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Summary
This report describes the results of STSM TU1206-36204. During a visit to GEUS (DK)
between 23 and 27 January 2017, Jeroen Schokker (TNO-GSN, NL) has focussed on the
modelling of man-made ground as a linking pin between the above- and below-ground
urban domains. Key results include:
•

Man-made ground is all-inclusive and its definition and modelling should encompass
everything that is present between the land surface and the natural subsurface that is of
influence to the model properties at the intended use scale of the model. This means not
only reworked natural deposits and artificial deposits, but, if present, also tunnels,
cables, foundations, basements and archaeological heritage.

•

The types of input data that are eventually used should be dependent on the modelling
purpose and the associated modelling scale, but are in practice also determined by the
data that can be made available and the project means to do so, as well as by the
modelling method applied. The use of, preferably nation-wide, standardised publically
available datasets is advised.

•

Man-made ground modelling may be used to bridge the scale and information gap
between above-surface information and natural subsurface information. Combination of
these layers or submodels within one model (cf. GeoCIM approach) results in nesting of
different model scales, both laterally and vertically.

•

The ideas and technical solutions for efficient model maintenance are there. It is of
prime importance that all parties involved acknowledge the need to keep models up-todate to preserve their value. This requires maintenance funding and a feedback loop to
report back model issues. Maintenance and update ask for sustainable relationships
between cities and companies and/or institutes.

STSM rationale and purpose
Rationale
3D Urban planning is quickly gaining ground in several European countries. However, to
make well-informed planning decisions, 3D spatial data from the above- and below-ground
domains needs to be combined and presented in the right form at the right time in the
planning process. Within COST action TU1206 Sub-Urban we developed the GeoCIM concept
to describe this perception (Mielby et al., 2016). Man-made ground connects the mm-scale
CAD-world of buildings and infrastructure above ground to the m-scale GIS-world of natural
deposits below ground. Man-made ground is highly variable in thickness and often has
extremely heterogeneous lithological and hydrological properties. It includes artificial
materials and subsurface infrastructure, pipes and wiring. Mapping and property modelling
of man-made ground at a proper scale is vital for the successful application of 3D urban
subsurface information.
The Geological Survey of Denmark and Greenland (GEUS) recently developed a modelling
procedure to combine the natural subsurface, man-made deposits and subsurface
infrastructure in a detailed, nested voxel model for part of the city centre of Odense (Mielby
et al., 2015; Schokker et al., 2017). Since then, this method has been adopted by TNO Geological Survey of the Netherlands (TNO-GSN) to model part of the city of Rotterdam. To
account for different local conditions (concerning e.g. input data, modelling method,
modelling software), the original procedure has been modified, but the general principles
remain the same.

Aim
The aim of this STSM is to facilitate collaboration and exchange of ideas between urban
subsurface specialists that explicitly model man-made ground as a linking pin between the
above- and below-ground urban domains.
Within the STSM the nested modelling of the urban subsurface with focus on man-made
ground is evaluated. By following this methodology, man-made ground is implicitly used to
bridge the scale gap between above-surface information (mm-scale) and natural subsurface
information (m-scale). We therefore pay particular attention to the ideal modelling scale of
man-made deposits, depending on available data density and data types, aimed use, etc.:
How can we bridge the gap between the model scale urban planners expect and the scale
subsurface specialists still feel comfortable with?

Output
We deliver an STSM report, providing a review of the knowledge exchange between GEUS
and TNO-GSN on the subject of modelling man-made ground, including a general workflow
and key lessons learnt from our respective co-operations with the City of Odense and the
City of Rotterdam.

Impact and benefit to the COST action
The man-made ground models of Odense and Rotterdam provide one of the best practices
up-to-now to truly connect 3D modelling from the above- and below-ground domains and to
bridge the scale gap between both worlds. A description of the general workflow, including
strategies to adapt to local conditions, will be of wide benefit to COST action TU1206 SubUrban and beyond. The direct involvement of active users (city representatives) ensures the
practical application of this workflow.
By thus providing a tool to stimulate the flow and use of subsurface data and knowledge,
this STSM directly contributes to the main objective of COST action TU1206 Sub-Urban:
“Greater interaction and networking between experts who develop urban subsurface
knowledge and those in cities who can benefit most from it”.

General workplan
1. STSM to Aarhus, Denmark, 23-27 January 2017
-

Day 1: Travel from Utrecht (NL) to Aarhus (DK)

-

Day 2: Presentation, comparison and evaluation of Odense and Rotterdam city
models with the active involvement (in person or on-line) of representatives of these
cities and possibly Aarhus

-

Day 3: Man-made ground: input data, mapping and parameterisation, modelling
methodology

-

Day 4: Man-made ground: the ideal model scale

-

Day 5: Travel from Aarhus (DK) to Utrecht (NL)

2. Submission of STSM report, February 2017
3. Presentation and discussion of the STSM results at the COST meeting in Bucharest
(March 2017) and other relevant international meetings

Work carried out within the STSM
The STSM involved a 5-day visit of Jeroen Schokker (TNO-GSN) to Susie Mielby (GEUS),
geohydrologist and project manager at the Department of Groundwater and Quaternary
Geology Mapping of the Geological Survey of Denmark and Greenland, based at the
University Campus in Aarhus. Within the STSM several aspects of the nested modelling of
the urban subsurface with focus on man-made ground have been discussed and evaluated.
All talks that have been presented during this STSM have been made available through the
project iShare at: STSM\14. COST-STSM-TU1206-36204.

Monday 23/01/17: Travel
Travelling from Utrecht (NL) to Aarhus (DK). Arrival ca. 19.00 h.

Tuesday 24/01/17: Presentation and evaluation of current city models
Attending: Susie Mielby (GEUS, host), Gert Laursen (Odense), Tom Martlev Pallesen (I•GIS),
Klaus Petersen (Aarhus), Peter Sandersen (GEUS), Jeroen Schokker (TNO-GSN)
10.00

Susie Mielby

Welcome and General Introduction to the study topic

10.15

Jeroen Schokker

Introduction to this STSM

10.30

Gert Laursen

The Odense model

11.00

Tom Pallesen

GeoSmart Cities: Copenhagen - Frederiksberg

11.30

Jeroen Schokker

Urban-scale 3D subsurface modelling of Rotterdam

12.00

Klaus Petersen

The urban water cycle: examples of challenges and methods in Aarhus

12.30

Lunch

13.30

Jeroen Schokker

The GeoCIM process

14.30

Susie Mielby

Increasing the awareness of man-made ground

15.30

Closure

After a general introduction, the morning session has been used to present and discuss
recent and current city subsurface modelling efforts. This also included a city lacking a
subsurface model (Aarhus), but with similar climate-related groundwater problems as, for

example, the city of Odense. This went on in a very friendly atmosphere (Figure 1). Topics
covered in the discussion include:
-

How to increase the awareness of what’s beneath the ground for the non-specialist?

-

How to define and what to include as man-made ground?

-

How to maintain existing models? This also covers a structure for reporting back new
data and existing model issues.

-

Model uncertainty (or rather certainty) is important, but has many sides to it. It may be a
decisive factor when deciding what to include in a model update.

In the afternoon, special discussion topics were highlighted in two short introductions,
especially focusing on the dynamic nature of the urban subsurface and the GeoCIM
approach. The historic approach (event stratigraphy) was highlighted, taking into account
historic city development as one of the key factors of modelling man-made ground.

Figure 1 Vivid discussion at GEUS. Picture showing from left to right: Tom Martlev Pallesen, Susie Mielby, Jeroen
Schokker, Gert Laursen, Peter Sandersen and Klaus Petersen.

Wednesday 25/01/17: Modelling methodologies compared
Attending: Susie Mielby (GEUS, host), Anders Kallesøe (GEUS), Peter Sandersen (GEUS),
Jeroen Schokker (TNO-GSN), Richard Thomsen (GEUS), Thomas Vangkilde-Pedersen (GEUS)
09.30

Jeroen Schokker

Modelling man-made ground

10.30

Peter Sandersen

Odense Vest – Detailed geological modelling

In the morning, presentations were given regarding the geomodelling workflows that are
currently being applied at TNO-GSN and GEUS at various scales. Specific attention was given
to the use of publically available datasets to make methodologies more robust, e.g. lidarbased altimetry data and key register data on topography and real estate.
The afternoon session was spent to consult and discuss the GEUS national public databases:
Jupiter (containing borehole descriptions and interpretations) and the recent national model
database.

Thursday 26/01/2017: Technicalities and scaling
Attending: Niels-Peter Jensen (I•GIS, host), Susie Mielby (GEUS), Tom Martlev Pallesen
(I•GIS), Jeroen Schokker (TNO-GSN)

Figure 2 Presentation of GeoScene 3D and the GeoCloud at I•GIS. Picture showing from left to right: Jeroen Schokker,
Susie Mielby, Niels-Peter Jensen and Tom Martlev Pallesen.

At I•GIS, in the morning, Tom Pallesen showed the use of GeoScene 3D and GeoCloud with
the example of the detailed model of Skibhuskvarteret in Odense (Figure 2).
In the afternoon, time was spent to discuss data versioning and software-sustained
standardised work processes by directly linking to the DINO database management system
of TNO-GSN. Furthermore, database structure, model maintenance and update have been
discussed.

Friday 27/01/2017: Wrap-up and travel
Attending: Susie Mielby (GEUS, host), Peter Sandersen (GEUS), Jeroen Schokker (TNO-GSN)
The morning hours have been used to reiterate the topics that were discussed in the course
of the week, to wrap-up and draw some general conclusions (see next Chapter). After that,
we agreed upon the reporting format of this STSM and discussed outreach of the results of
COST action Sub-Urban, both within and beyond the remaining time of the action.
In the afternoon travelling from Aarhus (DK) to Copenhagen (DK). Departure ca. 13.00 h.

Key lessons learned from the STSM
Think before modelling
The strength of COST Sub-Urban is bringing together subsurface specialists and end users of
subsurface knowledge in the urban realm. Although subsurface specialists tend to focus on
the technical (or modelling) part of a project right from the start, modelling is merely a tool
to reach (part of) the objectives of the end user. In Odense, for example, initially five
separate case studies were analysed, each with their own foreseen end user and field of
application: Thomas B. Thrigesgade, Vinkælder Renden / Skibhuskvarteret, New Odense
Universitetshospital, New Bellinge Fælled and Sanderum Tørvehave.
It is very important to identify the user (and possible future users) and his aims directly in
the beginning of the project. Recognising these is part of the first of six modelling steps in
the Odense project (Schokker et al., 2017):
1.

Initial model consideration phase
Which types of problems/challenges are related to the man-made ground?
What is the 3D/4D model intended to be used for (overview, urban planning, construction, etc.)?
Who is the end user of the model?
What types of questions should the model be able to answer?
Is data from boreholes, CPTs, excavations, etc. going to be merged with modelling of infrastructure data
(modelling of possible infill of excavations around conduits, cables, etc.)?
Do we include man-made subsurface structures (basements, etc.?) as man-made ground?
Which model scale is needed?
Can we accept a model with varying detail?
What is the expected model output for the end-users?

The end user and his questions determine the model specifications to a large degree: extent,
model type, input data, output parameters, output scale, output format, etc. As such, multipurpose models like GeoTOP might be difficult to handle, because these appear never to be
complete. In that case, model decisions implicitly limit the possible model uses. Examples of
such decisions include which units to include in your conceptual model, layer-based or voxel
modelling, voxel size, etc.
Apart from addressing a clear problem as identified by the end user the active use of 3D
subsurface models in urban planning greatly benefits from the presence of “subsurface

ambassadors” within the municipality. Examples of such people within the COST Sub-Urban
network include Ingelöv Eriksson (Municipality of Oslo) and Ignace van Campenhout
(Municipality of Rotterdam). They have enough knowledge and skills to bridge the
communication gap between the planning world and the subsurface specialists’ world.

Man-made ground is all-inclusive
In the concept of Geo City Information Modelling (GeoCIM; Mielby et al., 2016) man-made
ground is a crucial link between the below- and above-ground world (Figure 3). To be able to
play that role, correct and inclusive modelling of this layer is of crucial importance, especially
in terms of properties.
We should note here, however, that we do not know of any maintained urban model
currently spanning the entire vertical range of GeoCIM, i.e. from above ground to the natural
subsurface.

Figure 3 BIM, CIM and GeoCIM relationships by geographical scale of interest (x-axis) and data themes above and below
ground (y-axis) (Mielby et al., 2016).

Man-made ground should include everything that is present between the land surface and
the natural subsurface that is of influence to the model properties at the intended use
scale of the model: not only reworked natural deposits and artificial deposits, but, if
present, also tunnels, cables and pipes, foundations, basements and archaeological
heritage.
This notion poses specific challenges to so-called multi-purpose models (e.g. GeoTOP, built
by TNO-GSN), for which a wide range of possible usages is envisaged (Stafleu et al., 2011;

Van der Meulen et al., 2013). For natural deposits, the combination of the two attributes
geological unit (which is partly based on genesis) and lithological class enables a base for
populating GeoTOP with e.g. hydrological or geochemical parameters. If man-made ground
is regarded as one model unit (as is currently the case in this model), we need to expand the
attribute lithological class to incorporate both artificial deposits and man-made structures to
be able to parameterise these non-natural materials correctly. Currently available
classification schemes for artificial deposits are not very useful, as they tend to focus on the
morphology of the deposits, rather than their content (e.g. Ford et al., 2004; Price et al.,
2011).

Carefully select input data
Although an overview of possibly useful available data types should be produced at the
start of a project, there is no fixed list of input data types that is necessary to construct a
useful urban subsurface model (cf. e.g. Kristensen et al., 2015). The types of input data
that are eventually used mainly depend on the modelling purpose and the associated
modelling scale, but are also determined by the data that can be made available and the
project means to do so, as well as by the modelling method applied. As an example to this
last point, GeoTOP is still heavily based on borehole descriptions, although we recognise that
cone penetration test results and shallow geophysics might provide powerful additions to
our input data. It takes time however to adapt the workflow to be able to incorporate new
data types.
Gathering new data, being either collecting new field data or making existing data on paper
or in pdf available for digital use) is extremely time and money consuming. Because of these
restrictions and difficulties to reach an agreement with a large commercial data owner on
the use of geotechnical borehole data, within the Odense modelling project the man-made
ground modelling was limited to a proof of concept.
To be able to build on the methodology of earlier modelling exercises in other areas and to
reduce the amount of time spent on data handling and preparation, the use of, preferably
nation-wide, standardised publically available datasets is advised. These can subsequently
be supplemented with dedicated, local data sources. Apart from using subsurface datasets
that are being maintained by TNO-GSN, GeoTOP modelling also makes use of datasets that
are regularly being maintained by third parties, e.g. lidar-based topography and a database
of fluvial channels. For modelling man-made ground, detailed information from national key
registers appears to be very useful. This includes large-scale topography (BGT) and national
building administration (BAG). In Odense, cadastral GIS-data (buildings, pavements, etc.) and
information from utilities companies were an important additional source of input data.

Nested modelling induces scale variability
Up to recently, computer-power limitations and software restrictions were hampering the
use of 3D modelling. In terms of voxel modelling, this meant that a model could only contain
a restricted amount of voxels. Luckily, this is becoming less and less of a problem (cf. Van der
Meulen et al., 2013). Point data density however quickly diminishes downward, which makes
it sensible to differentiate the vertical model resolution. Man-made ground modelling may
be used to bridge the scale and information gap between above-surface information (mmscale, huge amount of information) and natural subsurface information (m-scale, scarce
amount of information). In practice, this may look like this:
Model layer / Submodel

Model type

Horizontal
resolution

Vertical
resolution

Above-ground (buildings, infrastructure)

BIM (CAD)

0.001 m

0.001 m

Man-made ground (man-made ground, utilities, tunnels)

voxel

10 m

0.2 m

Natural subsurface (geological units)

layer-based / voxel

100 m

1m

Combination of these layers or submodels within one GeoCIM model results in nesting of
different model scales, both laterally and vertically.
Voxel models can better handle heterogeneity within units than layer-based modelling, but
you need the data density to sustain this. In Odense, voxel modelling of the uppermost part
of the subsurface has therefore only been performed within specific areas (Thomas B.
Thrigesgade and Vinkælder Renden / Skibhuskvarteret).

Model maintenance and update is vital
The space beneath cities can be very dynamic (certainly for a geologist’s mind). For a longlasting impact on subsurface planning, it is therefore crucial that a subsurface model is being
maintained after it is finished. That is reflected in the GeoCIM life-cycle diagram (Figure 4).
GeoCIM can be regarded as an effort to efficiently use subsurface knowledge and resources.
As such, it shows comparisons to the idea between the Key Register of the Subsurface (BRO)
law in the Netherlands: “Single acquisition and storage of subsurface information, multiple
use”.
The City of Odense really struggles with maintenance and update. Odense has an up-to-date
and detailed combined layer-based / voxel model of the city centre (Thomas B. Thrigesgade).
Within this area, the municipality has ordered a large engineering company (that was not
involved in the Odense 3D subsurface modelling project) to develop a huge, partly sub-

terranean museum hall (Hans Christian Andersen Museum). However, the municipality
cannot force the company to consult the existing model, let alone to supplement it with new
data to keep it up-to-date. At the same moment, GEUS is working on a new hydrogeological
model west of the city, thereby using approximately the same method as applied in the
original Odense model, supplied with new data. The end results will be that the two model
areas, that partly overlap, will be merged into one new model. For the overlap area, the
original 3D model will then have been updated. Crucial factors here include the interest of
GEUS to sustain the model and the use of the same modelling method in both modelling
exercises.
We do not know of any models that are currently being used and maintained throughout
more than just a few steps of the GeoCIM life cycle. The Odense model might thus be a
useful test case for this idea, if the requirement of stable maintenance allocation can be
met.

Figure 4 GeoCIM lifecycle, making all spatial data relevant to planning decisions available in a common data
environment, supporting strategic planning and effective delivery of infrastructure projects by providing easy access to
all related information at each stage of the process (Mielby et al., 2016).

Within the GeoSmart Cities Copenhagen Frederiksberg project, I•GIS is developing a webbased solution that makes use of a web cloud to store data and information, including 3D
models, and associated web services to upload and download this information. The idea is

that the members of the project consortium will thus be able to work with the same data in
the same modelling software to build a detailed and dynamic geological model as a basis for
improved urban planning. Once completed, users, including city planners, decision makers
and the general public will be able to access the 3D model in this way. If modelling is
considered a dynamic process and funding of model maintenance is addressed as part of the
project right from the beginning, using a web cloud might just as well be a solution for the
maintenance and update phase of existing models, especially in the highly dynamic urban
subsurface. The Danish situation helps in a sense that there is a nationwide tradition of using
GeoScene 3D for hydrogeological modelling, which makes software choice a non-issue.
However, also in Denmark, storing several versions of the same or nearly the same model
can still result in synchronisation problems.
The dynamic nature of the urban subsurface makes it impossible to continuously update a
model. One of the criteria to update might be related to a quantitative measure of model
uncertainty. In this case it is clear to all parties involved when and what to update based on
predefined rules. It has to be said however that there is no widely accepted measure of
model uncertainty available at the moment.
It is clear that the ideas and technical solutions for efficient model maintenance are there.
It is merely a matter of acknowledging the need to keep models up-to-date to preserve
their value. This requires maintenance funding. Also, a feedback loop to report back model
issues has to be put into effect. Maintenance and update ask for sustainable relationships
between cities and companies and/or institutes. In the United Kingdom, the ASK Network
is an effort to build such relations between different parties, including research institutes,
commercial and public companies and government bodies (include reference).
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