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SUMMARY: A parking garage between two residential multiple apartment buildings had to be
replaced. The existing wooden piles were substituted by full displacement, pushed-in cast in-place
concrete piles with 600mm diameter. The subsoil on this part of the shores of Lake Lucerne is
normally consolidated lacustrine clay of about 30 meters thickness and had been characterized by
two CPTU tests.
On the area of the garage of 20 by 43m equal to 720 m2 a total of 61 piles were driven in two
phases. During the first phase 30 piles were driven within 10 days. The volume of the piles of 230
m3 in the soil volume of 25'000m3 corresponds to a displacement of 0.9% and resulted in
horizontal displacements of the two adjacent buildings of 40 millimeters. The displacements
consolidated over the year's end 2015/2016 and the buildings returned to the positions reducing the
horizontal displacements. For the second phase the piling was extended over a longer time period
less horizontal displacement accumulated. The maximum horizontal displacement was smaller.
The experience shows that undrained displacements can be controlled by adapting the construction
sequence to the consolidation time determined by monitoring the displacement of the ground.
KEYWORDS: Monitoring, undrained behavior, consolidation, piling, displacements.
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INTRODUCTION

A single floor underground parking garage between two dual apartment buildings (Figure 1) of five
floors had to be replaced by a new garage with stronger structural connections. The existing
buildings and garage are founded on wooden piles on glacial lacustrine clay. The underground
garage had to be supported against settlement and retained against uplift from groundwater. For the
new foundation full displacement concrete piles were used. The displacements of the buildings
were monitored during the placement of the concrete piles and the construction sequence adapted.
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2

BUILDING STRUCTURES AND UNDERGROUND CONDITIONS

The area is located in a residential area of Seeburg in the city of Lucerne, close to lake Lucerne.
The area is formed by glacial lacustrine deposits of about 200m width from the lake shore to the
base of the hills of tertiary bedrock (Formation of the lower freshwater Molasse).
Buildings and structures
The building compound consists of four apartment buildings (Figure 1), two adjacent buildings on
the northern side and two buildings on the southern side, linking the two sides is the underground
parking garage with underground entrances into all four buildings. The five-story concrete frame
buildings are founded on wooden piles of 12 m length with a concrete cap over the fluctuation
range of the groundwater, which is in connection with near-by Lake Lucerne.
The building on the west side served as base for placing (Figure 5) the theodolite to monitor
reference points on the buildings on both sides of the construction site.

Figure 1. Plan of the Buildings North and South with Parking garage in-between and location of CPTU
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Subsoil conditions
The quaternary soil sediments in Lake Lucerne where deposited during and after the last glaciation
(Würm). After retreat of the glacier the lake had been dammed by glacial moraine. In this particular
area of Seeburg, the sediments are primarily normally consolidated postglacial lacustrine clay layer
more than 40m thick. Most of the buildings in this area rest on floating piles. Also the new garage
needed to be founded on piles. An in-situ investigation technique was applied to explore the
underground: Static Cone Penetrometer Test with pore pressure measurements: CPTU. The CPTU
provide a continuous soil profile and soil properties can be elaborated. Two static conepenetrometer tests with pore pressure measurement (CPTU) were carried out. CPTU 1 reached 30
m and CPT-2 reached nearly 40 m depth.
The tests were evaluated with the methods proposed by Robertson (1990. 2009) analyzing the
basic measurements with the software CPeTiT. In Figure 2 the soil behavior type classification
without and with normalization to depth are presented for CPTU-2. In the SBT classification the
soil type changes below 23m from clay to silty clay, whereas for the normalized classification
SBTn the soil type remains clay. We consider the normalized classification SBTn more reliable for
this range. The top two meters are formed by fill, between 5 an 6, 9 to 12m, some more silty layers
and organic interlayers were found the soil deposit was changing between silty and clay layers.
Below 12 m essentially only clay is present. A similar profile was found for CPTU-1.

Figure 2. Results from CPTU elaboration: Soil behaviour types (left) and normalized types (right)
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In Figure 3 the profiles of undrained shear strength with depth are shown for CPTU-1 on the left
and for CPTU-2 on the right side. From the surface to about 10 m depth the soil appears slightly
over-consolidated and has some draining layer, in agreement with the classification. From 10 to
21m depth the undrained shear strength indicates in both tests a continuous increase with small
fluctuations of the undrained shear strength. This indicates clean clay. Below approx. 23m peaks of
double the strength appear, these indicate the presence of faster draining layers the clay has silt and
sand layers (varves) enclosed.

Figure 3: Undrained shear strength derived from CPTU 1 (left) and CPTU 2 (right)
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NEW FOUNDATION AND MONITORING SYSTEM
New Pile Foundation

The new garage (Figure 4) is founded on 61 piles that are distributed over the area of the
foundation. The full displacement piles have a diameter of 600 mm and have lost tip made from
cast iron that closes the shaft. The pile shaft is reinforced with seven steel bars d = 22mm over the
entire length. The length of the piles varies from 25 to 31.7m and the required length was
determined based on the penetration of the bottom part of the pile during driving.
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Figure 4. Plan of the foundation with the 61 piles

Dimensions of soil influenced
The foundation has the following dimensions: Width = 20.55 m; Length = 43.15 m; Area = 887
m2. A pile of 600 mm diameter has a cross section of 0.283 m2, is on the average 28 m long and the
first stage with 30 piles has a total volume of 230 m3. The block of soil where the piles are placed
has a volume of 24880 m3 and a lateral surface of 3560m2. The volume of the piles corresponds to
0.93% of the soil volume. If the placement of the piles would lead to a uniform extension of soil
volume over the sidewalls of the block, these should displace laterally by 62 mm.
Limiting displacement of Buildings
The wooden piles are 12m long and a limiting inclination of 1/300 was considered permissible.
Under the assumption that a pile would deviate its length a limiting value of 40 mm horizontal
displacement of the pile cap was fixed.
Monitoring system
The monitoring system (Figure 5) consists of a single automatic theodolite placed on the lateral
building on the western side. On the north buildings 7 monitoring points, each equipped with a
reflector, were placed and on the south buildings 11 monitoring points were placed. Each point was
in direct sight to the transit and measured periodically. The horizontal displacements in north-south
and east west directions were computed, evaluated and plotted. The frequency of the readings was
adapted to the on-going work activities. When no work was going on a single reading at noon was
taken, during pile driving readings were taken every two hours from 6:00 until 18:00, no readings
were taken during the night.
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Figure 5: Monitoring system with theodolite, reference (fix) points and north and south measuring points.
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EXECUTION OF PILES AND OBSERVATIONS

Pile driving started on November 28, 2016 for the first 30 piles and lasted until December 7, 2016.
Then the work was interrupted over New Year until January 22, 2017, when the second phase
started. For this second phase a different construction phasing was used, as will be discussed later.
Observed deformations during first phase of piling
The observed displacements are shown on Figure 6 for the northern buildings and Figure 7 for the
southern buildings. The same measurements in logarithmic time scale are shown on Figure 8 for the
northern buildings and Figure 9 for the southern buildings. During the ten days of driving 30 piles
maximum horizontal displacements of 42 mm on the north side accumulated and 38 mm on the
south side were recorded.
After this construction phase the horizontal displacements had increased, after a few days of
driving from 20 mm (Figure 6, Figure 7) to 40 mm, and exceeded the maximum allowed value of
40 mm. During the following period, over New Year's break with no construction activities, the
horizontal displacements receded to below10 mm. On the diagrams with logarithmic time (Figure 8,
Figure 9) scale the deformation follows a straight line. The time to complete reversal can be easily
extrapolated to be 80 to 100 days.
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Second half of piling
For the second half the piling schedule was changed. On one day with pilling only 5 or 6 piles
were placed, this was followed by two or more days with work rest. After the first days of pile
driving the horizontal displacements of the northern buildings increased to 28 mm (Figure 10) and
those under the south buildings to 20 mm (Figure 11). The displacements dropped a few millimeters
during the pause of pile driving. With the next piling phase the horizontal deformations increased to
40 mm on the north side and to 30 mm on the south side. During the piling pause the horizontal
deformations dropped by 5 mm on both sides. With the next piling phases the same pattern of
movement repeated itself until the end of piling about after three weeks of piling. The maximum of
40 mm was not exceeded. The horizontal displacements were also plotted in function of the
logarithm of time, after January 16, 2017, shown in Figure 12 for the north buildings and in Figure
13 for the south buildings. The long-term behavior can be extrapolated and gives similar results of
complete consolidation after 80 days for the north building and 60 for the south buildings.
5

INTERPRETATION OF THE BEHAVIOUR

During rapid loading or displacement soft clay is undergoing undrained behavior (Ladd, 1991)
during that phase the clay keeps essentially the same volume. The soil is displaced by shear
deformation. Pore pressure may increase and thereafter the clay will consolidate. The observed
consolidation times are rather short for normally consolidated clay. We suspect that during drilling
the full displacement piles in the ground radial cracks have formed that give preferential vertical
flow paths in the clay, thus accelerating the consolidation time.
The work break over Christmas and New Year’s proved to be important that the horizontal
displacement could recede due to consolidation of the soft clay. During the second phase the
horizontal displacement could be kept below 40 mm with the extended driving schedule. The soil
appears to have gained some additional stiffness, as the limit of 40 mm was reached with less piles
placed than for the first half of the pile driving.
The monitoring system allowed to understand the soil behavior and to adapt construction
sequence of the pile driving to the limits of deformation.
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Figure 6 Horizontal Displacements for north building from 18 November 2016 in linear scale

Figure 7. Horizontal Displacements for southern building after November 28, 2018 in linear scale
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Figure 8. Horizontal displacements for northern building in logarithmic scale, after November 18, 2016.

Figure 9. Horizontal displacements for southern building in logarithmic scale, after November 18, 2016.
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Figure 10. Horizontal displacements of northern building in linear scale, after January 17, 2017.

Figure 11. Horizontal displacements of southern building in linear scale, after January 17, 2017.
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Figure 12. Horizontal Deformations in logarithmic scale of northern building after January 16, 2017

Figure 13. Horizontal Deformations in logarithmic scale of southern building after January 16, 2017
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COMPARISONS OF HEAVE AND HORIZONTAL DISPLACEMENTS

During construction of the piles the focus of the evaluation rested on the horizontal displacements
that gave the largest deformations. After completion of the foundation the development of heave
and horizontal displacements at the same monitoring point were analyzed. On Figure 14 heave and
horizontal displacement of monitoring point S9 located at northwestern edge of the south buildings
are shown. Heave follows the horizontal displacement with same shape but about half of the total
horizontal displacements.
On Figure 15 monitoring points N1, eastern edge of north buildings and point N6, southwestern
edge of north buildings are compared. The horizontal displacements are the largest in N6, the
western side being blocked by the transverse building (Figure 5). Near point N1 the ground was
able to move “freely” towards the street and horizontal movement of N1 was only about 10 to 15
mm, similar as the heave in N1 and N6. In N6 heave was about one third of the horizontal
displacements. The discrepancies may be explained by different constraints of buildings around the
piling.
These supplemental interpretations gives additional insight to the behavior of the underground
during construction that would be otherwise be difficult to find.

Figure 14. Heave and horizontal displacement for the Monitoring point S9 with largest horizontal displacement
for south buildings.
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Figure 15.. Heave and horizontal displacements for monitoring points N1 and N6 of north buildings.

7

CONCLUSIONS

The automated geodetic monitoring system allowed monitoring the movements induced by the pile
driving from the beginning of the piling work with recorded reference values before. The first 30
piles were driven within one week and induced 40 mm displacement that displacement receded over
about one month to 10 mm.
The second half of the piles was driven with an adapted schedule. 5 to 6 piles were driven on one
day and then a pause of one to three days was kept. The peak displacements could be kept below
the limiting value. The northern buildings underwent displacements that were about 10 mm larger
than the southern buildings. This might be explained by different stiffness of the soil as a similar
difference in the undrained shear strength (Figure 3) can be noted.
The success for solving the foundation issues lies in the automated monitoring system that was
planned and installed in time and allowed the recording of the base line values and the
displacements as they occurred over time. The elaboration of the monitoring data was rapid and was
available within hours of the last reading. A well planned monitoring program and good
interpretation can make construction safer.
From more detailed analysis of heave and horizontal displacements at the same point and
comparing them to other points more insight on the behavior of underground and interaction with
the structures could be gained.
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