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1. INTRODUCTION 
 

The Institute and Laboratory of Geotechnics of the Technische Universität Darmstadt is 
performing research activities on several geotechnical research fields. These activities are  
divided up into basic research and applied research which is performed in close cooperation to 
contractor enterprises during the planning, design and execution of high-tech projects, e.g. the 
high-rise buildings in Frankfurt am Main like the Commerzbank building or the MAIN 
TOWER which is the first high-rise in Frankfurt using the subsoil as a seasonal thermal 
storage.  

The interaction between economy and science led to a lot of cognitions of which all have 
been implemented in challenging projects for an economical and ecological optimization of 
geotechnical methods. Some of the recent research and development projects are displayed in 
the following chapters. 
 

2. THE  INCREASE  OF  PASSIVE  EARTH  PRESSURE  DUE  TO  THE 
DOWEL  EFFECT  OF  FOUNDATION  PILES 

 
In Frankfurt am Main most recent high-rise buildings are founded on a Combined Pile Raft 

Foundation (CPRF) because of the settlement sensitivity of the tertiary “Frankfurt clay” 
(Katzenbach et al. 1999). The construction of a CPRF is usually combined with a deep 
excavation. Geotechnical measurements on retaining structures within different high-rise 
building projects in Frankfurt am Main have shown that the observed wall displacements are 
much less than predicted which is partially caused by the dowel effect of the foundation piles 
nailing the earth wedge in front of the wall (Fig. 1).  
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Fig. 1 Section of the doweled earth wedge. 
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For quantifying the increase of the passive earth pressure due to this effect a “numerical 
test series” – built up on a small scale model test series – was carried out with more than 500 
single finite element simulations. After the validation of a basic numerical model by back 
analysis of the 1g small scale model test series geometrical dimensions like the distance 
between the first pile row and the retaining wall and the material parameters were varied 
within the investigation to gain knowledge about their influence on the earth pressure.  

The increase of earth pressure by means of the dowel effect is expressed by the 
displacement-dependent earth pressure increase factor αEEF that represents the relation 
between the earth pressure with dowel piles and the earth pressure without dowel piles: 

 

)u(
)u(E
)u(E

EEF
pileso/w

pileswith
EEF α==α  

 
The earth pressure increase has been determined for all parameter constellations varied 

within the simulation series. Figure 2 exemplarily shows the dependence of the earth pressure 
increase factor on the distance between the retaining wall and the dowel pile’s axis. The 
results of the numerical investigations show an increase of earth pressure leading to an 
effective reduction of the embedment depth of the walls and thus to a cost-optimization for 
excavation pits (Katzenbach et al, 2004). 

 
Fig. 2. Earth pressure increase factor αEEF in dependence of the pile-wall-distance 
 

3. RECENT  DEVELOPMENTS  IN SOIL  IMPROVEMENT  UNDER 
RAILWAY  LINES  ON  SOFT  SOIL  

 
The dynamic soil-structure interaction of railway lines depends on many aspects like the 

shear modulus and damping ratio of the soil as well as the frequency and amplitude of the 
dynamic loading. On normal soils the dynamic response of the ground increases 
approximately exponential when the train speed increases linear. This behaviour is identified 
as the “high speed phenomenon” (Holm et al. 2002). Measurements performed within a 
R&D-project which was executed for the Deutsche Bahn (German National Railway) clearly 
show that in soft soil conditions the mentioned phenomenon appears also in the “normal 
speed” range up to 150 km/h (Katzenbach & Ittershagen 2003). One countermeasure to 
reduce the oscillations respectively the particle velocities of the ground and thus consequently 
the long term deformations of the track bed is to increase the stiffness and the dynamic 
stability of the layer by a column shaped soil improvement.  
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To get more information about the influence of the soil improvement arrangement and 
depth experimental field test (Fig. 3) were initiated and performed in conjunction with the 
German National Railway Administration. The soil improvement was done by Lime-Cement 
Columns (SGF 1997). The subsoil in the testing area consists of a 10 m deep layer of soft soil 
with an embedded peat layer of maximum 1.5 m thickness; groundwater head was 1 m below 
the surface. The ground reactions were observed by acceleration measurements at the sleepers 
and in three various depths in the ground. Beyond this dynamic pore water pressure and 
vertical stress measurements where carried out. 

The following conclusions are achieved 
from the measurements: 

1. The soil improvement leads to a 
significant decrease in the vertical 
oscillations of the ground and the sleepers 
compared with the unimproved test track. 

2. Pore water pressure measurements shows 
that only a very small amount of the stress 
in the ground is transferred into the fluid 
phase. 

3. Due to the higher permeability of the 
Lime-Cement matrix the increase in pore 
water pressure during the train crossing 
compared with the unimproved test track 
is lower. 

4. A duplication or triplication of the Lime-
Cement Column quantity leads not to an 
equivalent reduction of the measured 
dynamic response of the track system and 
the ground (Fig. 4). 

5. The frequency of the dynamic loading is 
dominated by the train speed and the 
distance of the axis. 

 
To transfer the achieved knowledge from the experimental field tests on other ground 

conditions a numerical model by means of nonlinear dynamic finite element modeling was 
developed and calibrated. The numerical model takes account of the nonlinear shear strain vs. 
shear modulus G/Gmax respectively the nonlinear soil damping relationship based on the 
approach of Dorby et al. (1987). This new numerical model is able to give valuable 
information for the design of railway lines based on soft soil conditions.  
 

4. THE  DOUBLE  FUNCTIONAL  DEPLOYMENT  OF  PILES  AS 
FOUNDATION  AND  HEAT  EXCHANGING  ELEMENTS 

 
Usually piles are used for the foundation of a building. But these piles could be apart from 

their static function also used for the environmentally friendly heating and cooling of 
buildings. Because of the double function the piles are called energy piles. In an energy pile 
heat exchanger tubes of plastic are embedded. These tubes are attached to the reinforcement 
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Fig. 3   Layout of the field experiment 

Fig. 4   Results of the field experiment 
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cage. Water is pumped through the heat exchanger tubes as heat exchanger fluid. In 
comparison with the surrounding ground, the heat exchanger fluid is warmer or cooler in 
order to absorb the existing energy of the subsoil. In most cases the transfer of the absorbed 
energy to the installation is carried out by heat pumps or by heat exchangers. Figure 5 shows a 
schematic view and a photo of the equipped reinforcing cage of an energy pile. 
 

A further possibility for the use of energy piles is based on the storage of energy in the 
subsoil. Energy is transferred to the subsoil from the exterior and stored until it is needed. In 
this way, e.g. solar energy or process-caused waste heat can be stored. Energy piles could 
load and unload the so-called seasonal thermal storage. The three self-contained system 
cycles for a seasonal thermal storage are shown in figure 6 (Katzenbach et al. 1998a): 
• System 1 consists of the energy piles in the subsoil, 
• System 2a consists of the installation of the building services for heating and 
• System 2b consists of the installation of the building services for cooling. 
 

The process is optimised if energy for heating is withdrawn from the soil in winter and thus 
a cooling of the soil arises. In summer the cooled down soil can be used for cooling the 
building. By this the surplus amount of heat is drawn off the building into the soil and thus the 
necessary temperature level for winter operation can be reached again. A reliable, cost 
efficient, environmentally friendly (reduction of CO2-emissions) and resource gentle 
(reduction of the use of primary energy) heating and cooling of residential, office and 
commercial buildings could be achieved by piles, which are used as foundation and heat 
exchanging elements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5. NANOMECHANICAL  APPROACH  TO  MATERIAL  MODELLING  IN 
GEOTECHNICS 

 
A wide range of construction techniques are applied in geotechnical engineering where soil 

is retrieved, displaced and remoulded during construction. The efficiency of construction 
machinery generally results from the interaction between the performance of machinery tools 
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Fig. 5: Energy pile 
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and the modifications created to the soil characteristics. From the theoretical point of view 
these processes can be modeled more accurate by using the 3D Distinct Element Method 
(DEM) than by approaches based on the continuum theory. In Distinct Element models the 
soil is modelled by an assembly of particles where every single particle is interacting with it’s 
neighbours by normal and shear forces as well as by transmitting moments (Fig. 7). Every 
single particle can loose its contact with neighbouring particles and form new contacts 
depending on forces acting on the particle and its environment (Cundall & Strack 1979). 
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Fig. 7 Simplified particle shape and contact behaviour 
 

Nanomechanical particle simulations using PFC3D have been carried out in order to assess 
the range of parameters influencing the stress-strain behaviour of an assembly of rigid 
particles. The stress-strain response of spherical and non-spherical particles under triaxial and 
oedometric loading in comparison to laboratory tests and finite element simulations have been 
investigated in order to assess corresponding simulation parameters (Katzenbach & Schmitt 
2004). 
 
 

    
 
a) b) 
 
Fig. 8 
Different packing of spheres for numerical simulation of triaxial testing (a) and oedometric 
loading in a compression test (b) 
 
 

Little is known yet on what is really happening when construction tools are interacting 
with soil and how these tools could be optimized without using cost-intensive full scale 
modelling in the sense of a virtual prototyping. In this context piling seems to be one of the 
most necessary and powerful technologies to start with. 
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Fig. 9 
DE-Model for a single pile (segment) (a), observation spheres within the soil body and 
lines presenting the value of contact forces (b), basic model for simulating drilling (c) 
 

It is well known that the efficiency of piling methods, where soil is retrieved and methods 
that make use of soil displacement during drilling, result from the interaction between the 
performance of drilling equipment and the modifications created by the drilling process to soil 
characteristics. Using DEM could certainly result in a much better understanding of what 
really happens in the soil (Schmitt & Katzenbach 2003) and clarify questions related to 
optimize drilling tools in the future. 
 
 

6. COMBINED  PILED  RAFT  FOUNDATIONS  SUBJECTED  TO 
HORIZONTAL  LOADING 

 
Compared to traditional pile foundations where building loads are assumed to be 

transferred to the soil only by piles, the Combined Pile-Raft Foundation (CPRF) is a rather 
new approach. A CPRF is consisting of the three bearing elements piles, raft and subsoil. The 
load share between piles and raft is taken into consideration and the piles can be used up to a 
load level equal or greater than the bearing capacity of a comparable single pile. This design 
concept can lead to a considerable cost reduction for foundations of more than 50 % 
compared to the traditional pile foundations.. But also for horizontal loading it is possible to 
obtain a very economic foundation design and to reduce the movements by using a CPRF. 
Comparable to vertical loaded CPRFs, where piles are used to reduce settlements and 
differential settlements in order to guarantee the serviceability of the construction, horizontal 
loads are transferred to the piles and a reduction of horizontal displacements occurs. 
Especially for buildings which are very sensitive concerning horizontal displacements – e.g. 
like the new exhibition hall 3 in Frankfurt am Main (Katzenbach & Turek 2004) – stability 
and serviceability could be insured by using a CPRF. 
 

The new exhibition hall 3 is with a length of 210 m, a width of 130 m and a height of 45 m 
the new exhibition hall one of the biggest exhibition halls in Europe. The roof with a free span 
of 165 m was designed as a double curved three-dimensional load bearing structure consisting 
of 5 arched compression trusses and 6 arched tension trusses.  
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 a) b) 
Fig. 10 
Sketch (a) and construction of the “A-frame” (b) 
 

The vertical and horizontal loads of the roof and its bearing structure are set upon an “A-
frame” which is founded on a CPRF. The design of the applied CPRF is optimized for the 
horizontal and thus high-graded eccentric loading of the “A-frames” of the exhibition hall. 
The qualification of the CPRF designed for horizontal loading has been proved by an 
accompanying program of geotechnical measurements. 
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