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Preface

This report describes theLarge Universal Shell Element Tester(LUSET) at the Institute of Structural
Engineering (IBK) of ETH Zurich. The purpose of the report is to serve as a reference for future users
of this new testing facility, which was commissioned in June 2017.

The idea of building the LUSET was born in 2014, when I was appointed as Professor of Structural
Engineering at ETH Zurich. While the initial plan was to build a modern version of the University of
Toronto's Shell Element Tester (SET), the LUSET now combines the loading possibilities of the SET
with those of the Panel Tester (PT), another pioneering testing machine at the University of Toronto, at a
larger scale. Hence, the LUSET is currently the world's largest and most versatile experimental facility
of its kind, which may hold as an excuse for the bold name we chose for it.

The LUSET was conceived, designed, procured and commissioned entirely in-house at the IBK. In
order to optimise its capabilities, capacities, and cost, the procurement was divided into four lots (steel
frames, yokes, hydraulic system, control system), each put to public tender. In spite of the high demand
on project coordination caused by this approach, the LUSET was successfully commissioned within the
available budget and only a few months later than initially envisaged. This success would not have been
possible without the support and contributions of many people and companies, who are acknowledged
by the authors in the appropriate sections of this report.

However, the most signi�cant contributions were made by the co-authors of this report, whom I
therefore want to thank in the �rst place: Alexander Beck and Demis Karagiannis, my two �rst doctoral
students, joined the enterprise of building the LUSET in 2014, when it was more a vision than a project.
Both had returned to ETH after working for several years as structural engineers, and their industry
experience, skills and commitment were key to the successful completion of the project. Dominik Werne,
our Structures Laboratory manager, dedicated a lot of thoughts, time and effort to �nd optimal solutions
for the hydraulic and control systems of the LUSET and, last but not least, proposed and managed to
accommodate the supports of the LUSET in the basement of our laboratory, which greatly facilitates its
everyday use.

Since its commissioning, more than 30 experiments have already been carried out in the LUSET,
and it is hoped that many more will follow in the next years. This research will hopefully contribute to
avoid unnecessary strengthening of existing structures, and to design more ef�cient new structures in the
future.

Zurich, November 2019 Prof. Dr. Walter Kaufmann





Abstract

A new testing facility to investigate the load-deformation behaviour of large-scale reinforced concrete
shell elements has been developed at ETH Zurich: TheLarge Universal Shell Element Tester(LUSET).
The LUSET enables the testing of reinforced concrete elements with in-plane dimensions of 2.0 x 2.0 m
and a variable thickness of up to 0.38 m. The specimens can be loaded homogeneously by arbitrary
combinations of all eight independent stress resultants of a shell element. The present report aims to
serve as a reference for future users of the LUSET, as well as researchers that are using the results of
experiments carried out in the LUSET and would like to get a more detailed overview of its characteristics
and the boundary conditions of the specimens.

In the �rst part of this report, the motivation for developing the LUSET is outlined, followed by a
detailed description of its basic concept, capacities, and limitations.

In the second part, the different components of the LUSET and their interfaces are described. These
are the hardware parts, including the reaction frame, the load introduction elements and the hydraulic
components, as well as the control software consisting of a low-level and a high-level controller. In
addition, an overview of the speci�cations of all built-in and external measurement systems is provided.

The �nal part describes the pilot test series, consisting of four panel tests and carried out successfully
in 2017; these tests were performed in order to validate the functionality of the test setup. This is followed
by a general overview of additional testing possibilities in the LUSET. The pilot test series consisted of
four panel tests and was successfully carried out in 2017.
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Kurzfassung

An der ETH Zürich wurde eine neue Versuchsanlage zur Untersuchung des Last-Verformungsverhaltens
von Stahlbeton-Scheibenelementen entwickelt: DerLarge Universal Shell Element Tester(LUSET). Der
LUSET ermöglicht die Prüfung von Stahlbetonelementen mit Abmessungen von 2,0 x 2,0 m in der Ebene
und einer variablen Dicke von bis zu 0,38 m. Die Versuchskörper können durch beliebige Kombinatio-
nen der acht unabhängigen Spannungsresultierenden eines Schalenelements homogen belastet werden.
Der vorliegende Bericht dient dabei als Referenz, einerseits für zukünftige Nutzer des LUSET und an-
dererseits für Forscher, welche die Ergebnisse von im LUSET durchgeführten Experimenten nutzen und
sich einen detaillierten Überblick über dessen Eigenschaften und die Randbedingungen der Versuche
verschaffen möchten.

Im ersten Teil dieses Berichts werden die Beweggründe, die zur Entwicklung des LUSET geführt
haben, aufgezeigt. Weiter werden das Grundkonzept, die maximalen Belastungskapazitäten für die un-
terschiedlichen Lastfälle und Anwendungsgrenzen des LUSET detailliert beschrieben.

Im zweiten Teil werden die verschiedenen Komponenten des LUSET und deren Schnittstellen be-
schrieben. Der LUSET besteht einerseits aus seinen Hardware-Teilen, welche den Reaktionsrahmen, die
Lasteinleitungselemente und die Hydraulikkomponenten einschliessen, und andererseits aus der Steue-
rungssoftware, die einen Low-Level- und einen High-Level-Controller beinhaltet. Zusätzlich wird in
diesem Kapitel eine Übersicht über die Spezi�kationen aller eingebauten und externen Messsysteme
gegeben.

Der letzte Teil beschreibt die Pilotversuchsreihe, die aus vier Versuchen bestand und 2017 erfolgreich
durchgeführt wurde; die Pilotversuche dienten dabei der Überprüfung der korrekten Funktionalität und
der Validierung des Versuchsaufbaus. Zum Schluss folgt ein allgemeiner Überblick über zusätzliche
Testmöglichkeiten im LUSET.
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1 Introduction

1.1 Background and scope

Concrete plate and shell structures exhibit a highly non-linear behaviour governed by complex phe-
nomena such as cracking, tension and compression softening of the concrete, tension stiffening of the
reinforcement, or long-term effects like creep and shrinkage of the concrete. Initial restraint stresses and
effects of staged construction further complicate their modelling. On the other hand, experimental valid-
ation is scarce since testing entire plate and shell structures is costly and only few test setups worldwide
enable the application of combined loading to shell elements. Therefore, the knowledge on the actual
load-deformation behaviour of concrete plate and shell structures subjected to general loading is still
remarkably limited today, particularly for in-plane loading and bending moments whose principal direc-
tions deviate from the reinforcement directions (in-plane shear and torsional moments, respectively), as
well as in the case of substantial transverse shear forces.

These uncertainties concerning the load-deformation behaviour can be circumvented in the design of
new plates and shells if they are designed to fail in a ductile manner, with ample deformation capacity.
In this case, concrete plate and shell structures can be dimensioned based on limit analysis methods,
using the lower bound theorem of the theory of plasticity. Accordingly, a safe design is obtained if
the reinforcement quantities as well as the concrete dimensions are veri�ed by means of a sandwich
model approach [6], using the stress resultants obtained from any statically admissible stress distribution
satisfying the static boundary conditions – such as those resulting e. g. from a linear elastic �nite element
analysis assuming an initially stress-free structure.

Even though a safe design of plate and shell structures is possible following this approach, the know-
ledge gap concerning the load-deformation behaviour of concrete plate and shell structures needs to be
addressed. It is particularly relevant for structures not complying with the prerequisites of limit analysis
methods, which applies to many existing structures as well as most applications of non-conventional re-
inforcements, such as �bre- and textile reinforced concrete. Furthermore, it is important when designing
for seismic loading or optimising designs for serviceability criteria such as crack widths and de�ections.

These were the reasons for the procurement of the Large Universal Shell Element Tester (LUSET),
a testing facility that enables experiments on large reinforced concrete elements subjected to arbitrary
combinations of all eight stress resultants acting on generally loaded shell elements. Research carried
out using this facility will hopefully contribute to avoid unnecessary strengthening of existing structures,
and to design more ef�cient new structures, which is of growing importance for saving natural resources
and particularly impactful as concrete is the world's most used material after water.

1.2 Stress resultants in shell elements

Figure 1.1 shows the stress resultants at the side faces of a shell element with unit length in thex andz
directions. Plates are de�ned as plane structures that carry in-plane loads only (e. g. walls and parts of
built up sections such as plate girders). The stress state in plates is assumed to be coplanar and constant
over the heighth, resulting in acting membrane forcesnx, nz, nxz = nzx only. Slabs are de�ned as plane
structures that carry loads perpendicular to its plane (e. g. slabs in buildings or bridge decks). They are
subjected to bending (mx, mz) and twisting moments (mxz = mzx) and out-of-plane shear forces (vx, vz)
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Fig. 1.1– Stress resultants acting on a generally loaded shell element.

only. Often, plate and slab actions act at the same time (e. g. shear and transverse bending in the web of
a box girder bridge), which is covered by the loading possibilities of the LUSET as well. The LUSET
allows the application of all eight independent stress resultants shown in Figure 1.1 (nx, nz, nxz, vx, vz,
mx, mz, mxz) in any combination and independent of the loading path.

The Cartesian coordinatesx, y andz in Figure 1.1, with origin in the center of the element's reference
surface and aligned with the undeformed element edges, de�ne the sign convention used in the present
report. Stresses are positive if they act in the positive coordinate direction on an element with positive
outer normal; stress resultants are positive if they generate positive stresses in the positive (according to
the respective coordinate) parts of the cross section.

1.3 Acknowledgements and credits

The LUSET was inspired by two testing facilities at the University of Toronto, whose loading possibilities
it combines at a larger scale: The Shell Element Tester (SET) [3], [4], see Figure 1.2(a), and the Panel
Tester (PT) [9], see Figure 1.2(b). The SET was developed at the University of Toronto by Professor
Michael Collins and Professor Peter Marti in 1986 and recently upgraded to full servo-hydraulic control
under the guidance of Professor Collins and Professor Evan Bentz. The PT was developed by Professor
Frank Vecchio and Professor Collins in 1982. Building the LUSET would not have been possible without
their pioneering efforts.

Professor Marti, predecessor of the �rst author at ETH Zurich, triggered the �rst author's idea of
building a shell element tester and supported the conception of the LUSET through many valuable dis-
cussions. Professors Bentz and Collins showed the �rst author their SET on the occasion of a visit in
Spring 2015 and invited all other authors to join their research group for an experimental campaign con-
ducted in the SET by Dr Giorgio Proestos in Summer 2015, providing them with valuable impressions
for the design of the LUSET at ETH Zurich. The authors want to express their gratitude to all of them
for their support.

Many other people also contributed to the successful realisation of the LUSET. While we cannot name
them all here, the authors wish to thank those most deeply involved: David Gonon, who conceived,
programmed and commissioned the high-level controller and programmed the most important control
modules; Patrick Bischof who designed and procured the installation fork and the vibrating casting
tables; Severin Hae�iger, who designed and procured the platforms and the dummy element and together
with Tena Galkovski handled the �bre optic strain measurements; Dr Jaime Mata-Falcón and Minu Lee,
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Fig. 1.2– Shell testing facilities at the University of Toronto: (a) Shell Element Tester (SET); (b) Panel Tester
(PT).

who took care of the digital image correlation measurements including the air�ow protection; and �nally
the IBK Structures Laboratory Team (in particular Christoph Gisler, Pius Herzog and Thomas Jaggi)
who solved many expected and unexpected problems.
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2 Fundamentals

2.1 Basic concept

The LUSET enables large-scale testing of reinforced concrete elements with dimensions of 2.0 x 2.0 m
and a variable thickness of up to 0.38 m subjected to well controlled, arbitrary load combinations. In
the standard con�guration, the shell elements can be loaded homogeneously by arbitrary combinations
of all eight independent stress resultants of a shell element (see Figure 1.1). Figure 2.1 shows an over-
view of the LUSET (elevation and section) with the main components and an installed specimen in the
standard con�guration. The main dimensions and the sign convention used for the shell elements are
also indicated.

Loads are introduced along the four edges of the specimen (1) by means of 100 hydraulic actuators (4)
acting on twenty independent loading yokes (3), i. e. �ve yokes per specimen edge, see Figure 2.1. The
slope of the actuator axes in the reference position is 1:2, which corresponds to an angle of approximately
26.6° with respect to the outer normal of the specimen edge. The yokes are applying the loads to the
blocks (2) which in turn are transferring them to the specimen. To this end, the blocks are provided with
shear teeth, and the reinforcement of the specimens is anchored to the blocks. In order to ensure a proper
connection, the blocks are used as formwork for casting the specimens. Hence, for each test a specimen
and its 20 blocks are installed to the LUSET as a unit, measuring 2.2 x 2.2 m, which is attached to the
LUSET by means of a bolted connection between blocks and yokes.

The reaction forces of the actuators are brought into equilibrium by a stiff in-plane reaction frame
(5) with outside dimensions of 9.6 x 9.6 m and an out-of-plane frame (6) that extends approximately
2.8 m off the in-plane frame. Due to the limited height of the structural laboratory, the supports of the
reaction frame had to be placed in the basement of the building. Consequently, the installed specimens
are located only slightly above the �oor level of the laboratory (7), which facilitates the access during
the experiments. In the basement, the LUSET is sitting on four concrete blocks (8), which only carry the
self-weight of the facility and the installed specimen (total mass approximately 160 t).

The control system is based on 20 servo-hydraulic valves such that in the standard con�guration, 20
groups of �ve actuators can be controlled independently. The front and rear actuator chambers of each
group of actuators controlled by one valve are hydraulically connected, such that the corresponding oil
pressures are equal and thus, except for different frictional forces, they apply the same load. Four layers
of �ve actuators are arranged in-plane and one group out-of-plane per specimen side, see also Figure 2.1
and Section 2.3.

The strokes and forces of the actuators are measured by a displacement and a force sensor per actuator
(2x100 sensors in total), and the yoke kinematics are monitored by a tilt sensor per yoke (20 in total).
Additionally, the pressures in the two chambers of each valve are measured by pressure sensors (40 in
total), which can also be used to determine the forces in the actuators.

A very important and powerful feature of the LUSET is the modular concept of the facility. Beside
the standard machine con�guration outlined above, there are possibilities to change the standard tests
making use of the modular setup of the load introduction elements and the hydraulic components, as
well as the control software. In particular, it is possible (i) to plan different load introduction elements
connecting to the yokes (i. e. different blocks), (ii) to rearrange and reconnect the actuators with fast
hydraulic connectors to arbitrary valves over a tube system and (iii) to de�ne arbitrary loading protocols
with a Matlab interface for the control software. Hence, for tests diverging from the standard shell
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Fig. 2.1– Overview of the LUSET: (a) elevation; (b) section A-A; dimensions in m.

element tests with homogeneous loading conditions, it is also possible to introduce non-homogeneous
loads such as shear and longitudinal strain with a gradient or even using only a part of the loading yokes.
The modular setup with a description of non-standard tests planned so far will be described in Chapter
6. The possibility of hybrid testing in the LUSET will be pointed out as well.

The system of the load transfer between actuators and specimen already mentioned above is illustrated
in more detail in Figure 2.2(b). The actuators apply the forces to the yokes, which are connected to the
connector blocks by means of preloaded high strength bolts. Upon the installation of a specimen, the
yokes are driven towards the blocks surrounding the specimen until contact is made. Subsequently, the
bolts connecting blocks and yokes are installed and preloaded. The shear transfer between blocks and
yokes is ensured by means of two circular shear connectors per yoke (beveled cylindrical part protruding
from outer block edge, corresponding holes in yoke), such that the preloaded bolts only have to transfer
tensile forces.

As mentioned above, the connector blocks are used as formwork for the casting of the specimen and
are therefore connected to the concrete and reinforcement. The connection and force transfer to the
reinforcing bars is achieved by means of commercially available reinforcing bar couplers with parallel
threads on forged bar ends (BARTEC system), certi�ed to fail outside the thread. Shear forces are
transferred through shear teeth on the block front side (as well as some dowelling action of the couplers).

The hardware components of the LUSET and their interaction are described in detail in Chapter
3, subdivided into (i) reaction frame, (ii) load introduction elements, (iii) hydraulic components, (iv)
measurement elements, (v) control system and (vi) auxiliary constructions. In Chapter 4, the control
software is presented. It can be grouped in two parts, one being the low-level controller written in C++,
and the other being the high-level controller with the Matlab interface, which allows de�ning new test

6
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Fig. 2.2– Load introduction in the LUSET: (a) notation of resulting loads introduced from the yoke into the speci-
men (green) and actuator forces acting on the yoke (red); (b) load introduction system between actuators
and specimen.

modules and sequences by the users of the LUSET. Chapter 5 presents the pilot test series that was
conducted in the LUSET upon its commissioning. That chapter contains the description of the specimen
preparation, installation and testing procedure for the standard test setup in the LUSET. Further testing
possibilities for homogeneous and non-homogeneous shell element tests as well as alternative test setups
in the LUSET are treated in Chapter 6.

2.2 Capacities

Each of the �ve yokes per specimen edge is loaded by one out-of-plane actuator perpendicular to the
middle plane of the specimen, with a speci�ed capacity of +0.70/-0.70 MN, and four in-plane actuators
parallel to the middle plane of the specimen, with a speci�ed capacity of +0.95/-1.35 MN. The hori-
zontal spacing between the in-plane actuator axes is given ase= 0:36m. Note that the actual actuator
capacities are higher than the speci�ed ones (see Section 3.3.1), but for the design of the LUSET, the
speci�ed actuator capacities indicated here were taken into account, i. e. the corresponding maximum
load combinations were used to verify the structural capacities of the reaction frame and the load intro-
duction elements. In case of utilising the actuators beyond the speci�ed capacity, the corresponding load
combinations need to be analysed and if necessary, the capacities of the reaction frame and/or the load
introduction elements to be reassessed.

Figure 2.2 displays the actuator forces acting on the yoke in red (Po f ;Por;Pi f ;Pir ;Py) and the resulting
loads introduced from the yoke into the specimen in green (nx;nxz;mx;mxz;vx). For simpli�cation, the
blocks are not shown in this �gure. The resulting loads can be expressed as functions of the actuator
forces in the non-deformed state of the yoke and the specimen, see Equations (2.1) to (2.5). From
these relationships and the speci�ed capacities of the in-plane and out-of-plane actuators, the loading
capacities of the LUSET can be determined, see Table 2.1. Note that these capacities are valid for
each stress resultant individually, i.e., if the other stress resultants are zero. In the case of the in-plane
shear force (nxz), this means that the maximum capacity is calculated with the tension capacity of all
the actuators, such that a pure shear force is applied. In the case of the �exural momentmx and the
torsional momentmxz, this means that the maximum capacity is calculated with the tension capacity of
the in-plane actuators for the inner actuator forces (Pi f ;Pir ), a third of the tension capacity for the outer
actuator forces (Po f ;Por) and with zero out-of-plane force (Py), such that a pure �exural and torsional
moment is applied respectively.
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nx =
Po f + Pi f + Por + Pir

0:40m
� cosa (2.1)

nxz =
� Po f + Pi f � Por + Pir

0:40m
� sina (2.2)

mx =
(Por � Po f )1:5e+ ( Pir � Pi f )0:5e

0:40m
� cosa +

Py � 0:13m
0:40m

(2.3)

mxz =
(� Por + Po f )1:5e+ ( Pir � Pi f )0:5e

0:40m
� sina (2.4)

vx =
Py

0:40m
(2.5)

Tab. 2.1– LUSET loading capacities calculated from the speci�ed actuator capacities.

Loading type Denominator Capacity

Compression nc
x 12.07 MN/m

Tension nt
x 8.50 MN/m

Shear nxz 4.25 MN/m

Flexural moment mx/mz 1.53 MNm/m

Torsional moment mxz 0.76 MNm/m

Transverse shear vx 1.75 MN/m

2.3 Notation

The actuators, yokes and valves of the LUSET are numbered in a systematic way in order to maintain a
consistent notation. This notation is kept identical in all the documents, plans and the operation of the
facility. In particular, it is also implemented in the source code of the control system. Figure 2.3 shows
the used numbering system.

Seen from the front, four groups of 25 actuators can be distinguished, see Figure 2.3(a). These four
groups are denominated by the letters B (for bottom), N (for North), T (for top) and S (for South),
where North and South refer to the geographical orientation of the LUSET. One group of 25 actuators
consists of �ve layers of �ve actuators each. Four layers are arranged in-plane (denominated layer 100,
200, 300 and 400, increasing from front to rear) and one layer is the group out-of-plane (denominated
layer 500). The layers are indicated in Figure 2.3(b). Within the layers, the actuators are numbered
from 1 to 5, starting with 1 from top and North and ending with 5 at the bottom and South side of the
specimen, respectively. This is indicated in Figure 2.3 (a) and (b) for the visible actuators. The actuators
are identi�ed by the group letter, followed by the layer and actuator number. As an example, actuator
B202 is indicated in Figure 2.3(a) and (b), which is the second actuator from left, in the second layer on
the Bottom side.

The yokes are named accordingly. The �ve yokes per side are numbered with 1 to 5 from top to
bottom and North to South. As an example, yoke N1 is indicated in Figure 2.3(b), which is the �rst yoke
from top on the North side.

In the standard con�guration of the LUSET, the 20 available valves are each connected to one layer of
�ve actuators. For example, the actuators N101, N102, N103, N104 and N105 are actuated by the same
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Fig. 2.3– Notation of the LUSET actuators, yokes and valves: (a) elevation (seen from front); (b) section A-A.
Note: Actuator rows 200/300 at top, and 100/400 at bottom not shown.

valve, which is denominated valve N100. For other con�gurations (i. e. if the actuators are reconnected
to different valves) this naming is not changed.

2.4 Limitations

The possibility to test large shell elements under arbitrary loading conditions and the modular setup of the
LUSET makes the new developed facility very versatile. However, there are of course some limitations
of the LUSET, which should be pointed out.

The 100 actuators are controlled by 20 valves only. This means that the possible con�gurations
are limited to 20 axes. In the standard con�guration for homogeneous tests, 20 groups (layers) of �ve
actuators are connected to the available valves. In other tests, these connections can be changed freely,
but still, only 20 valves are available. For experiments requiring more than 20 valves, more valves would
need to be added to the system. In any case, this limitation is only a hardware limitation; the control
system itself is able to control more than the 20 axes. In extremis, 100 valves could be connected and
every actuator could be controlled independently. The designers did not opt for this option, which would
obviously be advantageous, due to the corresponding high costs.

Compared to conventional large-scale experiments, tests in the LUSET typically require more time
per tested specimen (about 2 weeks for installation, testing and de-installation of a shell element), but
there is no need for building a speci�c test setup.
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3 Hardware

3.1 Reaction frame

3.1.1 Basic considerations

The function of the reaction frame of the LUSET is to equilibrate the reactions of the forces which
are applied to the specimen. The reaction frame consists of an in-plane frame with outer dimensions of
9.6 x 9.6 m and an out-of-plane frame that extends approximately 2.8 m off the in-plane frame, see Figure
2.1. A three-dimensional overview of the reaction frame of the LUSET is shown in Figure 3.1. The 3D
views from the front (Figure 3.1(a)) and from the back (Figure 3.1(b)) are adopted from the workshop
drawing produced by the steel contractor Josef Meyer Stahl und Metall AG (Emmen, Switzerland), who
produced and erected the reaction frame at ETH Zurich.

In Figure 3.1(a), it is seen that the in-plane frame can be geometrically divided into four identical
quarters (top quarter within red frame). For crane capacity and transportation reasons, the in-plane frame
was delivered in these four parts and welded together in the structural lab. The temporary �xings and
the manholes for the welders in the connection planes between the different parts of the in-plane frame
are indicated in Figure 3.1(a). The out-of-plane frame was delivered in several parts as well and bolted
to the in plane frame (bolted connections indicated in blue in Figure 3.1(b)). At its bottom, the frame
is supported by two HEM 400 beams. These carry only the self-weight of the testing facility with all
additional elements and the specimen (total mass around 160 t in a standard element test); the actuator
forces are brought into equilibrium by the frame itself.

The requirements on the reaction frame were to reach a maximum stiffness while at the same time
limiting the mass of a quarter of the in-plane frame to 20 t, which corresponds to the total capacity of
the cranes in the structural lab. The frame was designed such that all parts remain elastic for any given
load combination which can be applied by the 100 actuators. The calculation of the capacity was thereby
generally performed with the characteristic strength of the steel without assuming a safety factor, i. e.
limiting the maximum design stress tofsd = fsk (with the exception of bolted connections, where the
appropriate codi�ed material factors were applied). Note that for elements susceptible to instability, the
calculations were performed assuming only the effective cross sections determined following codi�ed
procedures. Regarding the actions, nominal actuator forces of 1.35 MN and 0.95 MN in compression
and tension, respectively, were considered for standard tests, which corresponded to the speci�ed actuator
capacities at the time of tendering the hydraulic components, see also Section 2.2. It should be noted that
the actual actuator capacities are higher as reported in Section 3.3 due to the actuator supplier providing
an improved design after the reaction frame design was �nalised. The higher actuator capacities can
be utilised only if the frame is checked for the speci�c load case. No load factors were considered
either, which means thatEd = Ek( fmax;cyl). Using characteristic material parameters and loads is justi�ed
because (i) the calculation is elastic, (ii) only local stresses reach values close to yielding and (iii) the
forces and the occurring combinations are well de�ned. Following the �nalisation of the reaction frame
design, a three dimensional shell element model was prepared in the FEM software ANSYS in order
to cross-check the calculations, and check for possible stress peaks which would exceed the yielding
strength of the steel, and increase plate thicknesses where required.
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Fig. 3.1– Reaction frame assembling aspect: (a) 3D view from front; (b) 3D view from back.

3.1.2 Technical speci�cations

Steel quality Generally, steel of the grade S355J2G3 was used for the reaction frame (beams and
plates). For the steel plates of the inner �anges of the in-plane frame where the eyebars of the actuators
are welded on, high loading in transverse direction required the use of steel with a higher Z-class, namely
Z35. The eyebars were produced with steel of the grade S460NL to prevent plastic deformations for high
loads introduced by the actuators. The steel contractor provided inspection certi�cates for the used
material of all parts of the reaction frame to proof that the aforementioned requirements are ful�lled.

Connections Fillet welds are of the execution class EXC 2. Butt welds require EXC 3. The welds
were executed by the contractor to meet these requirements and controlled by an external company by
means of an ultrasonic examination. The bolted connections of the out-of-plane frame were realised with
high strength bolts of the strength class 10.9. The contact surfaces of the fully pretensioned bolts were
prepared such that they can be classi�ed as class B according to EN 1090-2 [1] with a friction coef�cient
of m= 0:4.

Coating Corrosion protection is applied with a primer and a single layer of coating with a thickness of
60mm, which is suf�cient since the reaction frame is located inside a building (corrosion category C1).
Only the steel plates visible on the outside are coated; inside of the girders of the in-plane frame, no
coating was applied.

Geometrical requirements Strict requirements regarding the geometrical accuracy of the steel con-
struction were speci�ed. Since the reaction frame – in particular the in-plane frame – was mainly wel-
ded, these requirements were challenging to meet for the contractor. They were checked by an external
company during the construction of the reaction frame. Some of the structural elements were realigned
by the steel contractor on the basis of these measurements and then measured again. Table 3.1 gives
an overview of the achieved geometrical tolerances at the �nal state of the LUSET reaction frame. The
reported values are maximum values; most deviations were much smaller. Still, not all the reported tol-
erances lie fully within the speci�cations in the tender documents, but these deviations were accepted
after verifying that they will not negatively affect the use of the LUSET.
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Tab. 3.1– Effective geometrical tolerances of the steel works: (*) maximum values measured during the measure-
ment campaign conducted by an external company.

Parameter Achieved
tolerance*

Description

Verticality of the facility 0.7 mm Deviation of the top of the frame from vertical in
x-direction

1.8 mm Deviation of the top of the frame from vertical in
y-direction

Relative distance of the eyebars 1.2 mm Distance between the in-plane eyebars inx-direction (Top
and Bottom group) andz-direction (North and South
group), respectively

1.2 mm Distance between the in-plane eyebars iny-direction

1.5 mm Distance between the out-of-plane eyebars inx-direction
(Top and Bottom group) andz-direction (North and South
group)

Angle of the eyebars 7 mrad Angle of the in-plane eyebars with respect to the
connecting surface (inner �ange of the in-plane frame)

7 mrad Deviation of the angle of the out-of-plane eyebars with
respect to the connecting surface (�ange of HEB 900
girder)

3.1.3 In-plane frame

The in-plane frame is a hollow box girder with two webs having a thickness oftw = 22 mm each and two
�anges with thicknesses oft f = 40 mm, made of steel S355. The height of the section is 2000 mm and
the width 1500 mm. In the frame corners, additional diagonal stiffeners are arranged such that the height
of the girder is increased in these areas (maximum section height 2800 mm). Stiffeners in longitudinal
and transverse direction with respect to the frame axes are arranged in order to prevent stability problems
in the girder webs and plastic deformations at the load introduction locations. They also ensure a stiffer
behaviour of the frame in general. The eyebars with the housing for the spherical bearings and a thickness
of te = 70 mm at the interface to the actuators are welded to the inner �ange at an angle of 1:2. Figure
3.2 shows a quarter of the in-plane frame in the elevation and three characteristic sections. As shown in
the section drawings, the stiffeners are not continuous over the whole section to enable welding from the
inside of the frame girder (manholes for access). Furthermore, these manholes in the stiffeners also have
the positive effect that the weight of the frame could be reduced. The total mass of the in-plane frame is
approximately 80 t, i. e. 20 t per quarter, with very little margin compared to the available crane capacity.

The plates connecting to the inner �ange of the in-plane frame are executed with butt welds (webs,
eyebars, transverse, longitudinal and corner stiffeners). All the other plates are welded with double �llet
welds witha = t=2, wheret is the thickness of the thicker of the connecting plates. The huge amount of
welding was a challenge for the contractor, especially the butt welds for the connection of the eyebars:
they are 70 mm thick and the different layers of the butt weld had to be produced in stages to limit
deformations of the frame due to the heat development. This was essential to keep up with the strict
requirements of geometrical accuracy of the steel works, see also Section 3.1.2.

3.1.4 Out-of-plane frame

The out-of-plane frame consists of rigidly connected, hot rolled sections, made of steel S355. They
are bolted to the in-plane frame (see Figure 3.2(c)) and to each other in the four crossings, see Figure
3.1(b). The vertically arranged girders are of the type HEB 900. They absorb the out-of-plane actuator
forces and shortcut them through eight girders of the type HEA 360 to the in-plane frame. The bolted
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Fig. 3.2– In-plane reaction frame: (a) elevation of top quarter; (b) section A-A; (c) section B-B; (d) section C-C;
dimensions in mm.

connections are pre-tensioned with high-strength bolts of the class 10.9. The eyebars with the housing
for the spherical bearings at the interface to the actuators are welded to the inner �ange of the HEB 900
girders at an angle of 90� with a butt weld. The HEB 900 girders are stiffened in the axes of the eyebars
for the load introduction of the actuator forces. Additionally, stiffeners are located at the frame corners,
where the HEB 900 girders connect to the HEA 360 girders. The total weight of the out-of-plane frame
is approximately 12.5 t. Figure 3.3 shows two sections of the out-of-plane frame with the most important
dimensions.

It should be noted that the HEB 900 beams are equipped with four stiff end plates which are meant
to facilitate the connection to a future, optional cross-shaped frame (e. g. also consisting of HEB 900
beams) that would enable applying a transverse load at the element centre (e. g. for punching shear tests).
The end plates are indicated in Figure 3.3.

3.1.5 Interfaces

The reaction frame is supported on two HEM 400 pro�les which are simply supported on cubic concrete
blocks with a quadratic footprint (0.6 x 0.6 m). The frame is connected to the concrete foundations over
threaded bars which are embedded in the concrete, see Figure 2.1. The concrete foundations only carry
the self-weight of the facility and could be casted on the �at foundation plate of the laboratory building
without further measures to be taken.
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Fig. 3.3– Out-of-plane reaction frame: section A-A and B-B; dimensions in mm.

The interface to the hydraulic components (see Section 3.3) are the eyebars with a thickness ofteb =
70 mm. They have a high precision boring with a diameter of 150 mm for the housing of a spherical
bearing, which connects to the actuators. The eyebars are made of steel of the grade S460.

3.2 Load introduction elements

Loads are applied to the specimen through 20 yokes, which in turn transfer their forces to 20 blocks that
are connected to the concrete specimen, see Figure 2.2(b). Forces are transferred between each yoke
and its corresponding block by means of two circular shear keys (bevelled cylindrical part protruding
from outer block edge, corresponding hole with 0/+0.035 mm larger diameter in yoke) and 6 preloaded
M36 high strength bolts of class 12.9. Thereby, the interface between the yokes and the blocks forms
the connection to be established when installing a specimen. While the specimen is cast using the blocks
as formwork, the yokes are permanently connected to the hydraulic actuators. During the installation
process, the specimen is lifted approximately into the reference position in the LUSET, while the yokes
are fully retracted. For the installation, one yoke group after the other (starting with the bottom group,
followed by the top group and then north and south group) is approached to the specimen, letting the
shear keys slip into their counterpart hole in the yoke. As soon as the two elements are fully in contact,
preloading of the M36 bolts takes place.
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Fig. 3.4– 3D-Overview of the yokes: (a) yoke type “left”, North and South actuator group; (b) yoke type “right”,
Bottom and Top actuator group; (c) vertical cut through “left” yoke; (d) bottom view of “left” yoke.

3.2.1 Yokes

The yokes transfer the actuator forces to the blocks. They were supplied by Jörimann Stahl AG (Bonaduz,
Switzerland) after being produced by Kinkele GmbH (Ochsenfurt, Germany). Each yoke consists of four
main plates and six stiffeners, made of steel S460, welded together and subsequently machined in order
to meet the prescribed geometrical tolerances, see Figure 3.4 and Figure 3.5. The yoke base plate with
a thickness ofty;b = 60mm contains the holes and grooves to mount the blocks to the yokes with the
M36 bolts, as well as two high precision holes that �t the two circular shear keys protruding from each
block, with a diameter of 100 mm. The second pair of 6 holes to mount M36 bolts with a bigger distance
are meant for an alternative load introduction not requiring the standard blocks, see also Chapter 6. It
should be noted that due to a fabrication error, the M36 holes needed to be adjusted after the delivery of
the yokes in order to meet the geometric requirements, resulting in slightly oval shaped holes. However,
the high precision holes for the shear keys meet all prescribed geometrical tolerances and hence, blocks
(Section 3.2.2), clamping devices (Section 3.2.4) and/or other load introduction devices with integrated
shear keys can be mounted accurately.

The two eyebar-plates of each yoke, with a thickness ofty;eb = 70mm, are welded on the base plate
at an angle of 1:2. Their edges are bevelled to enable the nested installation of 5 yokes per side, and
tapered towards the outside to avoid that adjoining yokes clash when the specimen deforms. The eyebar-
plates have a high precision boring with a diameter of 150 mm for the housing of the spherical bearings
connecting to the actuators (see also Section 3.1.5). Each yoke is connected to 5 hydraulic actuators.
Hence, 4 in-plane actuators are connecting to the inclined eyebar-plates and one out-of-plane actuator
is connecting to the eyebar in the extension of the base plate,see Figure 2.2(a) as well. The top plate
and several vertical stiffeners strengthen the yoke such that the yoke parts remain elastic and exhibit
negligible deformations for any possible load combination occurring during testing. The 20 installed
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Fig. 3.5– Yoke dimensions (“left” adjusted yoke): (a) bottom view; (b) top view; (c) side elevation; (d) longitud-
inal elevation; dimensions in mm.

yokes are almost identical, 10 are “left” adjusted and 10 are “right” adjusted; only the eyebar extension
of the base plate changes the side, see Figure 3.4(a) and (b). The eyebar extension is centre-aligned
with the yoke's base plate, whose front, as seen in Figure 3.5, is located 100 mm outside the theoretical
specimen edge. Hence, the out-of-plane actuators act 130 mm outside the theoretical specimen edge.
This eccentricity is automatically accounted for by the low level controller, see Section 4.2.

3.2.2 Blocks

The blocks introduce the forces from the yokes to the specimen and are also used as formwork for the
production of the specimens on the casting table. They are made of steel S690 and machined from
one piece to meet the accuracy requirements. Each block consists of a steel plate with dimensions of
bb x hb = 380 x 550mm and a thickness oftb = 80mm. On the side of the connection with the yokes,
two cylindrical shear keys with a diameter of 100 mm and a height of 35 mm each protrude from the
block face. These shear keys slip into their precise counterpart (with a tolerance of 0/+0.035 mm larger
diameter) in the yokes during the installation process and transfer the shear forces between the yokes
and the blocks. The shear keys are bevelled at their front in order to prevent chocking of the blocks
during the installation process. On the side of the specimen, the blocks have shear teeth ensuring the
shear force transfer between the blocks and the concrete. They have a height of 40 mm and hence, the
theoretical edge (100 mm distance from the front of the base plate) is located at half depth of the shear
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Fig. 3.6– Load introduction blocks: (a) bottom view; (b) section A-A; (c) side elevation; (d) longitudinal elevation;
(e) block type A; (f) block type B; (g) block type C; dimensions in mm.

teeth. A bottom view, a section and the two elevations of the load introduction blocks are shown in Figure
3.6(a)-(d).

While compressive forces are applied by pressure from the yokes through the blocks to the specimen,
tensile forces are introduced by fastening the reinforcement to the blocks (see also Figure 2.2(b)). To
this end, the reinforcing bars of the specimens are provided with commercially available reinforcing bar
couplers with parallel threads on forged bar ends (BARTEC system), certi�ed to fail outside the thread.
A slip-free connection is achieved by tightening the reinforcing bars from the back side of the blocks
with standard M24 bolts, connecting to the bar couplers positioned �ush with the block front surface on
the side of the specimen. Therefore, the blocks are provided with slots, which are wider on the rear side
to accommodate the heads of the M24-bolts. The slots have a total length of approximately 115 mm,
which allows for different positions of the reinforcement (specimens with different thicknesses and/or
concrete cover). The transfer of the tensile forces between the blocks and the yokes is �nally maintained
by 6 M36 bolts arranged at the outside of the blocks, such that they can be installed and preloaded from
the specimen side upon installation.
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Fig. 3.7– Principle of weight compensation system.

At the time of writing this report, three block types with different distances of the slots for corres-
ponding reinforcement spacings are available, see Figure 3.6(e)-(g)): Block type A has a slot spacing of
200 mm, block type B 133 mm and block type C has 100 mm. For the preparation of one specimen, 20
blocks are required. Of the block types A, B and C there are 50, 20 and 10 pieces available (at the time
of writing this report), respectively. The blocks were partly supplied by Jörimann Stahl AG (Bonaduz,
Switzerland) after being produced by Kinkele GmbH (Ochsenfurt, Germany), and partly by Jäggi AG
(Fulenbach, Switzerland).

3.2.3 Weight compensation

As the self-weight of the North and South group of actuators (half the weight) and the corresponding
yokes and blocks acts outside of the theoretical edge of the specimen, this causes a moment around the
y-axis in the specimen at zero force applied by the actuators, that cannot be compensated by applying
actuator forces (since the in-plane actuator forces applied at each yoke intersect its localy-axis). The
weight compensation system, consisting of gas-springs applying force to the yokes through a cable-
pulley combination, compensates the self-weight of yoke and connected actuators in order to maintain
zero moment due to these loads on the specimen edge, see Figure 3.7. The weight compensation system
is attached to two transverse beams on top of the LUSET and to a pulley in the theoretical centre of
gravity of the compensated self-weight at the yokes, which can be seen in Figure 3.13.

3.2.4 Clamping devices

An alternative to the blocks for the introduction of the yoke forces to the specimen would consist in
clamping devices mounted to the yokes, which are already provided with the additional holes for M36-
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Fig. 3.8– Conceptual design of clamping device.

bolts required for this purpose. Whereas the blocks rely on a mechanical connection with the reinforce-
ment in the specimen to enable the load transfer, the clamping devices would transfer the load through
friction by means of hydraulic grips connected to the yokes. This would enable the testing of specimens
without conventional reinforcement such as �bre reinforced concrete (FRC), masonry etc. While a pre-
liminary design of such clamping devices exists, their procurement will only be possible in the future if
external funding can be secured. Figure 3.8 shows a 3D view of the conceptual design of the clamping
device; note that due to the weight of these devices, the weight compensation system (see Section 3.2.3
would also have to be adapted).

3.3 Hydraulic components

The hydraulic hardware components of the LUSET can be subdivided into (i) actuators, (ii) valves and
(iii) hydraulic tubing. They were delivered by the company Schalcher Engineering GmbH (Wolfertswil,
Switzerland).

3.3.1 Actuators

Two types of actuators, namely 80 in-plane and 20 out-of-plane actuators, are installed in the LUSET.
The actuators apply the desired forces to the specimen. The design of the two types of actuators is
similar but differs primarily in the actuator length in the reference position,l0;i andl0;o respectively, in
the capacity and in the maximum stroke. A technical drawing representing both types of actuators is
shown in Figure 3.9. Figure 3.9(a) shows the in-plane actuator in reference position and Figure 3.9(b)
shows the out-of-plane actuator in reference position. The differences in the actuator properties are also
indicated in Table 3.2.

Both the in- and out-of-plane actuators have the same outer diameter of 324 mm. The actuator fork on
the side of the reaction frame (Figure 3.9, (1)) and the one on the side of the specimen (2) are designed in
the same way for both types as well, with the exception of a minor shape change in the fork on the side
of the reaction frame. The actuators are connected to the eyebar at the reaction frame by means of a load
pin (3) with a diameter of 100 mm, kept in place by a keeper plate, see also Section 3.4.2. On the side of
the specimen, the actuators are connected to the yokes with a standard pin with a diameter of 100 mm (4).
Distance rings with a width of 30 mm (5) are arranged within the actuator forks to prevent an excessive
rotation of the spherical bearings that are speci�ed for a maximum rotation of +/-7°. The actuators are
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Fig. 3.9– Actuators installed in the LUSET: (a) in-plane actuator, side elevation and top view; (b) out-of-plane
actuator, side elevation and top view. Note: Left sides connected to specimen, right sides to reaction
frame; dimensions in mm.

drawn with the piston rod (6) in the reference position. All actuators of both types are equipped with
the following hydraulic and electrical connection elements: (i) a hydraulic test point (Minimess, G1/4")
to enable exhaust and venting of the actuators (7); (ii) fast couplers for the hydraulic hose connection
(�at face couplings, each actuator with one female and one male connector, G1/2") (8); (iii) blind plugs,
G1/4" and G1/2", respectively (9) and (iv) an electrical connector for the displacement sensor M12 (10),
see also Section 3.4.1.

The actual capacity of the actuators is higher than the one speci�ed for the project, which formed the
basis for the design of the reaction frame, see Section 3.1.1. The additional capacity has the bene�t that
the maximum speci�ed force can be reached at a lower system pressure of 236 bar instead of 280 bar,
the latter pressure corresponding to the maximum supply pressure that the pumps in the structural lab
can deliver. Furthermore, it can be utilised in tests making use of different setups within the LUSET,
particularly such that do not require the connection of all �ve yokes in a group. An example is provided
in Section 6.3.
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Tab. 3.2– Actuator speci�cations (in- and out-of-plane).

Speci�cation In-plane actuator Out-of-plane actuator

Diameter of piston [mm] 270 240

Diameter of piston rod [mm] 140 120

Piston area (compression) [mm2] 57255 45238

Max. compressive force at 280 bar [kN] 1603 1266

Ring area (tension) [mm2] 41862 33929

Max. tensile force at 280 bar [kN] 1172 950

Actuator stroke [mm] 350 (+180/-170) 525 (+245/-280)

The displacements of the actuators are measured via internal displacement transducers, see also Sec-
tion 3.4.1. The forces in the actuators are directly measured via the load pins, as mentioned above, and
indirectly via the pressure sensors in the valves (see also Section 3.4.2).

3.3.2 Valves

20 proportional directional control valves are used to actuate the hydraulic system in the LUSET. The
valves are of the type Parker D3FP-E50YB9NB0. The direct-operated control valves size NG10 ex-
hibit extremely high dynamics combined with a high �ow, such that they can be considered reaching a
frequency response equivalent to considerably more expensive servovalves.

In the standard con�guration, each valve connects to the corresponding �ve actuators through �xed
linkboxes (permanently mounted to the reaction frame). The valves are controlled by the control software
(see Section 4.2) via the main bus controller (see Section 3.5.1). This means, that the control software
regulates the valve position to achieve a certain directional oil �ow depending on the desired force or
displacement of the controlled actuators. The installed valves can be seen in Figure 3.10 in the centre of
the reaction frame quarters next to the linkboxes (black devices).

3.3.3 Hydraulic tubing

The hydraulic tubing system of the LUSET is considered to start with the switching unit located between
the main hydraulic aggregate of the structural laboratory and the tubing system of the LUSET. The main
aggregate provides a constant oil pressure of 280 bar and the switching unit - if switched on - passes
either this pressure onto the LUSET if high pressure is enabled or a lower arbitrarily adaptable pressure
if low pressure is enabled. The low pressure is chosen to be 80 bar in the default con�guration. The oil is
supplied to the 20 valves through permanently installed steel tubes (denominated ring pipes). From the
valves, further permanently installed steel tubes connect to the 20 �xed linkboxes arranged next to the
corresponding valve each. Each actuator is �nally connected to these linkboxes through a pair of �exible
hoses with fast couplers DN8. Every �xed linkbox has �ve pairs of connectors DN8 for actuators and
one pair of connectors DN22 for the connection of further linkboxes or bypass pipes (see following list)
to facilitate different test setups. In the standard con�guration, each set of �ve corresponding actuators,
as described in Section 2.3, is connected to the valves directly through the corresponding �xed linkbox.

For the reconnection or rearrangement of the hydraulic axes (valves) to arbitrary actuators as de-
scribed in Section 2.1, the tubing system has the following features and elements:

• Linkbox (�xed): As mentioned above, 20 �xed linkboxes are permanently connected with steel
tubes to the 20 valves. The linkboxes have �ve pairs of connectors DN8 for actuators and one pair
of connectors DN22 for the connection of further linkboxes or bypass pipes. The �xed linkboxes
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Fig. 3.10– The LUSET after installation of the hydraulic components: the tubing system can be seen on the
reaction frame.

are arranged in the centre of the reaction frame quarters and can be seen on the picture in Figure
3.10.

• Linkbox (mobile): There are two types of mobile linkboxes. The �rst type has �ve pairs of
connectors DN8 for actuators and two pairs of connectors DN22 for the connection of further
linkboxes or bypass pipes, the second type has two pairs of connectors DN8 and one pair of
connectors DN22. They can be arranged and connected arbitrarily (the small linkboxes are also
denominated T-pieces).

• Rigid links: The rigid links can be connected to an actuator and the tank. If an actuator is con-
nected to a rigid link, oil �ow is prevented and the oil pressure in the actuator is according to its
loading, until a de�ned pressure (280 bar) is reached, when the pressure is released and oil �ows
to the tank. This element is developed for safety reasons, such that an actuator can be used as rigid
link with a maximum pressure that cannot be exceeded.

• Bypass pipes:Bypass pipes are arranged around the LUSET. In total, 12 pipes (six on the front
and six in the back) are available. They are used e. g. if actuators from opposite sides need to
be connected to the same valve. Each quarter of the bypass pipes can be isolated by a closing
tap. This feature allows using separate parts of the same ring of a bypass pipe in two directions
independently. The bypass pipes are the outer six pipes running around the reaction frame in
Figure 3.10.

• Tank: A tank with a free surface is arranged on the top South side of the LUSET. Actuators
connected to the tank are thus free of oil pressure (just the oil column of the height below the tank
is acting) and the oil �ow is not restrained. This means that the actuator force is approximately
zero, yet without the risk of air entering the actuator chambers. The tank can be seen on the
pictures in Figure 3.10 and Figure 3.13 (on the right side with hanging connection hoses).
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Fig. 3.11– Dimensions and arrangement of the load pins: (a) side elevation; (b) longitudinal elevation. Adopted
from the workshop plan of LCM Systems (Newport, UK); dimensions in mm.

3.4 Measurement elements

3.4.1 Displacement sensors

In each of the 100 actuators, an internal displacement sensor of the type MTS Tempsonics EE, speci�c-
ally developed for in-cylinder integration, is installed. The accuracy of the displacement sensors is +/-
0.02 % F. S. (linearity) and +/-0.002 % F. S. (repeatability), respectively (where F. S. stands for full scale).
The measuring length of the displacement sensors is 380 mm for the in-plane actuators and 550 mm for
the out-of-plane actuators, according to their different stroke as shown in Table 3.2.

3.4.2 Force sensors

The forces applied by the actuators are measured on the one hand with bi-directional load pins and on
the other hand back-calculated making use of the pressure sensors. The load pins are arranged at the
interface between the eyebar at the reaction frame (with installed spherical bearing) and the fork of each
actuator. Hence, the applied force of each actuator is measured directly.

Figure 3.11 shows the dimensions and the arrangement of the load pins between actuator fork and
spherical bearing in the eyebars at the reaction frame. The keeper plate is mounted in order to prevent
a movement (shifting and rotating) of the load pins, since the measurement of the load pins would
otherwise deviate signi�cantly for different force directions.

The load pins were supplied by the company LCM systems (Newport, UK). They were produced
for a rated load of 1350 kN in positive and negative force direction and proof loaded to about 2000 kN
(the ultimate breaking load is speci�ed to be 4000 kN). The speci�ed non-linearity is +/-1 % and the
non-repeatability +/-0.1 % of the rated load. Nevertheless, all 100 actuators were recalibrated at the
Structural Engineering laboratory of ETH Zurich as deviations were observed from the supplier's spe-
ci�cations. Following the in-house calibration, for each actuator, a non-linear relation was established
between the reading of the sensor and the corresponding force value thus improving the accuracy of the
measurements.
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Fig. 3.12– The installed tilt sensor on a yoke of the South group.

3.4.3 Pressure sensors

The pressure sensors are located in the chambers of the 20 valves connecting to the actuators. Hence,
the pressure in both chambers of the actuators connecting to the respective valve are known and thus
the acting force can be calculated by multiplying the pressure with the respective piston area. It should
be noted, that the calculated force does not account for the friction loss in the actuators and therefore,
neither for different frictional forces of the actuators. The pressure sensors at the valves were supplied
by the company Trafag AG (Bubikon, Switzerland). They are of the type NAT 8252 for a measurement
range between 0-400 bar. The speci�ed accuracy at 25 °C is +/-0.5 % of the measurement range.

3.4.4 Tilt sensors

The 20 yokes connected to �ve hydraulic actuators each (see Figure 2.2(a)) can move within all six
degrees of freedom. Thus, the absolute position and orientation of the single yoke cannot be calculated
by the displacement sensors of the actuators only, since one value is missing. Therefore, an additional
tilt sensor measuring the tilt around two axes of the yoke is installed in the center of the top �ange of
each yoke.

The tilt sensors are of the type KAS901-51, produced by the company KELAG Künzli Elektronik AG
(Schwerzenbach, Switzerland). They are based on a MEMS chip technology. The range of the two axes
is +/-30 ° with a repeatability of 0.01° at 20 °C.

3.4.5 Independent measurement systems

Beside the aforementioned �x installed measurement elements, two independent measurement systems
are used in all standard tests within the LUSET, namely Digital Image Correlation (DIC) and Distributed
�bre-optic strain measurements (FO).

Digital Image Correlation For the measurement of the surface displacements on the two faces of
the specimen, Digital Image Correlation (DIC) is applied, making use of two pairs of stereo-mounted
digital cameras. The two sets of digital cameras are positioned on either side of the specimen and are
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mounted on vertical beams (on the picture in Figure 3.13 the mounted front side system can be seen)
isolated from the LUSET in order to prevent machine vibrations from distorting the captured images.
The speci�cations of the two systems used at the time of writing this report are as follows:

• System 1:Two 28.8 MP Prosilica GT 6600 cameras from Allied Vision with a Gigabit Ethernet
interface for data transfer with an image resolution of 6576 x 4384 pixels.

• System 2: Two 12.3 MP Grasshopper Mono USB3 Vision cameras with an image resolution of
4096 x 3000 pixels.

The resolution of the displacement measurement is speci�ed by the supplier to be 1/100 px. However,
considering the nature of the measurement and the fact that the measured displacement resolution is
in�uenced by a number of factors that cannot be controlled to be exactly identical for each test (e.g.
quality of the applied speckle pattern, lighting conditions) the strain resolution is determined on a test by
test basis by prede�ned uncertainty quanti�cation procedures as reported in [7].

Both systems were supplied by the company Correlated Solutions Inc. (Irmo, USA) through their
partner isi-Sys GmbH (Kassel, Germany).

Distributed �bre-optic strain measurements In order to measure the strains of the reinforcement
inside the specimens, �bre-optic strain measurements are conducted by scanning the Rayleigh scattering
along the length of a conventional glass �bre. The system in use at the time of writing this report is the
Luna ODiSI A50 (Optical Distributed Sensor Interrogator). This system enables measurements with a
spatial resolution of 1 mm at a maximum sensing length of 50 m. The measurement range is +/-13 ‰.
The system was supplied by Polytec GmbH (Waldbronn, Germany).

3.5 Control system

3.5.1 Controller

The controller cabinet was produced by Hagenbuch Hydraulic Systems AG (Ebikon, Switzerland). It
contains a real time controller system made by INDEL AG (Russikon, Switzerland). A maximum of
1 GBit transfer capacity and 100 kHz cycle frequency is offered by the Ethernet based �eldbus GinLink.
A Stand-Alone Master CPU board (SAM3) is connected to �ve IO-Nodes capable of handling more than
800 digital and analogue in- and outputs. In addition to the expandable GinLink bus, there are multiple
interface components available to communicate to other hardware systems.

All machine states are calculated in a real time loop of 1 ms duration. This includes axis transform-
ations, control variables and actuator commands. The 100 hydraulic actuators (see Section 3.3.1) are
controlled in groups which results in 20 control channels (axes). Two control modes (displacement and
force) can be chosen to move each single axis. Great modularity ensures the �exibility of the hydraulic
con�guration. Depending on the experiment, the hydraulic tubing system can be changed, as described
in Section 3.3.3. This setup of the hydraulic tubing referred to as machine con�guration is determined
by a “machine con�guration �le”. For complex machine con�gurations, the real time controller software
(C-based code) can be extended. There is also an option for graphically coding in Matlab Simulink.

A user interface (see Section 3.5.2) is available for the specimen installation and handling tasks plus
standard tests. This GUI interface links to the INCO-Server instance that handles the communication to
the real time controller. There are also APIs for accessing the INCO-Server with external programs (e. g.
Matlab, Python, Java), which is used when more complex control scenarios are required.
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3.5.2 Mission control

The physical control of the LUSET during the installation and testing processes is maintained through
the mission control. The mission control consists of two desktop PCs with several monitors. One PC is
dedicated to the control of the LUSET. All the commands to move the actuators are given through this
working station. The other PC is for monitoring the actual state of the LUSET and the specimen. The
monitors can be programmed to show any state variable, as e. g. forces, displacements, strains etc. On the
picture in Figure 3.13, the mission control can be seen in the right bottom corner, during the preparation
of a test.

During testing, the mission control is complemented by the mobile measurement stations of the DIC
measurement system for the front and the back of the specimen as well as the FO measurement system.
The measurement systems are connected to the desktop PCs in order to maintain the synchronisation of
all generated data.

Furthermore, the actuators are equipped with a brass foil at crash critical locations, that produces a
current in the case of two actuators touching each other. This current triggers an alarm at the monitoring
PC such that the user can stop the system immediately. This system is referred to as the clash control
and protects the actuators from damaging each other. Note, that a foam rubber with a thickness of
approximately 2 mm is installed between the brass foil and the actuator to allow for some reaction time
between �rst contact and actual force development at the contact surface.

3.6 Auxiliary components

A number of auxiliary components were planned and produced for the commissioning of the LUSET
as well as in order to ensure a �exible and ef�cient work �ow (preparation, installation, testing, de-
installation) in the experiments. These components are explained here in short, and references to the
available documentation for more detailed information are provided:

• Dummy element: The dummy element is a steel specimen that was used for testing the basic
control system. It is still available for developing and testing new control modules. The idea behind
the dummy element is to have the possibility to verify the performance of the control system with
low forces at low risk and with a ductile behaviour, before the actual concrete specimen is installed
and tested. The dummy element is essentially a �exible quadratic steel frame with the possibility
to connect truss bars between the edges (horizontal, vertical and diagonal depending on the tested
load combination) which resist the applied loads and are meant to fail �rst. The installed dummy
element in the LUSET is shown in Figure 3.10. A technical report of the dummy element including
the design, detailing and dimensioning is available at the Chair of Structural Engineering at ETH
Zurich.

• Platforms: In order to ensure that all the parts of the LUSET are accessible for people, different
platforms facilitating the access are mounted around LUSET at different levels. The platform in
front of the LUSET, which allows the access to the specimen can be seen in Figure 3.13. Tech-
nical drawings and static calculations of all the platforms are available at the Chair of Structural
Engineering at ETH Zurich.

• Fork: A crane fork was developed for the installation of the yokes when assembling the LUSET
and for the installation of the specimens later on. The fork is approximately 2.4 m wide and
4.3 m high and consists of steel pro�les forming two C-shaped elements, which are connected by
a transverse beam at their top. Upon installation, the specimen is �xed to the front ends of the
lower arms of the fork using two M48 bolts, and the fork is lifted by the laboratory crane using
an attachment point on the transverse beam, approximately aligned with the specimen's centre of
gravity. The specimen can then be moved into its position in the reaction frame by driving the
crane over the frame. The fork is stored on the LUSET in the top left corner of the steel frame,
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Fig. 3.13– Overview of the LUSET and auxiliary elements during the preparation of a test.

which can be seen in Figure 3.13. A technical drawing of the fork including the detailing and static
calculation is available at the Chair of Structural Engineering at ETH Zurich.
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4.1 General

4.1.1 Program hierarchy

In order to be able to accurately apply prede�ned loads and/or displacements on the specimens by means
of suitably controlling the 100 hydraulic actuators, a custom control software has been developed and
implemented. The control system can be distinguished in two parts, namely: (i) the low-level controller
which is further described in Section 4.2 and (ii) the high-level controller, the topic of Section 4.3. A
�owchart indicating the overall interfaces between the different modules is given in Figure 4.1.

4.2 Main module – low-level controller

4.2.1 Basic considerations

The low-level controller was programmed by the company Hagenbuch Hydraulics Systems AG (Ebikon,
Switzerland) in C++ and forms the core of the entire system. The purpose of the low-level controller
is on the one hand the synthesis of all individual measurement readings in a uni�ed global reference
system (see Figure 2.3) and on the other hand the provision of an interface that translates user de�ned
force and/or displacement targets per group of yokes to suitable control valve commands.

For the �rst main task the forces that each yoke exerts and its position in space have to be calculated.
Making use of the 100 actuator displacement readings in combination with the 20 tilt measurements
per yoke (see Section 3.4), the kinematics and hence the position in space of each yoke (and associated
actuators) can be determined. With this information, the forces exerted by the actuators on the yokes can
be transformed to global Cartesian coordinates and summed up to obtain the resulting loads each yoke
exerts on the specimen. The low-level controller logs the information on the yoke positions and forces
and displays it in the graphic user interface (GUI) of the control system as well.

Fig. 4.1– Overview of the control software architecture.
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The second main task of the low-level controller is to determine the control valve commands required
to drive the actuator/actuator group to a speci�c force or position set-point (i. e. the low-level control-
ler allows for the control of a speci�c group of actuators and not of the global state of the specimen).
The de�nition of the aforementioned set-points in order to obtain a user-de�ned global load and/or de-
formation state of the specimen is, in general, the task of the high-level controller which is discussed in
Section 4.3. An exception to the latter are a number of auxiliary operation modules which are described
in Section Section 4.2.4.

4.2.2 Machine con�guration

Since there are 20 control valves controlling groups of an arbitrary number of actuators, for a correct
de�nition of a control strategy, knowledge is required of the connectivity between valves and assigned
actuator groups, henceforth referred to as the “machine con�guration”. In the standard machine con�g-
uration each of the 20 control valves is connected to a group of �ve actuators as illustrated in Figure 2.3.
Depending on the planned experiment, an arbitrary amount of different machine con�gurations can be
de�ned subject to the limitation in the amount of available control channels (20 control valves available
at the time of writing this report). An example of an alternative machine con�guration used for a panel
test is given in Section 6.2.1, where the actuators are reconnected and assigned to 18 valves such that a
panel test under shear loading with an imposed longitudinal strain with a gradient can be performed.

In the case that a different machine con�guration is used, the user must de�ne which actuators are
connected to which valves and this information has to be loaded in the low-level controller in a xml-�le
with a prede�ned syntax. The low-level controller is then able to use the force and stroke readings of the
appropriate actuators to calculate the valve command depending on the set-points given for the axes of
the current machine con�guration. In this case, the set-points are de�ned by the high-level controller as
indicated in Figure 4.1.

4.2.3 Yoke kinematics and calculation of yoke forces

Yoke kinematics and force calculation Each yoke has six degrees of freedom and is connected to the
reaction frame by �ve actuators whose strokes are continuously measured. Additionally, each yoke is
instrumented with a tilt sensor providing the rotation around the out-of-plane axis (global y-axis accord-
ing to Figure 2.3). Assuming the reaction frame to be rigid and knowing the coordinates of the actuator
connection points to the frame, the position of the yoke in space can be de�ned. This information is
required to accurately calculate the forces a yoke applies on the specimen, determined with respect to
the specimens' “theoretical edge”. The theoretical edge lies at the point where the system lines of the
in-plane actuators intersect when the yoke is in the reference position (see Figure 3.5).

Force offsets As the actuator forces are measured at the load-pin that is situated at the connection point
to the frame, the self-weight of the yoke and associated actuators is included in those force readings. In
order to obtain the forces that are applied to the specimen a force offset is applied to each actuator force
which corresponds to the part of self-weight that actuator carries. To obtain this force offset a reference
measurement is taken before a specimen is installed when the yokes are standing free in space.

4.2.4 Operation modules subject to solely the low-level controller

The operation modules described below rely solely on the low-level controller and are only valid for the
standard machine con�guration.

• Rigid body motion: This module enables a rigid body motion of the specimen. Theoretically,
the deformation state of the specimen, and hence the applied loads, should remain constant during
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this operation. However, due to the very high stiffness of the elements, even minor deviations of
the actuator displacements (accuracy of the control system) cause non-negligible changes of the
applied loads as con�rmed by the pilot tests (see Section 5.3.3). Hence, this module is primarily
used during installation, to centre the specimen before the test, but not during the experiments.

• Movement of single groups of yokes:Mainly utilised during installation/de-installation of a spe-
cimen, this module allows for the movement of single groups of yokes to speci�c coordinates.

• Bi-axial tension/compression:This module can be used for individual groups of yokes as well
as for all four groups simultaneously. During installation/de-installation the module is used to
connect the yokes to the blocks in force control (e. g. a pure compressive/tension force is de�ned
for installation/de-installation respectively, while the shear force is controlled to be zero). Prior
to a test, the module is used to zero the forces acting on the specimen (with the exception of
self-weight which is equally shared among the four yoke-groups during the test).

4.3 Test modules – high-level controller

The high-level controller has been implemented in Matlab and is used for the de�nition and execution
of the tests. It is in principle a position-based cascade control that employs individual position control-
lers for all the actuator groups of a given machine con�guration. The low-level controller is therefore
subordinate to the high-level controller, which in turn forms the interface to the user. By controlling the
position of the actuator groups, a collection of generic variables can be de�ned that represent the actual
conditions that an experimentalist wants to impose on the specimen for a particular test. These generic
variables can be either imposed deformations (kinematic restraints), forces or a combination thereof. For
further information regarding the high-level controller, the reader is referred to [2].

4.4 Mission control

In order to ensure that there are no deviations from the test protocol, the state of the testing machine
as well as that of the specimen is monitored continuously during a test. The parameters monitored
are typically the stroke and force of each of the 100 actuators, the total forces acting on each of the
edges of the specimen and the load deformation response of the specimen. For tests that require the
application of an homogeneous loading along the specimen's edges, in addition to the total forces acting
on the specimen's edge, also the forces per yoke are plotted in order to ensure that there are no excessive
deviations between the �ve yokes of a group.
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5.1 General

In the frame of the commissioning of the LUSET, four pilot tests (PT1-PT4) were conducted in order
to test and optimise the preparation, installation and experimental procedure of the typical shell element
tests to be conducted in the LUSET. PT1, PT2 and PT3 were tested under pure membrane shear whereas
PT4 was tested under membrane shear with an imposed longitudinal strain inx-direction (the reader is
referred to Section 2.3 for an overview of the coordinates and sign conventions). Prior to the pilot test
series, a number of pre-tests had been conducted for the veri�cation of the basic functionality of the
LUSET in general and of the modules for given load combinations in particular. The pre-tests were
performed with low forces on the dummy element, which is described in Section 3.6. They are not
further discussed in this chapter.

5.2 Specimens of the pilot test series

5.2.1 Geometry and reinforcement

The dimensions of the panels of the pilot test series were 2x2 m in length and width (see note of theor-
etical edges in Chapter 4 and Figure 5.1). The thicknessh was 270 mm for PT1 and 350 mm for PT2,
PT3 and PT4. The panels were reinforced according to Figure 5.1 and Table 5.1. PT1 had a vertical
reinforcement content of 0.86% and a horizontal reinforcement content of 2.33%. These are suf�ciently
high reinforcement ratios that enable a reasonably ductile behaviour of the panel under shear loading.
This �rst test was therefore meant to prove that the LUSET is able to maintain a pure shear loading while
having a specimen with enough reinforcement to ensure a fully developed crack pattern and presumably
a concrete compression failure at ultimate. PT2 had a vertical reinforcement content of 0.14% and a
horizontal reinforcement content of 0.49%. In comparison to PT1, the reinforcement ratios were greatly
reduced since it should be veri�ed if the LUSET has the ability of controlling the aimed loading as well
in weakly reinforced specimens (below the uniaxial minimum reinforcement to resist the cracking load
in uniaxial tension of about 0.6 % per direction), where the crack pattern might not be fully developed at
ultimate and no concrete compression failure is expected.

PT3 and PT4 were reinforced with a reinforcement content which was very low inx- andz-direction
(i. e. 0.14 % in both directions). PT3 was tested under pure membrane shear as PT1 and PT2, whereas
PT4 was loaded additionally with an imposed longitudinal strain inx-direction. To support the crack
pattern development, both PT3 and PT4 had strongly reinforced tension chords inx-direction at the top
and bottom 400 mm of the specimen (see Figure 5.1). This tension chord was mainly introduced for
crack control in PT4, where the longitudinal strain was imposed and the formation of several cracks in
x-direction should be ensured. It was meant to investigate if the tension chord is a good way to control
the crack development while the in�uence of the strong chords on the overall panel response could be
observed in both PT3 and PT4. Furthermore, in PT4, it was the aim to see whether a non-homogeneous
force over the height of the specimen could be maintained in the LUSET (since the reinforcement ratio is
not constant over the height but the strain is, the loading on the sides is non-homogeneous). This feature
is particularly important for the non-homogeneous panel tests, which will be described in more detail in
Section 6.2.1.
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Fig. 5.1– Geometry and reinforcement layout of the pilot test specimens (scale 1:50, dimensions in mm): (a) PT1;
(b) PT2; (c) PT3 and PT4 (with highly reinforced tension chord inx-direction).

Figure 5.1 shows the geometry and the reinforcement layout of the pilot test series. The panels were
reinforced with four layers of rebars connected to the load introduction blocks (see also Section 3.2.2).
The clear concrete cover wascnom= 20mm for all specimens and the vertical reinforcement was lying on
the outside (layers 1 and 4) as typically done in webs of bridge girders while the horizontal reinforcement
was arranged on the inside (layers 2 and 3). The diameters and reinforcement contents of the specimens
are indicated in Table 5.1.

Tab. 5.1– Pilot test series: reinforcement bar diameters, spacings and ratios.

Reinforcement PT1 PT2 PT3 PT4

Vertical [mm] Ø14 / 133 Ø8 / 200 Ø8 / 200 Ø8 / 200

r z [%] 0.86 0.14 0.14 0.14

Horizontal [mm] Ø20 / 100 Ø12 / 133 Ø8 / 200 Ø8 / 200

r x [%] 2.33 0.49 0.14 0.14

5.2.2 Specimen production

The specimens for the pilot test series were prepared and cast in the structural laboratory at ETH Zurich
on the two available vibrating casting tables. Thus, two specimens could be produced at once.

Before casting, the formwork had to be prepared. To this end, the load introduction blocks were
arranged on the casting tables such that the desired dimensions of the panels were achieved. Steel plates
were �xed to the blocks to frame the specimen and the reinforcing bars were arranged in place and
�xed to the blocks as well (see also Section 3.2.2). In between the blocks, pieces of polyurethane foam
were used to prevent concrete from �owing out of the formwork during casting and to limit the concrete
dimensions between the blocks to the theoretical dimension of 2.00 m. On the casting day, the panels
were cast and vibrated in two stages to ensure a well compacted concrete. For material tests, cylinders
for testing the cylinder compressive strength, the Young's modulus and the indirect tensile strength were
cast together with the specimens as well. Specimen PT2 is shown in Figure 5.2 before and just after
casting.

After casting was �nished, the specimens were covered with a plastic foil for curing at least for one
week on the casting tables before they were tilted up and the formwork was removed. The minimum age
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Fig. 5.2– Casting of PT2: (a) prepared specimen for concreting on the casting table; (b) specimen just after casting.

of the panels to be tested was set to 28 days. Within the pilot test series, this was not decisive because
all the installation and loading processes had to be examined and hence, the ages of the specimens when
tested were all far beyond this minimum age. The dates of the specimen casting, the test in the LUSET
and the concrete material tests are listed in Table 5.2.

Tab. 5.2– Dates of specimen casting, panel tests in the LUSET and concrete material tests.

Specimen Specimen casting Panel test Material test

PT1 31.03.2017 08.06.2017 09.06.2017

PT2 ” 06.07.2017 04.07.2017

PT3 12.05.2017 11.10.2017 12.10.2017

PT4 ” 08.02.2018 09.02.2018

5.2.3 Material properties

Concrete The concrete used for the pilot test series was a ready mix concrete from Holcim (Suisse)
SA of the type A151. The strength class of the concrete was C20/25 and the maximum aggregate size
Dmax= 16mm. The consistency class of the material is given as C3. A slump test was performed when
the concrete was delivered in order to decide whether the consistency requirements are ful�lled and hence
a well compacted concrete could be achieved. According to the code, the slump should be within the
limits of 420 to 480 mm for a consistency class of C3. In the pilot test series, a slump of 440 mm for PT1
and 2 and 420 mm for PT3 and 4 was observed which was within the given limits.

The material tests for the determination of the mechanical properties of the concrete for each specimen
were performed on the day after the panel tests (only for PT2, the material properties were determined
two days before the panel test). Table 5.3 gives an overview of the measured concrete properties for
the four specimens. The tested concrete properties were the cylinder compressive strengthfc and the
Young's modulusEc on a cylinder with a diameter of 150 mm and a height of 300 mm and the tensile
strengthfcts on a cylinder with a diameter of 150 mm and a height of 150 mm. The tensile strength was
determined indirectly with a double punch test and analysed with the relation proposed by Marti [5].

Steel The reinforcing steel used for the pilot test series was hot-rolled steel of the class B500B. Four
different diameters were used in the pilot test series and all the steel bars per diameter came from the
same production batch. Ten bars were mechanically tested per batch in a tensile test. The couplers con-
necting the bars to the load introduction blocks are from the BARTEC system, supplied by the company
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5 Pilot tests

Tab. 5.3– Concrete properties for specimens PT1-PT4.

Property Units PT1 PT2 PT3 PT4

fc MPa 33.5 31.4 36.1 37.0

fcts MPa 3.2 3.1 2.3 2.8

Ec GPa 30.1 28.7 29.9 28.9

Debrunner Acifer. This system guarantees that the failure of the steel bars always occurs in the reinfor-
cing bar, rather than in the coupler. This was con�rmed in all the steel and panel tests. Table 5.4 gives
an overview of the measured reinforcing steel properties for the different diameters that were used in
the pilot test series. The determined mechanical properties of the steel bars were the dynamic and static
yield stress (fsy;dyn, fsy;stat), the dynamic and static ultimate stress (fsu;dyn, fsu;stat), the strainesh when
hardening starts, the strainesu at ultimate, the uniform elongation strainAgt and the Young's modulusEs.

Tab. 5.4– Reinforcing steel properties.

Property Units Ø20 Ø14 Ø12 Ø8

fsy;dyn MPa 505.4 519.5 514.7 527.5

fsy;stat MPa 470.7 487.2 486.3 499.2

fsu;dyn MPa 608.1 614.3 607.2 628.2

fsu;stat MPa 568.7 552.6 565.7 592.7

esh ‰ 20.2 28.3 30.7 15.2

esu ‰ 149.3 142.0 122.2 104.4

Agt ‰ 125.2 127.7 113.6 93.6

Es GPa 199.4 200.9 206.3 192.2

5.2.4 Specimen installation

The installation of the specimen is done with the help of the fork which is described in Section 3.6. After
hardening, the specimens are stored standing in the structural lab at ETH Zurich. The specimen to be
installed is lifted with the fork using the laboratory crane and moved to its position between the yokes.
The fork is then “parked” on two �at jacks sitting on top of the reaction frame, such that the crane can be
used for other tasks. The geometry of the fork ensures that in this con�guration, the hanging specimen is
approximately in the reference position. For the connection of the yokes to the blocks, the fully retracted
yokes are approached in groups to the specimen (deformation-controlled) and once the yokes and the
shear keys of the blocks touch, the yokes are driven force-controlled (with a low force) until the surfaces
of the yokes and the blocks establish full contact. Six M36 bolts per yoke are then mounted to connect
the yokes and the blocks. For the panel test, these bolts are preloaded to a certain degree (depending on
the loading of the specimen) to ensure that a reasonable prestressing of the interface is maintained during
the test.

At this point the specimen is basically ready to be tested. However, before the experiment can be
conducted, additional preparations are required (particularly the preparation of the independent meas-
urement systems, see Section 3.4.5).
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5.3 Experimental procedure

Fig. 5.3– Load path of pilot tests: (a) PT1 - PT3; (b) PT4.

5.3 Experimental procedure

5.3.1 Measurement systems

The available measurement systems are described in Section 3.4. During each test in the LUSET, the
control system creates a log-�le of the test. The measured data in the log-�le are

• Actuator displacements (100 values)

• Actuator forces (100 force values from force sensors and 20 force values from pressure sensors)

• Yoke tilt angles (with respect toy- andz-axis)

Additionally, synchronisation signals from the FO and DIC measurement systems are recorded. From
the log-�le, the loading state of the specimen can be determined as described in Section 4.2. The machine
stiffness of the LUSET is dependent on the loading type (and thus would have to be determined for
each test independently). Therefore, the deformation state of the specimen is not determined from the
information in the log-�le (actuator strokes) but instead from the independently obtained deformation
measurements of the DIC system. The DIC and additionally the �bre optic measurements are used to
gain as much information as possible from the tests performed in the LUSET. Both systems were already
presented in Section 3.4.5.

5.3.2 Test procedure

At the beginning of the test, the specimen is brought into the reference position and the forces of all
actuators are controlled to zero. It should be noted that a force offset has beforehand been applied on
each actuator force reading in order to account for the self-weight of the yoke and the actuator itself.
This way, the actual forces the yokes apply on the specimen are measured without the aforementioned
self-weights, see Section 4.2.3. The trajectories for the desired force and deformation paths over time are
de�ned in the control system. If speci�c forces, deformations or movements are to be kept zero during
the test (e. g. no translation or force out of plane), this has to be de�ned as well. The control system will
then try to ful�l all the de�ned ramps once the experiment has started, but it will interrupt further loading
if one of the control variables lags behind, i. e. the setpoint value for that given moment in time cannot
be reached. This can e. g. happen if a crack occurs under pure shear loading and a vertical or horizontal
normal force develops because the system cannot react fast enough to maintain zero normal force. In this
case, the shear load is not increased until the normal force is reduced to zero as required. Other than that,
since all measurements (log-�le, DIC, FO) are automatically recorded with a de�ned frequency, there is
no need to stop the test at certain load steps. Thus, the de�ned trajectories are applied uninterruptedly,
other than in “classical” structural testing where load stages are de�ned at which measurements are taken.
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5 Pilot tests

Fig. 5.4– Shear load introduced to the specimen PT1 by each group of yokes against time and shear load intro-
duced by each yoke within a group against corresponding edge force.

Within the pilot test series, three panels (PT1, PT2, PT3) were loaded in pure shear, which was
monotonically increased until failure of the specimen occurred (Figure 5.3(a)). Panel PT4 was loaded
in membrane shear with an imposed longitudinal strain (Figure 5.3(b)). The imposed longitudinal strain
was thereby kept constant in the �rst part of the test and increased monotonically together with the shear
loading in the second part; the longitudinal strain was kept constant over the height of the specimen. The
applied loading rampDnxz=Dt was 20 kN/min up to failure.

5.3.3 Test results

PT1 Specimen PT1 was loaded monotonically in pure shear until failure. As the goal was to subject
the specimen to a homogeneous shear loading along its four edges, each group of yokes had to apply the
same load along the corresponding edge and each yoke within a group had to contribute equally to the
edge load. This was achieved as veri�ed in Figure 5.4(a) and (b) that illustrates the development of the
shear force in time for each yoke group and the (almost equal-) contribution of each yoke within a group
to the total force applied by that group. The slight deviations among the applied shear force per group
at time intervals 8000-9000 and 1000-11000 were caused by a correction in the position of the specimen
after it had experienced a rigid body motion (see Section 4.2.4). This problem has been corrected from
test PT-4 onwards by implementing a position check in the overall control strategy, i. e. by adjusting rigid
body motions continuously rather than correcting them periodically.

PT2 and PT3 Similar to PT1, PT2 and PT3 were also loaded monotonically in pure shear until failure.
The main differences among these specimens, as discussed already in Section 5.2.1, where the reinforce-
ment ratios. The main objective for these two specimens was to verify that the machine could also control
the applied load for weakly reinforced specimens were no stabilised crack pattern was expected to de-
velop and whose response might exhibit a brittle behaviour. Figure 5.5 and Figure 5.6 again illustrate
that the condition of homogeneous loading was achieved with the exception of the time intervals during
which a rigid body correction had to be performed, as discussed in the previous paragraph on PT1.
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5.3 Experimental procedure

Fig. 5.5– Shear load introduced to the specimen PT2 by each group of yokes against time and shear load intro-
duced by each yoke within a group against corresponding edge force.

Fig. 5.6– Shear load introduced to the specimen PT3 by each group of yokes against time and shear load intro-
duced by each yoke within a group against corresponding edge force.

PT4 In addition to shear, an imposed longitudinal strain was subjected to specimen PT4. Furthermore,
for this test a new control strategy was implemented that ensured the specimen would not undergo a rigid
body motion at any time throughout the experiment. This ensured that the condition of homogeneous
loading was ful�lled without interruptions throughout the test. Since the horizontal reinforcement was
not uniformly distributed over the height (two distinct tension chords at the top and bottom 400 mm of
the specimen), the forces that the yokes of the North and South group had to apply in order to impose
a certain longitudinal strain were different. Yoke pairs N1-S1 and N5-S5, which were situated at the
locations of the strongly reinforced tension chords, had to apply a greater force with respect to the overall
pairs 2 to 4 in order to impose the same longitudinal strain. The latter, as well as the development of the
shear force over time, is shown in Figure 5.7. Note that in this test two loading stages were performed; in
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5 Pilot tests

the �rst stage the imposed longitudinal strain was kept constant and equal to zero, in the second stage the
imposed strain was increased following a prede�ned ramp that de�ned a relation between applied shear
and applied strain. In order to be able to individually control the yoke pairs N1-S1 to N5-S5 (that need to
apply a different force as mentioned previously), for this test, a different machine con�guration had to be
de�ned and applied (see Section 4.2.2). Making use of the mobile linkboxes and bypass pipes described
in Section 3.3.3, each of the layers 100 to 400 for the yoke pairs 1/5 and 2/3/4 respectively (see Figure
2.3 for applied notations) was connected to a different control valve (4 valves for pairs N1-S1/N5-S5 and
4 valves for N2-S2 to N4-S4). The Bottom and Top groups as well as all the out-of-plane actuators were
connected to the valves corresponding to the standard machine con�guration.

Fig. 5.7– Shear load introduced to the specimen PT4 by each group of yokes against time (a); shear load introduced
by each yoke within a group against corresponding edge force (b); imposed longitudinal strain at the
height of each yoke pair (c); normal force in the yokes of the North group against the normal force in
the yokes of the South group (d).
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6 Testing possibilities

6.1 Homogeneous test con�gurations

6.1.1 Homogeneous loads

In the standard test con�guration in the LUSET, the specimen is subjected to homogeneous loading along
its four edges. This means that for each stress resultant that the LUSET can subject the specimen to (see
Section 2.2), each yoke contributes equally to the total edge load, hence ensuring a zero gradient. An
example is given in Figure 6.1(a) where a shell element is subjected to shearnxz and a transverse bending
momentmz; note that the stress resultants not shown in the �gure are controlled such that their values are
equal to zero.

6.1.2 Homogeneous loads and imposed strain

As mentioned in Section 4.3, in addition to control variables consisting of forces it is also possible to
simultaneously use additional control variables consisting of imposed deformations. Such a combination,
used already in a recent test series, is shown in Figure 6.1(b), where in-plane shearnxz and transverse
bending momentsmz are applied while at the same time imposing a horizontal strainex. The in-plane
shearnxz along the four edges and the bending momentmz at the top and bottom sides of the specimen
are homogeneously applied. At the same time, additional components ofnx are required for the yokes
of the North and the South groups to ensure that the required deformationsex are obtained. In addition,
either the curvaturescx, czx can be controlled to be zero by applying the required bending and twisting
momentsmx andmzx, respectively, or the latter moments are controlled to be zero (as illustrated in the
�gure) without restraining the corresponding edge displacements.

Fig. 6.1– Homogeneous panel test in the LUSET: (a) shear and transverse bending moment; (b) shear and trans-
verse bending moment, with an additionally imposed longitudinal strain.
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6 Testing possibilities

Fig. 6.2– Non-homogeneous panel test in the LUSET, with shear loading and imposed longitudinal strain with a
gradient: (a) loading; (b) machine con�guration.

6.2 Alternative test con�gurations

6.2.1 Non-homogeneous panel tests

By changing the machine con�guration, as outlined conceptually in Section 4.2.2, it is possible to con-
duct non-homogeneous panel tests. In the standard con�guration, the 20 available valves are each con-
nected to one group (layer) of �ve actuators, as explained in Section 2.3. However, the actuators are
all connected to the 20 independent valves via fast couplers and can be rearranged arbitrarily to differ-
ent valves using the mobile linkboxes and the bypass pipes (see Section 3.3.3). Depending on how the
rearrangement is done, different non-homogeneous loading types can be achieved. A panel test with in-
plane shear loading and an imposed longitudinal strain with a gradient along the specimen's edge, used
already in a recent test series, is discussed here to clarify the underlying concept.

Figure 6.2(a) shows the intended loading: homogeneous shearnxz along the specimen's edges and an
imposed strainex with a gradient over the height of the specimen. To achieve the gradient, the �ve yokes
of the North and South group have to introduce the same shearnxz each, but different horizontal normal
forcesnx;i in order to maintain the desired horizontal strainex;i .

Figure 6.2(b) shows how the control channels 1 to 18 (for this test, 18 channels are needed, so there are
two spare ones) are assigned to the actuators. Each of the North yokes must be controlled independently
to achieve a gradient over the height where the actuators of the �rst and fourth layer (rows 100/400,
continuous axes in Figure 6.2) and the actuators of the second and third layer (rows 200/300, dashed
axes in Figure 6.2), respectively, need to apply the same force (channels 1 to 10 in Figure 6.2) since no
bending nor twisting moments shall be applied. On the South side of the specimen, the same 10 channels
can be used, since the forces in the actuator pairs of the North side also occur on the South side due to
symmetry. This means, that the non-homogeneous imposed strain requires 10 control channels for the
sides, with 4 actuators assigned to each control channel. As an example, control channel 2 is connected
to the actuators N102, N402, S102 and S402.

The out-of-plane actuators are controlled as in the tests in the standard con�guration, meaning that
each group of �ve actuators has its channel, which is controlled to zero force during the test since no out-
of-plane shear is introduced. Channels 15 to 18 are thus assigned to the out-of-plane actuators, see Figure
6.2. In the standard con�guration, the in-plane actuators of the Top and Bottom group are assigned in
groups of �ve to 8 control channels. For the test with strain gradient, only 6 channels are left. However,
as for the North and South edges, since no bending nor twisting moments shall be applied, the �rst and
fourth layer (rows 100/400) can again be assigned to one channel, and the second and third layer (rows
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6.3 Alternative test setups

Fig. 6.3– Setup for the performance of tension/compression chord tests in the LUSET: (a) elevation of whole
setup; (b) detail of the installed specimen.

200/300) to another. Hence, 4 channels are suf�cient to control the Top and Bottom group, each control
channel with 10 assigned actuators (channels 11-14, see Figure 6.2).

6.2.2 Non-conventionally reinforced elements

The use of the clamping devices, outlined in Section 3.2.4 and at the time of writing this report still
in development, would enable the testing of alternative materials that do not contain conventional rein-
forcement such as e. g. Fibre or Textile Reinforced Concrete (FRC). Instead of connecting the specimens
to the yokes by anchoring the reinforcing bars in the blocks, they will instead be clamped by means of
hydraulic devices mounted on each yoke.

6.3 Alternative test setups

6.3.1 Tension chord tests

The capacity of the LUSET in tension is 3.4 MN per yoke. If several yokes are used in parallel, the
capacity can be increased accordingly. The maximum capacity is 17.0 MN, if �ve yokes are used at once.
In compression, the capacity is greater and equals 4.8 MN (24.0 MN). Using suitable load introduction
devices, the LUSET can be used for tension or compression tests, with these maximum capacities. A
series of tensile tests using two yokes in parallel has already been carried out, and the hardware is
therefore available, as shown schematically in Figure 6.3.

43



6 Testing possibilities

6.3.2 Specimens other than shells/panels

In addition to the holes provided for the connection with the blocks, the yokes have additional connection
provisions to be able to connect specimens with thicknesses in excess of what the standard blocks can
facilitate (e.g. thicknesses greater than 380 mm). This enables tests on for example retaining walls with
footings of approximately 1.4 m or columns with concrete hinges with wall thicknesses of 1.2 m. As the
LUSET and its control system are modular and versatile, a wide range of load combinations for such
tests can be achieved.

6.3.3 Hybrid testing

While tests on single elements yield valuable information on the load-deformation behaviour, they are
of limited use when investigating the deformation capacity of entire structures, i. e. when comparing the
demand for and the supply of deformation capacity. In such cases, special consideration has to be given
to possible restraints and the stiffness distribution among the various elements of the entire structure.
Therefore, any redistribution of internal forces involves the entire system and hence, experimental in-
vestigations of the deformation capacity on the structures level cannot be performed by relying solely on
an element consideration.

These limitations can be overcome by carrying out hybrid tests, where the part of the structure whose
behaviour is least known - typically the element that is expected to experience the most pronounced
non-linear behaviour - is physically tested, while the remaining parts of the structure are simultaneously
modelled numerically. In such tests, the loads applied by the LUSET to the element are determined based
on the actual stiffnesses of both, the physically tested as well as the numerically modelled elements.

The Matlab interface of the high-level controller described in Section 4.3 allows for the de�nition and
execution of hybrid tests. A �rst hybrid test was carried out in the LUSET in 2019 [8].
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7 Summary

A new testing facility to investigate the load-deformation behaviour of large-scale reinforced concrete
shell elements has been developed at ETH Zurich; TheLarge Universal Shell Element Tester(LUSET).
The LUSET enables the testing of reinforced concrete elements with in-plane dimensions of 2.0 x 2.0 m
and a variable thickness of up to 0.38 m. The specimens can be loaded homogeneously by arbitrary
combinations of all eight independent stress resultants of a shell element. The present report aims to
serve as a reference for future users of the LUSET, as well as researchers that are using the results of
experiments carried out in the LUSET and would like to get a more detailed overview of its characteristics
and the boundary conditions of the specimens.

The fundamentals of the LUSET are described in Chapter 2. Section 2.1 outlines the basic concepts
of the setup, followed by an overview of the capacities of the facility in Section 2.2. To facilitate a clear
and unambiguous reference to the components of the machine and the applied reference systems, Section
2.3 de�nes the notation used throughout the report. The limitations of the setup are outlined in Section
2.4.

Chapter 3 outlines the hardware components of the LUSET and their interfaces. Section 3.1 describes
the steel reaction frame, which brings the applied forces into equilibrium. The load introduction elements
that are made of steel as well, are documented in Section 3.2. The interface between the reaction frame
and the load introduction elements, namely the hydraulic components (actuators, valves and hydraulic
tubing), is the topic of Section 3.3. Section 3.4 offers an overview of the measuring elements, both those
that are built-in in the LUSET as well as the independent systems for tracking the specimens' response.
The computational hardware required for controlling the LUSET's 100 actuators is described in Section
3.5. Finally, Section 3.6 gives a summary of all auxiliary components essential for a �exible and ef�cient
work�ow when installing, testing and de-installing a specimen.

In Chapter 4, the software implemented for controlling the facility and hence the experiments is
described. The control software can be divided into two parts, namely the low-level controller, the
topic of Section 4.2, and the high-level controller, described in Section 4.3. The required programs
for monitoring the state of the testing machine and the specimen in order to ensure that there are no
deviations from the test protocol are discussed in Section 4.4.

Chapter 5 gives an overview of the pilot test series that was performed in the frame of the commission-
ing of the LUSET. Section 5.2 describes the specimens, their materials and the processes of production
and installation. The following Section 5.3 reports the applied testing procedures and compares it to the
test results in order to validate the setup's functionalities.

The �nal Chapter 6 aims at providing a general overview of the testing possibilities of the LUSET. The
overview is not exhaustive but merely meant as a starting point for future researchers aiming at de�ning
a new test procedure. Section 6.1 describes tests making use of the standard machine con�guration and
a standard specimen build-up (see also Section 4.2.2 and Section 5.2.2), whereas Section 6.2 covers tests
that either require an alternative machine con�guration and/or a different load introduction interface (i. e.
yoke to specimen connection). Finally, in Section 6.3, test setups for elements other than shells and
panels are described, and Section 6.3.3 covers the possibility to perform hybrid tests.
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