








Fig. 3. Vertical load test

Fig. 4. Load-settlement curves of tested piles
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cylinders 5 mm/s was applied. During the installations piles were released for
a few times due to lengthening necessity of hydraulic jacks’ arms. Piles were
installed clockwise starting from 1st to 4th pile as shown in Figure 3. After the
installation the piles were tested in the same order as they were installed. The
tier loading procedure with 10 loading and 4 unloading steps were used for the
static vertical load tests. The duration of loading step was adopted equal to
60 min and for the unloading steps 15 min. The vertical displacement of pile’s
head was measured by means of two linear pot indicators, and the total load
was measured by means of vibrating wire load cell. The ultimate settlement
equal to 10 percent of a single pile diameter was adopted as a failure criterion.
Experimental load settlement curves are presented in Figure 4.

Numerical analyses

For three different types of frame, which discretization is presented in
Figure 5, a static FEM (Finite element method) analysis was performed using
SCIA Engineer software. The constitutive model of linear elastic isotropic
materials was adopted for the analysis. Considering that relatively small
deformation was expected, the solver with linear relation between the defor-
mations and displacements was used for the analysis, it means that none of
global or local imperfections, as well as secondary effects were taken in to
account. The load combination consisting of self-weight (assigned automati-
cally), dead weight and snow load were applied for all cases. Using the same
load combination three different types of support with symmetric and asym-
metric orientation were used for each frame (Fig. 6). Using the support type
named „Fixed” soil’s deformation was eliminated in order to demonstrate the
pure deformations of considering frames (Fig. 6). For other two support types
named „Springs (pile-cap fixed)” and „Springs (pile-cap hinged)” the linear
vertical and horizontal springs were used in order to get the general deforma-
tions of frame-support-soil system (Fig. 6).The stiffness of vertical springs
were determined from the curves presented in Figure 4, assuming allowable
serviceability limit state settlement equal to 5% (5 mm) of pile diameter. The
applied ratio of settlement and pile diameter is acceptable in most cases
according to codes regulation. The determined secant stiffness are as follows:
kz,1

st = 9.89 MN/m’, kz,2
nd = 10.11 MN/m’, kz,3

d = 12.61 MN/m’ and
kz,4

th = 16.48 MN/m’. The stiffness of horizontal springs defined for each pile
was calculated according to code CSN 73 1004 increasing by depth and was
equal to kh,1

st = kh,2
nd = kh,3

d = kh,4
th = 0 → 120 MN/m3. It must be noted that in

order to get a point stiffness with dimensions MN/m’, the value shown above
should be integrated at particular area of pile side surface.
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Fig. 5. Computational schemes of analysed frames
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Fig. 6. Types of support defined for each type of frame (springs kz,1
st to kz,4

th represent experimental
response (stiffness) of each pile; kh,x and kh,y represent horizontal soil stiffness)

Results and Discussion

Closer look to experimental load-settlement curves presented in Figure 4
revealed that displacement pile response (placed in a pile group) under static
vertical loading differs according to installation sequence. The performance of
the 1st pile has been determined to be the poorest whereas the 4th pile showed
the best performance in terms of stiffness. Mean while intervening piles 2nd

and 3d have performed respectively (kz,1
st<kz,2

nd<kz,3
d<kz,4

th). It is worth mention-
ing that the additional settlements induced by adjacent piles’ stress fields
overlapping was not taken into account, because neighbouring piles were not
being loaded, while one of them was tested.

The numerical analysis, which data are presented in Table 1, showed that
vertical displacements of column bottom and horizontal translations of column
top may be larger respectively up to 830 and 802%, when the soil structure
interaction is being considered. It can be concluded that the pile groups’
orientation and the type of pile-cap connection depending on frame type had
the key influence.

Tension force at truss’ bottom chord and compression force at truss’ top
chord mostly increased (up to 13%) on frame type II. Significant increase (up to
21%) in bending moment appeared at column of frame type III. It should also
be mentioned that this amount of internal force increase exceeds the reliability
level required in most of the construction design codes.
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Vertical reactions of supports were obtained to be different (up to 45%
above the average of frame type III and up to 23% of frame type I) due to
different spring stiffness.

Conclusions

When displacement pile groups are used as a support for different type
buildings, an analysis of soil-structure interaction must be performed in order
to determine more reliable values of structures internal forces and deforma-
tion.

While design of pile caps is being performed, the likely increase on internal
forces due to uneven pile reaction distribution must be taken into account.

In order to reduce the negative effects (additional deformation and internal
forces) on super structures, the correct installation sequence of displacement
pile at pile groups in sand must be chosen. Furthermore, the rigid non-
rotational connection between piles and cap must be ensured, which decreases
the horizontal displacements of super structure.

Concerning the future targets, the results of numerical analysis should be
examined experimentally. Furthermore the additional experimental study
should be carried out in order to determine the horizontal stiffness of isolated
piles, and likely effects caused by installation procedure of neighbouring piles.
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