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1 Ausgangslage & Ziel 

Das Forschungsprojekt behandelt im Boden eingespannte Blockfundamente, welche im Bahnbau 
vor allem zur Fundierung von Fahrleitungs- und Signalisationsmasten, sowie von Lärmschutzwän-
den eingesetzt werden. Im Vordergrund des Forschungsvorhabens steht, die vorherrschende Be-
messungspraxis bei Anwendung in weichen Böden weiterzuentwickeln. 

2 Herangehensweise 

Das Tragverhalten von im Boden eingespannten Blockfundamenten wird durch Modellversuche, 
welche in der geotechnischen Armzentrifuge der ETH Zürich durchgeführt werden, studiert. Durch 
die Anwendung der Zentrifuge wird sichergestellt, dass die untersuchten Modelle im Vergleich zur 
Realität annähernd spannungstreu sind und somit Massstabseffekte bei Modellversuchen elimi-
niert werden können. Im Fokus der bisherigen Arbeiten lag denn auch die Ausarbeitung möglichst 
aussagekräftiger Modelle, welche in der Zentrifuge Belastungsversuchen unterzogen werden kön-
nen. Zu aussagekräftigen Modellen gehören einerseits Fundamentgeometrie und Belastungsgrös-
sen, andererseits ein realitätsnaher Bodenaufbau. Aus diesem Grund wurden zur Erarbeitung aus-
sagekräftiger Modelle in einem ersten Schritt Beispielprojekte aus der Praxis recherchiert und zu-
sammengetragen, um wichtige Randbedingungen für die Erarbeitung eines ersten Versuchspro-
grammes zu legen. 

3 Ergebnisse 

Das Versuchsprogramm der ersten Versuchsreihe konnte zusammen mit den Ansprechpartnern 
der Allianz Fahrweg besprochen und abschliessend definiert werden. Entsprechende Versuchs-
vorbereitungen wurden daraufhin in Angriff genommen und konnten auch erfolgreich abgeschlos-
sen werden. 
Das zu verwendende Tonsediment (Birmensdorfer Seebodenlehm) wurde hinsichtlich einer mögli-
chen Konsolidation einem ersten Vorversuch in der Zentrifuge unterzogen (vgl. Abbildungen im 
Anhang). Die Erkenntnis daraus ist, dass die Vorkonsolidation des initialen Tonschlammes zur Er-
stellung der geforderten Bodeneigenschaften des Tones statisch vollzogen werden muss und nicht 
in der Zentrifuge erfolgen kann, da die Konsolidation in der Zentrifuge zu zeitintensiv ist und das 
Gerät für zu lange Zeit in Anspruch nimmt. Mittlerweile wurde eine deutlich kleinere Bodenprobe 
im Grossödometer konsolidiert und die Steifigkeit des Bodens gemessen. Die Resultate zeigen, 
dass durch die statische Konsolidation die gewünschte Ausgangssteifigkeit erreicht werden kann. 
Momentan laufen die Vorbereitungen (Beschaffung der nötigen Gerätschaften) für die statische 
Konsolidation des Tonbodens in Echt-Grösse für die Zentrifugenmodellversuche. 
Die Erstellung des Modellfundamentes direkt im Boden funktioniert mit den entwickelten Hilfsmit-
teln (vgl. Abbildung Anhang). Die Aufbringung der Horizontal-Last und die Messung der Verfor-
mungen über DIC (Digital Image Correlation) wurden getestet. Mittlerweile wurden 4 Versuche in 
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gesättigtem Sand erfolgreich durchgeführt (vgl. Abbildung Anhang). Die Auswertung der Daten 
und die Evaluation erforderlicher Änderungen am Versuchsaufbau laufen gerade. Das For-
schungsteam geht momentan davon aus, dass die weiteren Versuche der ersten Reihe (alle Ver-
suche in weichen und geschichteten Böden) in der ersten Hälfte des Jahres 2025 durchgeführt 
werden können. Dies ist deshalb nicht früher möglich, weil dazu erforderliche Versuchsteile Be-
stell-Verzögerungen erfahren haben und die Konsolidation der Tonproben frühestens im Januar 
2025 starten kann. Die allgemeine Verzögerung gegenüber dem ursprünglichen Projekt-Zeitplan 
ist, wie bereits erwähnt, einerseits auf die Komplettsanierung des Forschungsgebäude «HIF» der 
ETH und andererseits auf einen gewissen «Projektstau» infolge der Corona-Pandemie zurückzu-
führen. 
 
Das Forschungsteam hat die ersten Erkenntnisse aus den Versuchen an der «5th European Con-
ference on Physical Modelling in Geotechnics» in Delft, im Oktober 2024 mittels Paper und Vor-
trag vorgestellt. Das Paper befindet sich im Anhang. 
 
Weiter wird in diesen Tagen ein Abstract für die «International Conference on Soil Mechanics and 
Geotechnical Engineering» (ICSMGE) im Juni 2026 in Wien eingereicht. Darin sollen erste Er-
kenntnisse aus den Zentrifugenmodellversuchen insbesondere im Vergleich zum analytischen Mo-
dell von Steckner diskutiert werden. Der Abstract befindet sich ebenfalls im Anhang. 
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4 Anhang 

 
Abbildung oben: Herstellung des Modellfundamentes im Sandboden (Bild: HSLU & ETH) 
 
Abbildung unten: links: slurry-Konsolidationsvorrichtung auf Zentrifuge; Mitte: Konsolidationsvor-
richtung mit Porenwasserdruckgebern (Kabel); rechts: Entnehmen von Bodenproben aus dem 
konsolidierten Tonsediment. (Bilder HSLU & ETH) 
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Abbildung oben: Fertig betoniertes Blockfundament im Sandboden (Bild: HSLU & ETH) 
 
Abbildung unten: Fundament mit Mastaufbau und Laser-Erfassungs-Platten (Bilder HSLU & 
ETH) 
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ICSMGE 2026 – Wien, Österreich 
 
ABSTRACT 
 
Authors: 
Gregor Portmann; HSLU – Engineering & Architecture, Institute of Civil Engineering 
André Arnold; HSLU – Engineering & Architecture, Institute of Civil Engineering 
Ralf Herzog; ETH Zurich – Institute for Geotechnical Engineering 
Ioannis Anastasopoulos; ETH Zurich – Institute for Geotechnical Engineering 
 
Block foundations for railway infrastructure: comparison of physical model test results to 
analytical design approaches 
 
Block foundations have been used to support overhead lines in railway infrastructure for decades. 
They are reinforced concrete (RC) embedded foundations, designed to resist horizontal and moment 
loading from a catenary mast. Sulzberger (1945) developed an analytical approach for the service-
ability-design, which was extended by Steckner (1989) for inclined terrain and supplemented by a 
new method for analysing ultimate limit state. The Steckner and Sulzberger methods form the basis 
for the design of block foundations by the Swiss Federal Railways (SFR). The validity of the theory, 
especially for soft- or saturated soils is investigated with the aid of lateral pushover tests conducted 
at the ETH Zurich geotechnical beam centrifuge. The main objective is to derive better understand-
ing of the load-bearing response of block foundations in soft soils, and to identify the potential for 
design optimization. The paper offers a brief overview of the conducted test series in saturated sand. 
The experimental setup is discussed, along with the developed methodology to directly cast the 
block foundation into the soil. Representative results are presented and compared with the Steckner 
and Sulzberger analytical approach. 
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ABSTRACT: Block foundations have been used to support overhead lines in railway infrastructure for many 

years. Steckner (1989) and Sulzberger (1945) have developed an analytical design approach for block foundations 

subjected to horizontal and moment loading coming from the catenary mast. Recently, block foundations for 

railway infrastructure are built in more complex soil conditions, such as soft, fine-grained, layered sediments. 

The existing analytical design approach of Steckner and Sulzberger was not developed for such soil conditions, 

and therefore needs to be revised and extended for this type of soils. The load-bearing behaviour of block 

foundations in such soft soils is investigated through lateral pushover tests in the ETH Zurich geotechnical beam 

centrifuge. The paper focuses on the development of the experimental setup, such as the actuators used to apply 

horizontal loading on the catenary mast, the on-site created block foundation including details for attaching the 

mast, and the instrumentation to measure the deformation of the block foundation via mast-displacements in the 

horizontal and vertical direction. The first results of centrifuge model tests in sandy soils are described and 

critically discussed. 

 

1 INTRODUCTION 

A block foundation is a prismatic single foundation 

embedded in the ground, with its dimensions lying 

between a shallow foundation and a pile. According to 

Steckner (1989), a block foundation is characterised 

by a ratio of width B to embedment depth D in the 

range 2/3 ≤ D/B ≤ 4. Block foundations are used to 
support overhead lines in railway infrastructure. Their 

load-bearing behaviour in terms of horizontal and 

moment loading is described with an analytical model 

given by Steckner (1989) and Sulzberger (1945). The 

use of such analytical model for the dimensioning of 

block foundations has been proven in practice for soils 

with an internal friction angle ϕ’ ≥ 27° and soil 

stiffness ME > 12 MPa for fine grained (clayey and 

silty) soils, or ME > 25 MPa for coarse grained (sandy 

to gravelly) soils (e.g. internal documents of the Swiss 

federal railways SFR).  

However, in soft soils with ME ≤ 12 MPa, block 
foundations are often supplemented by piles due to the 

low soil stiffness and strength. There are certain types 

of fine-grained soils, such as lake deposits with some 

glacial preloading, where block foundations could be 

used without additional piles, as the soil stiffness could 

be high enough. In these cases, it is a matter of ongoing 

discussion whether the analytical model of Steckner 

(1989) and Sulzberger (1945) can be considered 

appropriate for dimensioning tasks. 

Centrifuge modelling can shed more light into the 

problem, offering experimental evidence on the load-

bearing behaviour of block foundations in soft soils, in 

soils with a high water table and block foundations on 

a slope. Such experimental data can be instrumental 

for the improvement and potential revision of the 

analytical models used in practice. 
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2 ANALYTICAL MODEL GIVEN BY 

STECKNER (1989) 

This section briefly discusses the main aspects of the 

model of Steckner (1989). The model is not described 

in detail, as the calculation mode is not clearly 

organised and rather time consuming. However, 

Steckner (1989) does account for the earth pressures 

that act on the block foundation, as well as a base 

resistance Nu which is related to the bearing capacity 

of a shallow foundation. The model also accounts for 

the friction (R0; R’0) that acts on the two side walls of 

the block foundation. Both, earth pressures and friction 

are dependent on an initial unknown pole of rotation 

of the block foundation, given with the so-called zero 

line with the distance y to the bottom of the foundation 

(Figure 1). 

Steckner (1989) calculates a critical value of a 

resisting moment Mu, which the foundation is able to 

sustain at ultimate limit state, taking into account 

active- and passive earth pressures, base resistance Nu 

and friction on the side walls (R0; R’0). 

 
Figure 1: Earth pressures and base resistance Nu acting on 

the block foundation after Steckner (1989). 

 

It is noticeable that Steckner (1989) does not consider 

any plausible failure mechanism in the surrounding 

soil due to horizontal- and moment loading of the 

block foundation. Instead, the method accounts for the 

fully mobilised active and passive earth pressures, 

independently of the deformation of the block 

foundation in the soil. 

Additionally, Steckner (1989) proposed an 

analytical model to calculate the serviceability of 

block foundations. The latter is based on the Winkler 

(1867) method and the subgrade reaction modulus ks. 

The independent springs of stiffness ks in the analytical 

model are placed on the side wall, where the 

foundation is leaning due to horizontal- and moment 

loading. As ks is unknown and depends on the 

mobilisation of passive earth pressure, Steckner 

assumes an increasing ks with depth, depending on the 

friction angle ϕ’ of the soil. However, the 

dimensioning in terms of serviceability of hundreds of 

block foundations in recent years shows that the 

approach of Steckner (1989) tends to give good results 

for coarse-grained soils with ϕ’ ≥ 30°. For fine-grained 

and rather soft soils, the determination of ks is highly 

uncertain. Therefore, the serviceability analysis model 

should be improved.  

3 PHYSICAL MODELLING 

The load-bearing behaviour of block foundations in 

soft, saturated soils will be investigated through lateral 

pushover tests in the ETH Zurich geotechnical beam 

centrifuge. Indicative results of the first model test in 

saturated sand, conducted at 30g, are presented herein. 

3.1 Soil materials 

Saturated Perth Sand (Buchheister, 2007) is used for 

the centrifuge model test presented herein. It is, 

however, planned to conduct centrifuge model tests in 

soft soils using Birmensdorf-Clay (Weber, 2007). 

3.2 General test setup 

In the prototype problem (reality), block foundations 

are built in-situ, pouring concrete into an excavation of 

the required size. This results in the block foundation 

having a rough surface, and typically being slightly 

larger than the planned foundation size. As soil-

structure interaction (SSI) is expected to have a 

significant influence on the load-bearing capacity, the 

model foundations are produced in a similar way as the 

prototype foundations. The procedure is explained 

step by step below: 

• Perth Sand (Buchheister, 2007) is poured in a 
strongbox (ø 750 mm) using an automated sand 

pluviator to achieve a uniform density (target value 

γd = 16.6 kN/m3 which corresponds to a relative 

density of ID = 71.4%). The final depth of the sand 

layer is 400 mm. 

• The sand layer is saturated under vacuum and 

desaturated afterwards to maintain suction for the 

model foundation construction. 

• With the help of a base plate and a specially made 

mould, the sand is excavated according to the 

planned foundation dimensions (Figure 2a). 

• As soon as the excavation for the model foundation 

is completed, four threaded rods, required for the 

subsequent assembly of the mast, are positioned 

using a 3D printed template (Figure 2b). 
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• Finally, the foundation is concreted through the 

template to 2/3 of the height with a self-

compacting, low shrinkage and quick binding 

cementitious mortar (FIXIT 586 with a water-

cement ratio of 0.24). After one hour, the 
installation aid is removed and the rest of the 

foundation is concreted (Figure 2c & d). 

 
Figure 2: Production of the model block foundation: (a) tool 

used to maintain the excavation geometry; (b) finished 

excavation and preparation of the template with the 

threaded rods; (c) filling the last third of the block 

foundation with FIXIT 586; and (d) finished block 

foundation. 

 

The prototype block foundation is 1.2 m x 1.2 m x 

2.4 m (width x length x depth). According to scaling 

laws (Garnier et al., 2007), at a scale of 1:30 (testing 
at 30g), this translates to a model foundation of 40 mm 
x 40 mm x 80 mm. 

The model of the catenary mast is produced using 

a 3D printer (Mark Two from Markedforged). This 

FDM (Fused Deposition Modelling) printer uses a 

nylon material, mixed with microfibres. To further 

increase the strength, the printer's capability to lay 

carbon fibre is used. Together with a rectangular cross-

sectional mast, instead of an I-beam, this results in a 

stiff catenary model mast weighing 78 grams (Figure 

3).  

After the installation of the mast, the Perth Sand is 

again saturated for the pushover test. Care is taken to 

ensure that the entire model is submerged with 5 mm 

of water at 1g. This ensures that the water level at the 

foundation is at the top edge of the terrain during the 

test (curvature of the water during centrifuge test). 

3.3 Loading & measuring devices 

The loading device consists of a displacement-

controlled electric actuator, acting on the top of the 

catenary mast with a defined lever arm of 283 mm. The 

actuator is equipped with a 200 N load cell to measure 
the displacement-dependent load. The horizontal 

displacement of the actuator is measured with a laser 

sensor, located opposite to the actuator (Figure 4). 

 
Figure 3: Catenary mast placed on top of the foundation. 

 

The loading device is guided by rollers (not installed 

in Figure 4a but shown in Figure 4b & c), resting on 

the support frame in order to minimise the bending on 

the actuator- and load cell-system due to high g-level. 

Finally, two cameras are used to perform a DIC 

(Digital Image Correlation), which allows the pole of 

rotation of the mast to be recorded during the test. 

The catenary mast is loaded horizontally in a 

displacement-controlled mode, with a velocity of 

0.01 mm/s.  

3.4 Scaling considerations 

The stiffness scaling of the catenary mast at model 

scale was not a priority because the main interest lies 

in the load-bearing behaviour of the block foundation 

itself. Therefore, the mast serves only as a load 

application to the block foundation. As long as the 

connection between mast and foundation is rigid, the 

deformations of the foundation through DIC analysis 

can be determined separately from the mast 

deformations. 

The scaling of the mass of the foundation and the 

catenary mast are crucial, as they strongly influence 

the load-bearing behaviour of the block foundation. A 

greater weight of foundation and mast means that the 

foundation is able to transfer more horizontal load to 

the subsoil. The scaling of the foundation mass is 
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straightforward as the material of the model 

foundation has approx. the same density as the 

prototype foundation. The scaling of the force given 

by the self-weight of the catenary mast and acting as a 

vertical load V (Figure 1) on the block foundation is 

done via the comparison of the vertical stresses on the 

bottom of the block foundation given by the mast load 

V. The approx. weight of a prototype-scale catenary 

mast is 800 kg which is equal to V = 8 kN. This results 

in a vertical stress σ’v equal to approx. 5.5 kN/m2 at 

prototype scale. To induce the same stress σ’v at model 

scale at 30g V is equal to 8.8 N. This means that the 

self-weight of the catenary mast at model scale should 

not exceed 30 grams (8.8 N at 30g).  
 

 
Figure 4: Experimental setup: (a) showing the actuator 

used to apply horizontal loading to the top of the catenary 

mast, and the two DIC-cameras installed near the sand 

layer (below the support frame) and the top of the block 

foundation respectively; (b) and (c) showing details of the 

guiding rollers. 

4 FIRST TEST RESULTS 

A first centrifuge test at 30g has been carried out at 

displacement-controlled mode with a block foundation 

in Perth Sand. Indicative results are presented in 

Figure 5 in terms of force-displacement response. 

Unless otherwise stated all results are presented in 

prototype scale. The force is applied at the catenary 

mast top (8.43 m above the foundation). The head 

deformation could be measured up to about 1.1 m, due 

to the limited range of the laser sensor. Beyond the 

range of the laser sensor, the displacement is 

determined using the known actuator speed (all data 

was recorded over time). 

Figure 5 shows an increase in horizontal load up to 

approximately 27 kN, which can be considered as the 

ultimate limit state of the block foundation. Figure 6 

shows the deformed state of the block foundation in 

the sandy soil after the test. The foundation has tilted 

by approximately 6° at the end of the test.  

 

 
Figure 5: Horizontal force-displacement response of the 

block foundation (no unloading inflight). 
 

 
Figure 6: Block foundation after the pushover test. 

 

Provided that the centre of rotation is at the bottom of 

the foundation, a rotation angle of approx. 7.6° at the 

end of the test can be calculated from the data shown 

in Figure 5 (the foundation has a height of 2.4 m). The 

theoretical angle of rotation is therefore greater than 

the angle measured during dismantling (Figure 6). 

There are two possible reasons for this finding:  

• The mast is not adequately stiff and undergoes 

therefore greater deformation than the foundation. 

• The pole of rotation of the foundation itself is 

lower than the base of the foundation. 

The base stiffness of the mast was analysed during 

the test using image data. As it can be seen in Figure 

7, the base of the mast deforms significantly during the 

pushover test. The laser measurement at the top of the 

mast also includes the flexural deformation of the mast 

which explains the difference in the measurements. As 

the reference surface for the DIC analysis is located on 
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the base of the mast, the pole of rotation for the 

foundation cannot be reliably determined in the 

present test, as the angle α (Figure 7) which stands for 

the rotation of the mast in relation to the block 

foundation is unknown and constantly changing 

during the pushover test. 
 

 
Figure 7: Deformed mast base plate during the centrifuge 

pushover test. 

5 CONCLUSIONS 

The results of a first centrifuge test in sand showed that 

the stiffness of the 3D-printed catenary mast is not 

adequate, especially its connection to the block 

foundation is the one that deforms. Therefore, to 

correctly measure the rotation of the block foundation 

at ultimate limit state, additional laser measurements 

from different positions need to be combined with the 

DIC measurements. A stiffer catenary mast would be 

necessary to achieve more rigid response, but its 

construction is not straight forward, as its dead weight 

also needs to match that of the prototype which is not 

given so far.  

The available DIC-data will be analysed in a next 

step to see whether enough information on the 

deformation behaviour of the mast itself is available. 

The base detail of the catenary mast will be improved 

for the subsequent tests, and more focus will be given 

on the measurement of the deformation of the 

foundation itself with lasers at different positions. As 

of now, it seems reasonable to directly connect the 

reference surface required for the DIC analysis to the 

foundation and thus make it independent of any mast 

deformation. 

The unloading of the block foundation will also be 

conducted inflight for the subsequent tests to ensure 

proper control measurements on the deformed block 

foundation upon dismantling. 
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