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Executive Summary

A comparative assessment of the current methods
and approaches used by the GEOLAB partners in
model building is performed at qualitative level.
For this purpose, specific critical steps of model
preparation came under scrutiny such as model
conception and design, model construction,
experimental data reporting and relation to the
needs of the numerical community.

The comparative assessment enables a clear
overview of the current state-of-practice across
GEOLAB facilities and provides the community
with a summary of the current methods available
for the control of boundary conditions,
construction and instrumentation of the soil
deposit, model saturation and model dissection.
Moreover, a benchmark testing procedure is
proposed to be included in the transnational
access offered by the project to assess
guantitatively the consistency of the model-
building protocols of GEOLAB partners.

Furthermore, specific recommendations are
made on the basis of the qualitative comparative
assessment in the attempt to increase consistency
of model-building procedures. These can be used
as reference and starting point for the more
detailed refinement to be implemented, if
necessary, a soon as the quantitative assessment
of the consistency of model-building protocols is
finalized.

By applying the final guidelines and
recommendations, the impact of the
experimental results is expected to multiply both
in the experimental and numerical modelling
communities.

D10.04 Protocols for consistent model-building across facilities
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1 Introduction

1.1 About GEOLAB

The existing Critical Infrastructure (Cl) of Europe in the water, energy, urban and transport sector is facing major
challenges because of pressures such as climate change, extreme weather, geo-hazards, aging and increased usage
in combination with pivotal changes in the Cl to meet long-term societal goals (e.g. energy transition). To address
these challenges, scientific research and innovative solutions are needed that can only be achieved by an
interdisciplinary, cross-boundary approach and by equipping expert teams with the most advanced suite of
physical research infrastructure available that allows them to work across spatial scales, explore different theories
that describe the pressures and adopt innovative techniques for solutions.

The GEOLAB Research Infrastructure (RI) consists of 11 unique installations in Europe aimed to study subsurface
behavior and the interaction with structural Cl elements (e.g. a bridge) and the environment. The overarching aim
of GEOLAB is to integrate and advance these key national research infrastructures towards a one-stop-shop of
excellent physical research infrastructure for performing ground-breaking research and innovation to address
challenges faced by the Critical Infrastructure of Europe.

During the Joint Research Activities (JRA), the capabilities of the integrated GEOLAB RI services are improved
beyond present state-of-the-art. Topics are: (1) Harmonizing operation (2) Advancing physical modelling of the
impact of climate change, aging and extreme events on Cl; (3) Development of 3D-4D measurement techniques;
(4) Application of new materials and new sensing techniques; (5) Data management of performed experiments for
future re-use.

During Transnational Access (TA), users outside the consortium gain access to the GEOLAB installations to perform
research and innovation. The scientific research community will use the enhanced capabilities of GEOLAB from the
JRA to perform ground-breaking experiments. For Cl managers and policy makers, the activities will result ina more
comprehensive understanding of the challenges facing Cl and evidence to base decision making upon. The
construction industry will use GEOLAB to proof innovative solutions for the Cl and so gain more leadership in the
industrial and enabling technologies.

There will be close interaction with Small and Medium-sized Enterprises (SME) that develop user-friendly
engineering software from numerical modelling advances which are validated in the TA projects. We will explicitly
challenge SME on sensing, new materials and other niches for innovative solutions, which will have spinoff in other
fields of application, contributing to the competitiveness of Europe.

Networking Activities (NA) are another core element of GEOLAB, culminating in workshops and other outreach
events that foster a digital and In Real Life community, thereby providing a productive channel to communicate
with different stakeholder groups.

The GEOLAB consortium is a collaboration of renowned organizations coordinated by Deltares (the Netherlands).
Other consortium partners are: CEDEX Spain, NGI Norway, University of Cambridge (United Kingdom), Delft
University of Technology (the Netherlands), University of Maribor (Slovenia), Technical University Darmstadt
(Germany), ETH Ziirich (Switzerland), Université Gustave Eiffel (France) and KPMG Future Analytics (Ireland).

More information: www.project-geolab.eu.



http://www.project-geolab.eu/

f
a o
&: 7 D10.04 Protocols for consistent model-building across facilities
GEOLAB

1.2 Motivation

One of the main challenges when conducting experimental research as part of a collaboration between multiple
facilities is to ensure the consistency of the adopted experimental methodology at all stages of an experiment,
from its initial conception and design to the final reporting of the data. Without such consistency, comparisons of
the experimental results or subsequent (re)use of data by other users can become a difficult task.

Especially in the case of experiments on soil and geosystems, there are multiple uncertainties, which can introduce
inconsistencies in the experimental methodology between different facilities. Using different types of soil
containers, following different model construction techniques, or adopting different monitoring and measuring
methods can lead to vastly different experimental results.

For this reason, prescribing and observing protocols for consistent model-building is essential for the subsequent
comparison of data obtained from similar investigations in different facilities and future re-usage of test results by
other researchers. When establishing such protocols, it is crucial that the specific limitations and specifics of the
different participating experimental facilities are taken into account, especially when a wide range of experimental
facilities are involved, as is the case of GEOLAB. To this end, a questionnaire was formulated and released to all
partners of GEOLAB to shed light on the current experimental practices of each facility involved and to identify the
critical points where consistency should be enhanced.

In this context, the aim of the current deliverable is to summarize the current experimental methodologies adopted
by GEOLAB facilities, to evaluate their current level of consistency, and to propose some protocols in the shape of
general guidelines and recommendations for enhanced consistency of model-building.

The feedback from the GEOLAB partners is organized in this report in two distinct sections dealing with small and
large-scale testing facilities separately. After a subsequent reporting the general practice of data reporting and
how the needs of the numerical community are addressed by the facilities, the last section formulates the general
guidelines and recommendations.

2 Small-scale Facilities

Small-scale experimental facilities of GEOLAB are mainly laboratories with geotechnical centrifuges: University of
Cambridge (UK), Université Gustav Eiffel (FR), Deltares (NL), TU Delft (NL), and ETH Zurich (CH). Most important
aspects related to the peculiarities of model-building and testing in the geotechnical centrifuge under enhanced
gravity field will be presented in this section. As previously indicated, the main purpose is to provide an overview
of the similarities and differences of experimental methodology between these facilities.

2.1 Model conception and design

Geotechnical centrifuge modelling can generate well-documented case studies using scaled-down models,
avoiding erroneous results due to scale effects, since the increased centrifugal acceleration recreates the same
stress level in the model at homologous points with the prototype. In most cases, centrifuge models replicate in
smaller scale a specific prototype structure, which is already designed according to specific building standards,
aiming to test the design of the structure and/or its general response under specific loading conditions.
Consequently, the centrifuge model is designed by reproducing as accurately as possible the characteristics of the
prototype structure and by observing the corresponding centrifuge scaling laws.
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2.2 Model construction

The following sections provide details on the adopted methodology for the various stages of model-construction
across the GEOLAB facilities. Specific details related to boundary conditions and interfaces, soil deposition,
instrumentation, model saturation, post-test dissection will be reported and briefly discussed.

2.2.1 Boundary conditions and interfaces

Most centrifuge models involve a soil container, which will accommodate the soil deposit modelled. The first step
prior to building the model is to prepare the container accordingly, so that its lateral and bottom boundaries
consistently resemble the boundary conditions of the prototype problem.

For models involving static loading conditions, consistency can be achieved more easily by relatively simple
procedures, such as surface treatment or coating, considering that most common boundaries are frictional ones.
When smooth boundary surfaces are required, a consistent practice across the experimental facilities is the
application of a thin layer of silicone-grease to reduce the friction coefficient. Additional measures are the coating
of the container surfaces with Teflon tape, or thin silicone/rubber membranes treated with a lubricating agent. In
case rough boundary surfaces are required by the model, some common practice is the use of water-resistant cloth
backed sand paper with an abrasive material such as aluminum oxide. This water and tear resistant sand paper is
glued on the container surface (usually the bottom one) using a spray adhesive. In some facilities, sand (of the
same type with the one pluviated) may also be directly glued directly on the required surface using high epoxy
resin.

Similar approaches are used to create interfaces within the model (e.g., soil-structure interfaces) with different
roughness conditions. Such interfaces can be tested in advance by performing constant normal load tests (CNL)
using a direct shear apparatus. Reportedly, constant normal stiffness (CNS) tests set-ups may be developed in some
facilities, if required by a potential project. Rubber coating may be also utilized on model interfaces, mostly to
absorb vibrations, which may distort the results of the response during testing.

In the case of experiments involving dynamic loading, several essential aspects of the model boundaries need to
be taken into account such as stress and strain similarity, shaking propagation, and wave reflections and
refractions. Unwanted effects can be introduced at the boundaries, reducing consistency with the conditions of
the prototype problem, and adding significant uncertainties to the experimental results. Soil containers with
different types of boundaries can be used to reduce such effects at the cost of increasing technical complexity of
the boundary.

The most basic procedure to reduce unwanted boundary effects is to use a large rigid container in which the
boundaries are far enough from the investigated location of interest. Additionally, the lateral and bottom
boundaries should be treated according to the requirements of the investigated problem (e.g., smooth or rough
conditions). Nevertheless, this approach can lead to very large containers, which cannot be accommodated by the
experimental facility, as indicated in the literature (e.g. [1], [2], [3]). Alternatively, unwanted wave reflection and
generation at the model boundaries can be reduced significantly by using specialized absorbing materials such as
Duxseal [4] or sponge materials [5]. The main disadvantages of this procedure are the actual boundary conditions
introduced by such materials, which are mostly unknown and can introduce significant uncertainties for the
numerical modelling community. A further option is the use of an equivalent shear beam (ESB) container [6], which
is designed to match, the stiffness of the soil over a specific limited range of strains. Nevertheless, the rubber
connecting the aluminum rings of ESB containers has mostly a linear elastic response during cyclic loading, while
the soil behaves highly non-linear, especially at large strains. Laminar containers [7] with passive or active
boundaries are currently the best and most complex solution in reducing boundary effects of soil containers during
dynamic loading. The stacks of laminates on sliding bearings allow the stiffness of the soil to govern the response

8
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of the entire model and reduce in this way the undesired boundary effects introduced by the walls of rigid
containers.

For experiments involving fluid flow, the hydraulic response of the boundaries is very important. One reported
method to control the permeability and the fluid flow at the model boundaries is the use of stainless steel sintered
porous plates equipped with a controllable valve. Alternatively, porous stones, other metallic meshes or
geotextiles, or even coarse sand may be used depending on the particle size of the model soil.

An additional feature in geotechnical centrifuge modelling is the consideration of high overburden pressures, such
as those under a large dam, for example. For these cases, lead shot may be utilized to achieve extremely high
overburden stresses, without having to increase the complexity of adding a structure in the model. Obviously, such
an approach may be followed when the response of the soil underneath a heavy structure (e.g. large dam) is of
interest.

For investigations involving specific kinematic boundary conditions (e.g., the effect of active faults on neighboring
structures), custom containers with multiple independent sections are constructed, allowing horizontal and
vertical relative movement at the boundaries of the model.

2.2.2  Construction and instrumentation of soil deposit

The input provided by the small-scale facilities with respect to the construction of the model soil deposit vary
significantly depending on the soil type. Sand models are in their vast majority pluviated dry, by means of air
pluviation and the achieved relative density is controlled by properly adjusting the drop height, movement velocity,
and supply rate. Dry pluviation can be performed either with a manual or with an automatic raining system, and is
applied generally to poorly graded sands targeting a wide range of relative densities.

For some facilities with manual pluviators, the drop-height is adjusted based on the dimension of the model
container (i.e. depth) and the experience of the researcher preparing the model. For controlling the movement
velocity during pluviation, a metronome can be used to support the researcher in following a consistent motion.
The choice of the drop height can me bade based on different approaches. A constant drop-height producing a
loose deposit can be used to create a loose model, which is vibrated subsequently to reach the target density. The
intensity and duration of vibrating is calibrated for different relative densities. Alternatively, the drop height is
adjusted based on specific calibration curves produced in advance by every researcher, aiming to reach specific
target densities for a given movement velocity and supply rate. In this context, providing the specific calibration
curves applicable for each approach is essential for the consistency of the pluviation procedure.

In the case of an automatic raining system, the drop-height and velocity can be controlled in general automatically.
The opening width of the hopper is adjusted manually based on the target sand density. In most facilities, the
automatic raining systems have been calibrated for a wide range of relative densities for the sand materials
available in the laboratory. A general recommendation is that the researcher verifies the calibration especially
when different target densities and/or a different sand type is used.

The wet pluviation method is also employed by some facilities to create the model soil deposit. The test container
is filled with water partially and the sand is pluviated into the water manually, especially for smaller loose to
medium dense models. This leads in general to very low relative density values (D, = 10%), which can be
increased subsequently by compaction. For high density models (D, = 90%) tamping is utilized as a means of
densification. An alternative way is to deposit fluidized sand in a controlled upward discharge of water, which is
uniformly flowing in from the base of the contained. The obtained relative density of this method is usually is D,. =
30% — 40%.
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Monitoring the achieved relative density during model construction is great importance when building a sand
model. This can be done by depositing thin layers and evaluating the mass density in each one of them through
detailed measurements of the achieved elevation after pluviating each lift. To evaluate the achieved mass density
after the model is fully constructed, practically two methods have been reported. A consistent approach reported
by many facilities is to embed small containers at various depths within the model, which are filled with soil during
pluviation. Those containers are weighed after the test during the dissection phase, and the achieved mass density
is determined. A limitation of this method is its applicability mainly to dry models and static tests only, since any
kind of vibration would alter the relative density of the soil. Many facilities utilize also miniature CPT probes to
perform in-flight soil profiling, thus evaluating the achieved relative density and associated stiffness of the model
soil deposit.

For clay models, the clay slurry has to be prepared before model construction and consolidated in the container.
The most common practice reported for the slurry preparation is mixing of clay powder and de-aired water under
vacuum, and subsequent discharge of the resulting slurry in the model container. For slurry mixing, various water
content values can be adopted by different facilities depending on the modelling requirements, ranging mostly
between 1.5 — 3 times the liquid limit of the clay [8], [9]. Most GEOLAB facilities reported a water content of the
slurry mix of about twice the liquid limit.

The slurry is consolidated usually both under 1g and in-flight under enhanced g-level. More specifically, one facility
reported that the slurry is initially consolidated at 1g under a small surcharge (e.g., 5 kPa). Subsequently, the
sample is moved to the centrifuge for final consolidation under enhanced gravity. Alternatively, the sample may
be consolidated at a large surcharge pressure at 1g, and then moved to the centrifuge for final consolidation,
depending on the target over-consolidation ratio (OCR). For small models, consolidating under 1g conditions
should not present any challenge, but for conventional centrifuge models, consolidation on flight may be
inevitable. In case the model has an inclined geometry, the applied methodology was consistently the same: a solid
volume of clay is deposited by consolidation and the final geometry is obtained by removing the supplementary
soil from the model.

Unlike monitoring of the relative density in sand models, in clay models the achieved strength and stiffness of the
deposit (i.e., Su profile) cannot be monitored during model construction. However, in the vast majority of the
facilities reported the evaluation of the achieved profile after the model is constructed by means of inflight probing
(penetrometers, CPT, CPTu, or T-bar).

A further important step in model preparation is the instrumentation, which can occur during or after the
construction of the model soil deposit, depending on the soil type. Regardless of the soil used in a specific model,
it is common practice across facilities to mark the location inside the soil, where each sensor is going to be
embedded. In most cases, for sand models colored sand is employed to mark the target location of a sensor. In
case of clay models, no particular common practice was reported to mark the location of a sensor. However, final
measurements after placing and securing the sensors provide the required information about as-built coordinates,
which in general correspond to their center of mass.

2.2.3 Model saturation

For models with saturated soil deposits, the procedure of saturation may vary significantly, mainly depending on
the adopted methodology of soil pluviation. For instance in the case of the aforementioned wet pluviation, the
model is already saturated. The saturated sample is prepared by mixing sand with de-aired water under vacuum
and pluviating it from a constant height to achieve the target density.

In the case of dry pluviation, one common method of saturation involves several cycles. Initially, the filled container
is sealed and vacuum of about 90 kPa (approx. 675 mmHg) or 90% 1 atm is applied in the model. Thereafter,
the model is saturated with CO, to remove the air in the pores and achieve better saturation. The same cycle is

10
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repeated once more, and finally vacuum is re-applied to facilitate the supply of saturation fluid in the model.
Saturation occurs under 1g conditions, and the model is saturated usually from deeper to shallower layers to avoid
the possibility of hydraulic failure. Furthermore, the fluid supply rate is maintained at a very low value to avoid any
disturbance of sample. According to one facility, the supply rate is approximately 0.8 [/h, which would correspond
to “a drop of fluid per second”. Depending on the sample size and the viscosity of the fluid, the facilities report a
range from one to ten or more days to saturate a model fully. Last but not least, due to the high dependence of
fluid viscosity on temperature, most facilities reported the importance of monitoring the temperature of the model
during testing by means of a sensor either embedded in the soil or placed the centrifuge room.

Multiple methods have been reported for the estimation of the achieved degree of saturation, such as the laser-
float method [5] from Japan, P-wave measurements, bender element tests, and time domain reflectometry (TDR).
A promising reported future development in the measurement of the degree of saturation is method of short wave
infrared (SWIR) images.

In most facilities, models are mounted on the centrifuge after having been saturated (only one mentioned the
possibility of saturating on the centrifuge basket). Model handling and final positioning can be challenging tasks in
the model preparation procedure. Vibrations may be induced and unwanted pore-pressures may generated before
the actual test potentially leading to local loss of confinement within the soil mass. Even for dry models, such
vibrations can lead to densification and change in the soil fabric in the free field, and locally induced shear stresses
and strains, associated with shear modulus degradation in the vicinity of model structures. In this context, the
generally adopted practice reported is the extremely careful handling of the model to keep vibrations at a
minimum, the use of stoppers to keep model structures in place and avoid unwanted shear stresses and strains
before spin-up or model structure installation after the model is mounted on the basket, whenever possible.
Reportedly, different tools are being used by the facilities for handling and positioning, depending on the size of
the model: (a) rolling table with adjustable height, (b) forklift, (c) truck or (d) crane.

2.2.4 Model dissection

The adopted practices during model dissection are of equal importance to those for model building, since the final
locations of the various elements of the model reveal a critical part of the overall response. Therefore, it is crucial
that the post-test condition of the model is handled with minimum distortion.

The general practice is to perform the dissection carefully with a scoop without disturbing the locations of the
sensors and to mark their post-test coordinates. The use of different measuring devices has been reported, such
as calipers, measuring tapes, or optical distance measurement tools/scanners. The same applies for any marked
targets in the model utilized for position tracking. In case of structural elements in the model, most facilities
reported taking physical measurements after the end of the experiment, especially when there is reason to believe
that a sensor located on the structure may have malfunctioned. These physical measurements are invaluable, since
they can be correlated potentially with optical measurement data (e.g., Particle Image Velocimetry), in case such
measurements were performed. All facilities reported that physical measurements should not be replaced by
videos captured during the experiment or optical measurement data. Taking into account that the latter can be
susceptible to errors (e.g. due to target loss in PIV analyses), redundancy of the monitoring and sensing systems
should be available.

11



7~
&

%‘; 7 D10.04 Protocols for consistent model-building across facilities
GEOLAB

3 Large-scale Facilities

3.1 Model conception and design

Particular aspects of model building within large-scale facilities will be covered in this section, taking into account
the significant differences in model preparation with respect to small-scale facilities.

Generally, models or test sites are prepared within the framework of existing standards and codes (e.g. DIN,
Eurocode), whenever applicable. As an example, DIN 18126 [6] was reported as reference code for the evaluation
of sand density at different levels of compactness. Nevertheless, most models are prepared to investigate
structures or problems usually not covered by existing codes. In this context, no specific common set of codes is
currently used by the large scale facilities, taking into account the wide variation of experiments performed.

3.2 Model construction

3.2.1 Boundary conditions and interfaces

Controlling boundary conditions following a consistent and uniform procedure can be a further challenge of large-
scale facilities and it can become one especially for field test sites. The common aspect is the consistent trend of
clearly defining or monitoring of relevant boundary conditions during testing across facilities.

More specifically, in the case of field test sites, boundary conditions such as location of water table, temperature,
and overburden pressure are mostly monitored rather than controlled during the test. Reportedly, for specific
tests, the overburden pressure can be adjusted in the field by using large concrete blocks or water containers, or
temperature can be locally controlled using special heating systems.

Relatively more controlled boundary conditions are possible in laboratory conditions (e.g. test pits) with some
limitations given by the design of soil container. In terms of friction conditions at the boundaries, these can be
adjusted, just as in the case of small-scale containers, using different linings on the walls of the containers, usually
made of concrete for the test pits. Nevertheless, the soil is deposited in most cases directly in the container without
any treatment of the surfaces, and the model structure is scaled to reduce boundary effects to a minimum.

In terms of boundary permeability, layers of highly permeable gravel can be deposited in the container (mostly at
the base) in combination with geotextile layers to create permeable boundaries. In contrast to the field test sites,
test pits allow even specific kinematic constraints at the boundaries according to the requirements of the project
and considering space and other specific limitations of the container.

In general, interface conditions within medium to large-scale models need less focus than in small-scale models.
For field test sites, soil-structure or soil-boundary interface conditions are realistic, representative and mostly
identical to those of the prototype problem. Moreover, the soil-sensor or structure-sensor interface conditions
have no influence on the experimental results due to the large scale of the tests and the mostly small dimensions
of the sensors. Sand-coating techniques similar to those used in small-scale models to recreate rough interfaces
can be applied at larger scale too. There is however no established standard procedure being followed in such
cases.

12
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3.2.2  Construction and instrumentation of soil deposit

The model soil deposit is constructed consistently with similar procedures from the small-scale facilities, where
applicable. On the one hand, in the laboratory, pluviation systems are used in combination with cranes. They are
fully calibrated for a wide range of densities of the standard sand used by the facility in experiments. The drop
height is adjusted manually and kept constant during pluviation with a distance control system, while the sand
supply rate is controlled by custom-made supply tubes and diffusers. The movement velocity of the pluviator is
regulated by the crane movement. On the other hand, field test sites do not require pluviation or deposition
systems. They include naturally deposited soils for which the relative density of sand layers or the undrained shear
strength of clay layers are given and rather measured than controlled.

In this context, CPT, CPTu and bender element tests have been consistently reported as the most usual methods
to determine the state parameters of the soil deposit used in the experiments both in the laboratory and in the
field. For the natural soil deposits of the field test sites a wide range of standardized laboratory investigations (e.g.,
soil sounding tests, odeometer, triaxial, sieve analysis) are usually used for the same purpose, introducing an
increased level of consistency in the soil profile characterization.

While the positioning of the sensors can be a challenging task in small-scale modelling, this does not represent an
actual challenge for large-scale facilities. Compatibility between the as-built locations of the sensors and those
initially designed based on the quantities to be measured is reached consistently and confirmed by regular
measurements (e.g. with surveying tools, measuring tape) during model construction.

3.2.3 Model saturation

Model saturation represents another important step in model-building in the laboratory, if required. In field test
sites, saturation is not a common step of the preparation procedure, considering that water content and water
table locations are rather measured than controlled.

Two main procedures can be used to achieve a saturated soil deposit in a laboratory container: (1) “mixed”
pluviation (i.e., air pluviation over the container filled with water) and subsequent compaction, usually producing
a highly saturated but less homogenous soil deposit; (2) dry pluviation (i.e., air pluviation over the empty container)
and bottom-up saturation, usually producing a less saturated but homogenous soil deposit. In contrast to the
procedures used by small-scale facilities, large-scale models are saturated using regular water rather than de-aired
one.

3.24 Model dissection

The final step of model dissection after performing the test is reportedly not as demanding as in small-scale tests.
Generally, model dissection is consistently performed using appropriate tools and post-test coordinates of the
various sensors are determined using simple and rather rough measurements with 10 — 20 mm accuracy, which is
actually sufficient for most large scale testing. For structural elements, special measurements are performed only
if abnormal or unexpected behaviour was observed during the test. In the case of filed test sites, model dissection
is not usually pursued due to obvious technical reasons.
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4 Reporting of experimental data

Experimental data consistently covers more than the sensor measurements performed during the tests. Across
facilities, additional material such as videos, photos, and sketches documenting the entire test set-up and
procedure, as well as the critical sections and locations are provided with the test results. Besides all dimensions
and constructive details of the model, they include but are not limited to essential information such as locations
of the measurement points and sensors, boundary conditions, or loading and measurement sequences. In general,
the content and extent of the experimental data reported depends greatly on the project requirements.

For small-scale facilities with geotechnical centrifuges, data is mostly reported in prototype scale both in raw and
processed form, with only one facility reporting in model scale. Moreover, the model response during spin-up and
spin-down of the centrifuge is shared only upon request or upon requirement by the project, although it is always
monitored.

Large-scale facilities report data model scale, which however is typically close (for field tests, even identical) to
prototype scale. A consistent trend of reporting processed data can be observed with the final user usually
deciding on the level of data processing required for reporting. Moreover, the purpose of the data report seems
to play a significant role in the level of processing in most cases.

5 Addressing the needs of the numerical community

The needs of the numerical community play a significant role in designing the test set-up and should be taken into
account accordingly. While element tests are used in general to determine input parameters for the numerical
models, system level experiments at small or large scale have the purpose to investigate critical failure
mechanisms, monitor system response and provide a validation basis for numerical models.

In this context, sufficient instrumentation should be provided at locations of interest, which were proven critical
for the understanding of the failure mechanisms during eventual preliminary numerical investigations. Although
not reported as standard practice, some facility owners prepare numerical models in advance depending on the
purpose and type of the field experiment aiming to refine the experimental set-up.

Moreover, sufficient redundancy should be incorporated in the monitoring and sensing systems to confirm the
conclusions of the experiments, on the one hand, and to provide sufficient validation data for the numerical
models, on the other one. As an example, the use of containers with transparent (e.g. Perspex) windows is
encouraged whenever possible, for direct visual comparison of the investigated response (e.g. concentration of
strains, development of flow and motion direction vectors, etc.) with numerical results. Moreover, the use of strain
gauges, fiber-optics sensors or load cells on structural elements were proven to provide invaluable data for the
numerical modelers. In general, facility owners in GEOLAB reported that they tend to include sensors in the
experimental model independently, even in situations when the final users are not necessarily interested in
subsequent numerical modelling, if a real benefit for potential numerical simulations could be clearly identified.

Finally yet importantly, all details related to model preparation relevant for the validation procedure should be
identified in advance in a dialogue between experimental investigators and numerical modelers and provided with
the experimental data. Indeed, such discussions are reportedly common practice with GEOLAB partners, although
they are not always possible at the desired level of detail due to timing restrictions during experiment planning. In
any case, the experience shows that the close collaboration is beneficial for both experimental and numerical
purposes. In this way, the needs of the numerical community are often implicitly addressed and data (re)usage in
different applications is facilitated.
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6 Testing of benchmark models

The assessment of model-building protocols will be finalized during the transnational access (TA) of GEOLAB by
performing tests on benchmark models and evaluating quantitatively the repeatability of the adopted
experimental procedures. In this way, the current report will be complemented by an additional section,
summarizing the results of the benchmark testing and suggesting eventual points of improvement, if necessary.

Although the detailed specifics of the benchmark model are yet to be decided by the GEOLAB partners, a simple
testing procedure can be adopted following, for instance, the investigations performed by Bolton et al. [12] on
cone penetration tests (CPT) in sand. In this way, sand models of a commonly decided relative density could be
prepared by the various facilities according to their model-building protocols, taking into account the guidelines
and recommendations formulated in the Chapter 7 of the current report, and using the same type of sand.
Subsequently, CPT probing could be performed in-flight or at 1-g, depending on the adopted scale of the model. In
addition to the evaluation of model-building consistency, important aspects such as particle size effect, container
boundary effects or stress level effects will be considered by taking advantage of the opportunity of combining
centrifuge testing with 1-g large scale testing.

By evaluating the results of the CPT probing, the model-building protocols of the different GEOLAB partners will be
evaluated quantitatively, in addition to the qualitative assessment provided herein. Moreover, interesting insights
will be obtained considering the wide variety of facilities involved in the project and their specific tools and
procedures (e.g., soil containers, CPT-probes, raining systems, etc.)

7 Guidelines and recommendations for model-building
consistency

Model-building procedures across the GEOLAB facilities are reasonably consistent with some potential for
improvement (Table 1). Most approaches are aligned with each other, and are expected to produce models of
similar characteristics, although different methods may be applied by different facilities for the various steps of
model construction. The recommendations formulated in this section are intended to increase the re-usability of
the experimental data reported by GEOLAB users by other researchers in the future and to create a common
framework for potential comparative assessments of similar tests performed in different facilities.

Starting with the boundary conditions of the models, the surfaces inside containers or the model interfaces (e.g.,
soil-structure, soil-sensors) are treated in consistent manner by small and large-scale facilities to obtain the desired
boundary conditions. Coating of surfaces with materials of different friction coefficients (e.g. lubricants, teflon,
silicon, rubber, sandpaper) are standard procedures reported by the majority of facilities. In most cases, results of
interface tests are available at each facility to characterize in detail the frictional behavior of the various materials.
In this context, the only recommendation that can be made to improve consistency at this stage of model-building
is to report in detail the adopted boundary conditions of the model and to include all relevant results of interface
tests with the reporting of the experimental data.

The construction of model sand deposits is performed using a relative wide range of pluviation systems.
Nevertheless, the common consistent feature of all systems is the control of the drop height, sand supply rate, and
movement velocity of the pluviator, according to previously determined calibration curves for various relative
densities. In addition to the pluviation systems, alternative methods involving the vibration of the initially loose-
deposited model to a target relative density according to specific calibration curves of time and intensity of
vibration have been reported.
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Table 1. Summary of main similarities and differences among GEOLAB partners for various model-building stages.

Model-building stage Main similarities Main differences

. e Generally, no specific design codes are followed .
Model d ! !
odel design T e Investigated problem and model scale

e Use of special absorbent materials or

e Surface treatment/coating for friction decrease o . .
specialized containers for dynamic

Boundary/interface conditions

or increase s
applications
e Dry sand pluviation using automated/manual
raining systems e Wet sand pluviation or fluidisation

Sand/Clay deposition o
o Clay slurry mixing under vacuum and

subsequent consolidation under 1- and N-g

L. X . o Relative density evaluation during pluviation . .
Characterization of soil profile . o . e No major differences
e Soil probing (inflight) using CPT, CPTu, T-Bar

e Other saturation methods (e.g. mixing
Soil Saturation e Saturation under vacuum after €O, flushing of sand and de-air water under vacuum
and subsequent wet pluviation)

e Laser-float method [5], P-wave
measurements, bender element tests,
and time domain reflectometry (TDR),
SWIR imaging.

Evaluation of saturation e Common evaluation of achieved saturation

. . e Non-disturbing dissection procedures and post- . .
Model dissection & P . P e No major differences
test measurements of sensor locations

The construction of clay deposits performed, where applicable, in a relatively consistent manner using slurry mixes
with de-aired water consolidated both under 1g and under enhanced gravity. Subsequent dissection operations
are performed to obtain inclined geometries of the deposit.

Taking into account the importance of the sample uniformity (where applicable) and the achieved target density
or undrained shear strength, it is strongly recommended to agree and observe a consistent way of monitoring
these parameters. Various methods (e.g. for sand: bulk density measurements, density rings, CPT probing, bender
elements measurement correlations; for clay: penetrometer tests, CPT/T-bar probing, vane testing) are used
currently to monitor these parameters during and at the end of model construction. Therefore, facilities are
encouraged to find a common consistent method in their current approaches. CPT/T-bar probing could be a
potential solution, taking into account that it is reportedly used by most facilities. The experimental data should
always report the measurements confirming the achieved relative density or undrained shear strength specifying
all details related to the method used for this purpose.

A further important step during model construction is the installation of the sensors, which is approached by
facilities in different ways. The as-built coordinates should always be clearly mentioned in the report of the
experimental data, with specific indications on how they relate to the center of mass of the sensors. All necessary
information on the measurements performed for this purpose should be included as well. Sensor calibration
strategies and procedures can vary significantly and they are usually handled in a case-by-case scenario. It is
recommended, however, to calibrate conventional sensors (e.g. pore pressure transducers, accelerometers, load
cells, etc.) at the beginning of each testing campaign, and to provide the calibration factors with the experimental
data. Tactile sensing systems, total pressure cells, and other types of sensors known by the experimental
community for the particular challenges associated with their calibration (especially for dynamic applications)
should be calibrated before each test of a campaign.

The methods reported by facilities for model saturation vary significantly, although some common consistent
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points can be observed (e.g. use of CO, flushing, saturation under vacuum, bottom-to-top injection of saturation
fluid, temperature monitoring). It is recommended to agree and observe a consistent method for the evaluation
of the saturation degree, considering the wide range of methods used and the accumulated experience of the
facilities with the specific methods. The experimental data should then include this evaluation along with all
relevant information related to the measurements performed.

The final step of model dissection is reportedly performed by the majority of the facilities with the exception of
filed test sites and large-scale element test facilities. This confirms that measurements of the post-test locations
of sensors and model structures, where applicable, represent essential information in the interpretation of the
experimental data. It is recommended that model dissection is performed and documented diligently.
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9 Appendix 1: Questionnaire

The content of this report related to the consistency of the model-building procedures across GEOLAB facilities
was summarized based on the contributions of the Rl owners. The detailed questions of the formal questionnaire
used for this purpose efficiently provided essential information related to the topics of interest. A summary of
the questions can be found below:

1. Which norms do you usually refer to for the design of your models?

2. Which techniques / what kind of materials do you employ to adjust the boundary conditions inside the
container, prior or after building a model?

(a) For different friction conditions

(b) For absorbing boundaries

(c) Permeable / impermeable boundaries

(d) High overburden pressure

(e) Kinematic boundaries

(f) Other

3. Which techniques / what kind of materials do you employ to account for interface conditions within your
model? This includes soil-structure, structure-container, structure-sensor interface (e. g. tactile sensor) etc.
(a) Do you perform interface tests? Describe briefly.

4.1 Construction of sand models:
(a) Do you use a manual pluviator or an automatic raining system? (a) For manual pluviator: How do you
establish the appropriate velocity, drop-height and supply rate to obtain the target density?

(b) For an automatic raining system: which parameters (velocity, drop-height, supply rate) are
automatically controlled?

(c) Is your manual / automatic system calibrated for a wide range of relative densities and sand types?
How often do you calibrate it? Does every user need to calibrate it for their own use?

4.2. Monitoring of relative density
(a) What practices do you follow to monitor the relative density while building a model?
(b) What practices do you follow to evaluate the achieved relative density (CPT, bender elements, etc.)?

5.1. Construction of clay models:
(a) How do you prepare the slurry mix?
(b) Do you consolidate in 1g or in-flight?
(c) Describe briefly your technique of building inclined clay models.

5.2. Monitoring of undrained shear strength Su:
(a) What practices do you follow to monitor the Su profile while building a model?
(b) What practices do you follow to evaluate the achieved Su profile (T-bar, penetrometer, etc.)?

6. For In-Situ testing describe the adopted methodologies applied in your facility to characterize a soil profile.

7. Sensor locations:
(a) How do you select and mark the positions and confirm the as-built locations of the sensors inside the
model?
(b) How does the global location of the sensors relate to their center of mass?
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8. Describe briefly your saturation method.
(a) Model preparation before saturation (e.g. vacuum, saturation with CO2, etc.).
(b) Evaluation of degree of saturation (e.g. bender elements for P waves etc.)
(c) Installation of saturated model on the centrifuge basket (if applicable).
(d) Direction of saturation (from top to bottom or vice versa)
(e) Typical supply rate and duration for a representative centrifuge model in your facilities.
(f) In which way and how often do you monitor viscosity with temperature during a centrifuge test (e.g.
before and after spinning)?

9. Describe briefly the methodology you adopt during dissection of the model.
(a) Do you take physical measurements of the post-test coordinates for all embedded and surficial
sensors (and targets for tracking, if applicable)?
(b) In case there are structural elements in the model, do you verify the instrumentation measurements,
also with physical measurements after the test?
(c) Does the aforementioned practice change in case you have a PIV window in your model or you track
its surface with a camera?
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10 Appendix 2: List of GEOLAB Providers and Facilities

Table 1 GEOLAB experimental facilities: list of key features
Provider Key Equipment

= Large-scale triaxial apparatus

= Infrastructure for experimental pavement structure research
= Traffic Load Simulator (TLS)

1. University of » pavement soil-structure interaction

Maribor Services currently offered by the infrastructure:

Realistic and inexpensive simulation of pavement structure, analysis of short and long-term
behaviour of different pavement structures, optimization of pavement design, testing of
multiple scenarios in a timely fashion

=  TU Delft Geotechnical Centrifuge
» Radius: 1.3 m

» Max model weight 300N (volume of 150 (h) x 400 (l) x 400 (w) mm3), subjected to
max g level of 300g

Services currently offered by the infrastructure:

Soil-structure interaction, offshore foundations, dykes and embankments, tunnelling, slope
stability, dynamic effects on geotechnical structures and surface subsidence

Examples of the recent services offered are listed below:

e Sliding behaviour spudcan foundations

2. TU Delft e |Installation and bearing capacity of suction caissons
e  Effect of ship/wall collision
e  Determination crater depth due to gas blowout
e Behaviour of sheet pile walls
e Widening of (transport and river) sand embankments on soft soil
e  Failure mechanism of dykes (water infiltration, uplift pressure, loading)
e  Pollution transport simulations (DNAPL, LNAPL, Cleaning processes)
e  Flow slides of submerged slopes composed of loose sands
e Role of scour protection on the prevention of static liquefaction induced flow slides
= Drum and Beam Centrifuge
Drum Centrifuge
» Radial acceleration of 440g on a test payload of 2 tons
» soil channel dimensions: 2.2m diameter x 30cm deep x 70cm wide and 5.0m long
» In-flight model creation, including saturation is possible
Beam Centrifuge
» Radial acceleration of 250g on a test payload of 2 tons (or equivalently 5tons at 100g)
» Each swing has a platform of 1.25 x 1.25 m, where the soil container is placed
3. ETHZ » The setup offers the possibility of a soil container of up to 2 m length
» A custom-designed by Actidyn BC-5810 earthquake simulator is installed in one of the

two platforms
» Capability of performing horizontal seismic ground motions of any target waveform
(recorded or artificial) at up to 0.5 g peak ground acceleration on packages of up to
700 kg mass over a wide frequency band, at a maximum centrifugal acceleration of
100g
Services currently offered by the infrastructure:

Soil-structure interaction, monotonic and cyclic loading of shallow and deep foundations,
slope stability, rockfall, rainfall-induced landslides, and “sturzstroms”
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4. TU Delft

= TU Delft Large Scale Geotechnical Physical Modelling Facility
» 5x2x2m

5. Uni Eiffel

= Uni-Eiffel Geo-Centrifuge

Radius 5.5 m

Max. acceleration 100 g (@ 5m) for 2t models

Swinging basket L x| xh :1.40 x 1.15 x 1.5m

Remotely controlled 4-axes robot, earthquake simulator

YV V V V V

Investigation tools : mini-CPT, mini-Tbhar, mini vane test, mini pressumeter

» Circular containers, rectangular strongboxes, transparent face strongboxes
Examples of the recent services offered are listed below:
Wind turbines founded on a jacket pile structure (2013-2016), Monopiles (2017-2020),
floating Wind turbines (2017-2021), and behaviour of Piles subjected to cyclic loading (2008-
2017). Reinforcement and improvement of soft soils with Rigid Inclusions (1998-2001, 2005-
2013, 2019-2023), reinforcement with geogrids, helical piles, unsaturated soils and
installation of piles

6. Deltares

= GeoModel container

» 4.0m x 2.5 mx 1.2 m; which can be downsized if required

» Equipped with a fluidisation system for building homogeneous sand models at the
required density.

» Possibility to simulate phreatic flow, confined groundwater flow and effective stress
at very large depths.

» Several other containers, both for atmospheric pressure and elevated pressure
(several bars), are also available.

7. Deltares

= Geo-Centrifuge
> Radius: 5m
Capacity: 260g-tons
Platform dimensions: 1.2 x 1.2 x 1.8 m
4D-robot for in-flight tooling

YV V V V

Hydraulic actuators, high resolution (48 MPix) cameras, high speed (2500 fps) video
system, pore pressure, total stress, displacement and force transducers

» Clay mixing and consolidation facilities
Examples of the Services currently offered by the infrastructure:

e Embankment stability, Piled embankments, Backward erosion piping, Tunnelling,
Jacked Pile Installation, Lateral Pile Loading

8. University of
Cambridge

= Schofield Center
» Beam Centrifuge
» Radius: 5m
» Capacity: 150g-tonne
Services currently offered by the infrastructure:

Installation of shallow foundations and piles in-flight, subjected simultaneously to axial,
cyclic lateral and moment loading, seismic loading of buildings and underground
structures, mono-pile foundations for wind, energy applications, deep foundations under
complex loading, energy activated geo-structures, tunnelling, Rayleigh wave propagation
ahead of high-speed trains, and seismic performance of quay walls

Examples of the recent services offered are listed below:

e  Miniaturised Earth pressure balance TBM to capture three-dimensional tunnelling
effects on existing structures

e Thermoelectric heat pumps to simulate energy activated deep foundations

e Transparent laminar box for seismic testing
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9. TU Darmstadt

= TUDa Geotechnical Test Pit (GTP)
» Infrastructure for medium- to large-scale model testing of soil-pile interaction
» Total dimensions of testing platform: 19.4 m x5 m (L x W)
» Consists of two parts:
- deep pit with dimensions 5 m x4.35mx 6 m (L x W x D)
- shallow pit with dimensions 14.5mx5m x3 m

» Mobile walls in the shallow pit can create smaller sections to allow for smaller-scale
tests

» Steel cylinder 4.3 m in diameter and 3 m deep is also available for wet testing

» Vertical and horizontal actuators can transmit static and dynamic force or
displacement to the pile/foundation

» Only for sand/sandy soils in dry and saturated conditions
Services currently offered by the infrastructure:

In the main, high-quality static and dynamic soil-structure analyses of vertically and
laterally loaded piles, testing of pile groups, investigation of pile installation effects.
However, investigation of other geotechnical problems are possible as well such as testing
of new installation techniques, prototype foundation or ground improvement methods, or
the behaviour of other geo-structures such as shallow foundations, (reinforced)
embankments and buried structures like pipes or cables

10. CEDEX

= CEDEX Track Box (CTB)
» 21 mlong, 5 m wide and 4 m deep
> testing at 1:1 scale complete railway track sections up to 400 km/h
» possibility of performing fatigue tests
Services currently offered by the infrastructure:

Analysis of short- and long-term behaviour of the components of railway tracks,
determination of the response to innovations to be implemented in railway tracks

Recent main works performed in CTB:

e Behaviour of High-Speed Lines subjected to mixed traffic (2012)

e  Optimization of the thickness of the bituminous sub-ballast layer (2013)
e Behaviour of a ballasted track fouled with desert sand (2014)

e Standard tests on prefabricated slab track (2015)

e Analysis of the influence of the embankment on the critical speed (2016)
e Determination of Track Lateral Stability (2016)

e Innovations in railway track elements in Very High-Speed Lines (up to 400 km/h)
(2017)

e Tests on new slab tracks for mixed traffic (2018)
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= Geotest sites (NGTS), consisting of 6 well-documented sites for field experiments
» soil conditions ranging from soft clay, silt, sand, quick clay to frozen soil (permafrost)
and one test site for snow avalanche
» detailed characterisation of soil conditions at each site
» variety of permanent monitoring systems in the fields (earth pressure cells,
piezometers, thermistor strings, inclinometers, weather station etc.)
Services currently offered by the infrastructure:
Various problems can be explored at these test sites include (but are not limited to):
5. e e Testing and benchmarking of in situ investigation/testing methods and

instrumentations (CPTU, sampling methods, nonintrusive tomographical methods...etc)
Field testing of foundation prototypes (monopiles, suction bucket, energy piles...etc
Field testing of soil-structure interaction (piles, retaining wall ...etc)

Field testing of geotechnical engineering structures (fill, cut, slopes, embankments...)

Field testing of soil stabilisation methods (lime-cement stabilisation, salt injection in
quick clay, innovative stabilisation methods and materials..etc)

Experiments for collecting geotechnical parameters to validate constitutive/numerical
models (soil-structure interactions...etc)

Full-scale testing of snow avalanches and safety measures (dams, screens)
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11 Appendix 3: Contact details of GEOLAB RI

Table 2 Contact details of GEOLAB RI representatives

Name of

Installation Location . Telephone Email
Representative
Delft, The Suzanne van +31 88 335
Deltares Netherlands Eekelen 7287 Suzanne.vanEekelen@deltares.nl
Delft, The +31 15 278
TU Delft Netherlands Stefano Muraro 3377 S.Muraro@tudelft.nl
. Zurich, Evangelia (Eva) +41 44 633 .
ETH Zurich Switzerland Korre 3410 eva.korre@igt.baug.ethz.ch
. Maribor, . +386 31 347 . .
U Maribor Slovenia Stanislav Lenart 826 stanislav.lenart@zag.si
pa Mary Ant.onette +49 61511 ma.beroya— ‘
TU Darmstadt German Beroya-Eitner 622827 eitner@geotechnik.tu-
¥ (Tonette) darmstadt.de
NGI Oslo, Norway Thi Minh Hue Le +47 93 001 834 | thi.le@ngi.no
1
CEDEX Madrid, Spain Maria Santana ;232 335 Maria.S.Ruiz@cedex.es
Uni Eiffel Bouguenais, Matthieu Blanc +33 24 084 matthieu.blanc@univ-eiffel.fr
France 5818
. Cambridge, e e +44 12 233
U Cambridge Wit [inler Giulia Viggiani 37713 gv278@cam.ac.uk

24


mailto:Suzanne.vanEekelen@deltares.nl
mailto:S.Muraro@tudelft.nl
mailto:eva.korre@igt.baug.ethz.ch
mailto:stanislav.lenart@zag.si
mailto:ma.beroya-eitner@geotechnik.tu-darmstadt.de
mailto:ma.beroya-eitner@geotechnik.tu-darmstadt.de
mailto:ma.beroya-eitner@geotechnik.tu-darmstadt.de
mailto:thi.le@ngi.no
mailto:Maria.S.Ruiz@cedex.es
mailto:matthieu.blanc@univ-eiffel.fr
mailto:gv278@cam.ac.uk

GEOLAB



