, and these methods are
involved in considering the dispersion as the direction
of pile body, so the calculation magnitude is limited.
From the literature review, it has been found that piles
or columns have been successfully used in combination
with the cushion reinforced with geosynthetics to sup-
port embankments over soft soil. The purpose of the
cushion over piles is to improve load transfer from soil
to piles, reduce total and differential settlements, and
increase slope stability'”' .

Shen'® depicted the strain and pile shaft shear
stress of the group pile system by two finite series sep-
arately, in which the foundation’ s stress-strain relation
was assumed elastic in isotropic semi-infinite solids,
and the interaction between group and cap through the
soil medium was also simulated based on the Mindlin
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solution. Based on the overall potential energy equa-
tion of group piles, the variational approach was used
to analyze the group pile system, and a stiffness matrix
of pile-soil-cap and a load-displacement grid matrix
were created. In this paper, based on what Shen has
done'™ | the pile-soil stress ratio is assumed first, then
the average soil element stress and the grid matrix of
pile-soil system are obtained. The use of a finite series
to depict group pile strain and shaft shear stress avoids
the pile dispersion, which reduces the calculation mag-
nitude dramatically. Furthermore, the symmetry of the
road central line is considered for the group pile sys-
tem, and the calculation magnitude is reduced.

1 Calculation Theory

Based on Ref. [8], the potential energy of a pile
group can be expressed as

m =3 A

fﬂ,,wgabdA +*ﬂw pdB -w/P. (1)

Because of the symmetry, the behavior of the load
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and displacement of the pile-soil system covered by
shadow shown in Fig. 1 can reflect the whole embank-
ment. When a load is applied, only the stress occurs,
and the lateral displacement is zero in the boundary of
the pile-soil system covered by shadowing. So the gen-
eral potential energy of the partial pile-soil system can
be given first, and then the pile-supported embankment
can be analyzed by the variational method. The general
potential energy of a partial pile-soil system is

Ty = & 1 2 w ( ) dv +
2{ 2 fw”"ﬂds + 2 ﬂwb,ab,dA +
1 n; stf"sfdA - Z muw.p, (2)

where m, is the piles covered by shadow; m,, is the ra-
tio of the i-th pile’ s head area to the cross section
area; m, is the soil element number of the shadowing
part; m, is the ratio of the i-th soil element covered by
shadow to the soil element.

When solving the load-displacement relation of
partial group piles based on the Mindlin solution, it is
different from that of the total group pile system. So
what should be considered is only the interaction of
pile-pile and pile-soil in the partial pile group area. The
settlement at depth z of the partial group pile system
can be expressed as
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Fig.1 Symmetrical embankment. (a) Pile groups plan layout;
(b) Pile groups section
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where n, is the total number of the piles. Using the
method proposed by Shen, we can obtain the soil dis-
placement in Gauss-point and the pile tip displacement
in the partial group pile system. The displacement ma-

trix in the surface of ground is

[ B

The matrix rank is (m, X (n, +1) +my) x(n, X (k, +
1) +n,).
Because of symmetry, the symmetrical element of

pile in the vector ¢, and soil in the vector g, are equal.
In the coefficient matrix of Eq. (4), the corresponding
elements can be added to each other, and Eq. (4) can

{wp}: 8w gps]{tp} (5)
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The matrix rank is (m, X (n, +1) +m,) x(m, x (k, +
1) +m,).
Following the same procedures in Ref. [8], first

be written as

vary Eq. (2), then transform Eq. (5). The stiffness ma-
trix corresponding to the load and displacement of pile
heads and interface between padding and ground can

P k k w
vl _ tpp tps t
{Ps}_[ktsp ktﬁs]{wS} (6)

2 Analyses of Calculation Results

be expressed as

Now, in order to control the intolerable total and
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differential settlements of embankment over soft soils
effectively, the rigid and semi-rigid columns were used
in the highway foundation improvement. This is in-
cluded the widening of existing roads. But it is not
clear what the interaction between the padding and the
composite foundation treated by rigid columns or semi-
rigid columns was. So, the procedure proposed in this
paper was used to research the settlement of a compos-
ite foundation improved by columns.

Fig.2 shows the relationship of pile-soil modulus
ratio R, and settlement S under a different pile-soil
stress ratio R, where R, is the pile shaft material mod-
is the vertical stress

s

ulus/foundation soil modulus; R
applied on the pile head/the vertical stress on founda-
tion soils between piles. As shown in Fig. 2, the in-
crease in the pile-soil modulus can reduce the settle-
ment. But while the pile-soil modulus ratio exceeds a
certain value, defined as the maximum effective pile-
soil modulus ratio, the increase in the stiffness of the
pile shaft cannot reduce the settlement of the composite
foundation. The larger pile-soil stress ratio promotes
the higher value of the maximum effective pile-soil
modulus ratio. That is, the reduction of the settlement
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Fig.2 Relationship between pile-soil modulus ratio and
settlement. (a) R, =5;(b) R, =10;(c) R, =15;(d) R, =20

of soft ground improved by rigid columns or semi-rigid
columns can be improved by an increase in the pile-
soil stress ratio. Under the same condition, the magni-
tude of the pile-soil stress ratio tends to be greater, the
thicker the padding and the higher its stiffness. If the
padding’ s stiffness does not improve dramatically, such
as in general sand padding, the high pile-soil modulus
ratio (rigid pile or semi-rigid pile) cannot lead to a
significant reduction in the settlement of a composite
foundation, which is rather important for the composite
foundation improved by large distances between rigid
piles.

Fig. 3 indicates the relationship of the pile-soil
stress ratios R, and settlement under different pile-soil
modulus ratios R . As shown in Fig. 3, for a conven-
tional pile-supported earth platform, the pile-soil stress
ratio increases with the increase of the pile-soil modu-
lus ratio under equivalent strain conditions, but the
former’ s increase is lower than latter’ s, as is shown in
Tab. 1. To provide a measure of the performance, the
factor A is introduced as

A=R/R, (7)
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Fig.3 Relationship of pile-soil stress ratio and settlement.
(a) R, =10;(b) R, =20

Tab.1 Pile-soil stress ratio under equivalent strain

R, R, of margined pile R, of medial pile Average R,
5 5 5 5
10 8 9 9
20 12 14 13
30 16 18 17
40 20 22 21
50 22 24 23

Under equivalent strain conditions, the pile-soil

stress ratio has the following rule. When the pile-soil
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stress ratio is relatively small (R, < 10), the pile-soil
stress ratio approaches the pile-soil modulus ratio; that
is, the factor A is equal to 1, which coincides with the
assumption of the composite foundation theory. But,
with the further increase in the pile-soil modulus(R, , >
10), under equivalent strain conditions, the pile-soil
stress ratio is lower than the pile-soil modulus ratio,
that is, the factor A is less than 1, as shown in Fig. 4.
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Fig.4 Factor A vs. pile soil modulus R,

Some conclusions similar to those proposed above
are also obtained. As for rigid columns applied in a
composite foundation, if a high stiffness padding is not
used in the design, the pile-soil stress ratio will be
markedly lower than the pile-soil modulus ratio, which
can reduce the stress concentration from foundation soil
to pile head, and the rigid pile composite foundation’ s
function cannot be brought into play adequately. So,
when a rigid pile system is used in a soft foundation, if
the special padding is not designed to improve the pad-
ding’ s stiffness, a pronounced stress concentration on
the vertical columns cannot occur.

The research on effective pile length is always one
of the key problems for composite foundations.
Through calculation, we can get some basic results, as
shown in Fig. 5. When the pile-soil modulus ratio R
ranges from 10 to 50, and the length-diameter ratio ran-
ges from 30 to 40, the increase of the length-diameter
ratio can slightly reduce the settlement. So we can
know that when the diameter is 50 cm, the effective
length of columns used in a composite foundation is a-
bout 15 to 20 m, and when the pile-soil modulus ratio
R is between 10 and 50, the increase in the pile-soil
modulus ratio has little effect on the pile’ s effective
length. So, it is more economical and effective for ce-
ment mixing piles when the columns lengths are less
than 15 m.

Additionally, analysis of the pile space-diameter
ratio, defined as s,/D which is the space between col-
umns and the diameter of the column, shows that, the
higher the pile-soil modulus ratio is, the greater the
effect of the factor s5,/D on the reduction of a compos-
ite foundation is. When the pile space-diameter ratio
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Fig.5 Pile length-diameter ratio and settlement. (a) R, =
10; (b) R, =50

sp/ D is less than 2. 5, it is not useful to reduce the set-
tlement of a composite foundation by a decrease in pile
distance. In summary, when a lower pile space-diameter
ratio is designed, a high modulus of columns is more
reasonable.

3 Conclusions

Based on the variational approach for pile groups
in soil modeled using load-transfer curves, a practical
solution for estimating the settlement of a symmetric
pile group system supported embankment is presented.
This method is capable of treating rigid and semi-rigid
pile groups. Analysis data indicate some important con-
clusions:

1) A reduction in the settlement of a composite
foundation improved by columns as the pile-soil modu-
lus ratio increases is evident at the low stage of column
stiffness, and remains at a plateau at the subsequent
high stages of column stiffness.

2) With the increase in column stiffness up to a
limited value (R, <10), the pile-soil stress ratio in-
creases rapidly and approaches the pile-soil modulus
ratio; that is, the factor A is equal to 1. Then with the
further increase in column stiffness (R, >10), the fac-
tor A decreases gradually to a value less than 0.5 and
the increased amount of stress transferred to the col-
umns is slight.

3) There is a specific combination of stiffness of
pile and soil beyond which further increase in the pile-
soil modulus ratio neither increases the pile-soil stress
ratio nor reduces the settlement of the composite foun-
dation.

4) Padding stiffness is rather important in enhan-
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cing the increase in the pile-soil stress ratio when rigid

piles or semi-rigid piles are used in the improvement of
a soft foundation.

5) For column in a composite foundation, espe-

cially for cement mixing columns, it is more economi-

cal and effective when the column length is less than
15 m.
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