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Abstract

Software systems monitoring civil structures over their lifetime are exposed to the risk of aging much faster than the
structures themselves. This risk can be minimized if we use models describing the structure, geometry, processes,
interaction, and risk assessment as well as the data collected over the lifetime of a civil structure. They are considered
as a unity together with the civil structure. These constitute a digital twin of such a civil structure, which through
appropriate operative services remain in permanent use and thus co-evolve with the civil structure even over a long-
lasting lifetime. Even though research on digital twins for civil structures has grown over the last few years, digital
twin engineering with heterogeneous models and data sources is still challenging. Within this article, we describe
models used within all phases of the whole civil structure life cycle. We identify the models from the computer
science, civil engineering, mechanical engineering, and business management domains as specifically relevant for
this purpose, as they seem to cover all relevant aspects of sustainable civil structures at best and discuss them using
a dam as an example. Moreover, we discuss challenges for creating and using models within different scenarios
such as improving the sustainability of civil structures, evaluating risks, engineering digital twins, parallel software
and object evolution, and changing technologies and software stacks. We show how this holistic view from different
perspectives helps overcome challenges and raises new ones. The consideration from these different perspectives
enables the long-term software support of civil structures while simultaneously opening up new paths and needs for
research on the digitalization of long-lasting structures.

Keywords: Civil Structures, Model-Based Software Engineering, life cycle, Engineering, Digital Twin, Internet of
Things, Intelligent Civil Infrastructural Systems, Operations Management, Geometric Models, Modeling Smart
Material, BIM, GIM, Interoperability

1. Introduction

Motivation and Relevance. In the last years, losses
due to natural catastrophes have been constantly rising
up to 280 billion US dollars worldwide (NatCatSER-
VICE, 2022; Szmigiera, 2022). Floods and storms are
the leading cause of natural disaster fatalities (Doocy
et al., 2013). Between 1980 and 2009 2,8 billion peo-
ple have been affected by floods (Doocy et al., 2013)
which represents 36 percent of the world’s population.
More and more people live next to coastal areas, river
basins, and lakeshores which leads to a high impact of

flood events on human populations causing mortalities,
injuries, and displacements. Civil structures such as
dams and dikes can help mitigate and prevent the effects
of such flood events. Also beyond floods, civil structures
like bridges, tunnels, and roads, are of great importance
to our society, as they are central components of our
critical infrastructures.

Digitalization is increasingly a factor in the construc-
tion and maintenance of civil structures. Civil structures,
like many other constructions, are nowadays often first
planned and modeled in digital form before being built in
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the real world. Additionally, civil structures are increas-
ingly equipped with sensors that can provide important
information on the condition of civil structures during
their lifetime becoming Internet of Things (IoT) systems
and intelligent civil infrastructural systems. In addition
to sensor data describing the civil structures' condition,
civil structures may also provide important data about
the environment. Using this up-to-date data, it is pos-
sible to create Digital Shadows (DSs) or Digital Twins
(DTs). This improves state assessment through regular
inspection or stress simulations. In this way, they con-
tribute, among other things, to defending against extreme
environmental events, which are becoming increasingly
frequent as a result of climate change.

The construction of civil structures is highly complex,
since it requires expertise from many di� erent domains,
from geomechanics and mechanical engineering to busi-
ness management. Software and its engineering take on
several roles: (a) software is already a part of the civil
structure, e.g., for controlling it, (b) DTs are software,
which digitalizes other disciplines, i.e., their models and
data, and (c) we need software to engineer long-lasting
DTs for long-lasting civil structures. Since these disci-
plines have di� erent perspectives on civil structures, the
domain-speci�c models used to describe civil structures
also deviate from each other. To e� ectively construct,
monitor, and maintain civil structures, it is necessary to
be aware of, understand, and integrate these di� erent
perspectives using software models.

Research Question and Objective.Overall, the main
research question addressed in this paper is which mod-
els are needed from di� erent research perspectives to
create digital twins to improve the creation and monitor-
ing of civil structures during their lifetime. In particular,
we address the following questions:

(RQ1) Which models are used in di� erent domains for
what purpose? Di� erent domains use di� erent
kinds of models and modeling languages. For exam-
ple, while architects may use 3D graphical models
of a civil structure when designing it, engineers may
use mathematical models to estimate the stability or
energy e� ciency of the construction. To create an
integrated understanding of civil structures, we �rst
need to understand which kinds of models are used
by experts from di� erent domains in the context of
civil structures. Next, it is important to understand
why and how the models are used. Answering this
enables understanding if there is an overlap between
di� erent kinds of models.

(RQ2) Which challenges occur when integrating di� er-
ent modeling perspectives and generating a long-

lasting digital twin for long-lasting civil struc-
tures? Even with an integrated modeling perspec-
tive, engineering civil structures inherently remains
a complex task that requires knowledge from vari-
ous domains. To e� ectively address the remaining
challenges to improve the economic, ecological,
and social sustainability of civil structures in the
future, we �rst need to identify them.

By answering these questions, theobjectiveof this
paper is to contribute to the e� ective engineering of civil
structures using IoT systems connected to digital twins.

Main Contribution.We provide an overview of mod-
eling approaches for civil structures from di� erent re-
search perspectives and describe their integration in dig-
ital twins to help solve challenges in the future. The
research perspectives coming together in this article are
structural engineering, geospatial information, building
material engineering, environmental engineering, build-
ing management, and software engineering. Moreover,
we show current challenges for representing civil struc-
tures in DTs and propose a research agenda.

Outline. Section 2 describes fundamentals of civil
structures, their life cycle, relevant stakeholders, and
modeling. Section 3 introduces models from di� erent
research perspectives and their purposes. Section 5 iden-
ti�es and discusses open challenges for modeling civil
structures. The last section concludes this article and
shows ideas how these models can be used for improved
civil structures in the future.

2. Fundamentals

We show what constitutes a civil structure, provide
details about the life cycle of civil structures, and discuss
di� erent groups of stakeholders relevant to the di� er-
ent life cycle phases. Moreover, we introduce relevant
modeling foundations relevant to di� erent research dis-
ciplines.

2.1. Civil Structures

A civil structure is not uniformly de�ned throughout
the literature. Some de�nitions of civil structures and
civil engineering structures are summarized by Proske
(2021). In general, a civil structure is de�ned as an ob-
ject that is �rmly attached to the ground and is made by
material and labor (by humans). It is an integral part of
the land and cannot be separated from the land without
being damaged or changed signi�cantly (Deutschland,
2002). According to Union (2017), a civil structure is
everything that is made by construction work. Civil



structures are characterized by a long lifetime, force-
conducting elements, immobility, and uniqueness. They
either delimit space (walls, ceilings), span space (bridges,
towers), or are form-giving (monuments). Civil struc-
tures can be subdivided intobuildings(e.g., for public,
private, or industrial purposes) andinfrastructure(e.g.,
bridges, tunnels, and dams). The latter is also named
civil engineering structures and requires extensive struc-
tural calculations under consideration of special safety
reserves (Proske, 2021). Within this paper, we are using
the termcivil structure when referring tocivil engineer-
ing structuresandinfrastructure.

2.2. Civil Structure Life Cycle

The life cycle of constructing civil structures starts
with thepre-design and conceptual planningphase (Fig-
ure 1, top). It covers the identi�cation of the need for the
construction as well as recommended solution options.
If a solution is approved, e.g., through a feasibility study,
major deliverables, as well as stakeholders, are identi-
�ed and a project team begins to shape. These phases
require a lot of information from di� erent sources, e.g.,
geospatial datasets of the surrounding area are gathered
and build often the base for subsequent planning. In the
detailed planning phase, the construction is developed
in as much detail as possible. The steps necessary to
meet the construction objective are planned. If building
information modelling (BIM) is used, the civil structure
is modeled using components with 3D geometry and
attributive information. Slices and construction plans
can be derived; area, volume, and quantity measures can
be calculated. Cost and time management regarding the
project can be prepared. Furthermore, di� erent simula-
tions and variants can be analyzed and coordination and
clash detection is facilitated. The followingconstruc-
tion phase (Figure 1, right) covers the execution of the
construction process. When bringing the design to the
�eld, one has to transfer the civil structure design onto
the land itself, thus, workers can follow it during con-
struction. Key points and guide markers are set out to en-
sure accurate construction takes place. The construction
progress is continuously monitored. The deviations from
the original plan are recorded and the performance of
the activities is measured. Corrective adjustments to the
planning are made by the project manager if necessary.
This phase can be supported by theBIM model. The
model is used as a guideline and utilized for documen-
tation of progress and control. Defect management can
be executed e� ciently. After construction, the as-built
documentation can be derived from the �nal construction
using on-site measurement techniques.

Figure 1: Life cycle of a smart civil structure (based on (Herle et al.,
2020))

If available, the planned models are compared to the
as-built models improving commissioning and handover.
Finally, the construction can be put tooperationphase
(Figure 1, bottom), when operators and facility managers
become relevant. Dam owners, e.g., electronically or hy-
draulically control dam gates, tend bridges, work canal
locks, and lighthouses to oversee marine passage if the
dam is near the shore and inland waterways. Structural
health monitoring (Sakr and Sadhu, 2023) can be real-
ized during the operation by the facility management and
can be correlated with structural models to improve main-
tenance, ensure safety, and extend the lifetime. Currently,
this is just done in exceptional cases, mostly dedicated
to research. Theend of the life cycle(Figure 1, left) com-
prises the demolition or the refurbishment of the civil
structure. For instance, seamless documentation allows
selective disassembly.

2.3. Stakeholders within the Civil Structure Life Cycle

Stakeholders are groups or individuals, who can in-
�uence or are in�uenced (positively or negatively) by
a project, e.g., civil engineering structures. Stakehold-
ers include project initiators (e.g., governments), users,
pressure groups (e.g., NGOs and mass media), and other
project-a� ected groups (Li et al., 2016). One can dis-
tinguish internal stakeholders (e.g., clients, developers,
consultants, or contractors), external stakeholders (e.g.,
suppliers or local authorities), and end-users (customers
or the public) (Kordi et al., 2021). Internal stakehold-
ers can also be classi�ed as primary stakeholders and
external stakeholders and end-users as secondary stake-
holders (Jansson, 2005). The participation of secondary
stakeholders, particularly in the planning phase, gained



importance in the past decades to increase legitimacy
and acceptance (Li et al., 2016; Yang et al., 2009).

Stakeholders' roles may change within the life cycle of
a civil engineering structure, especially for those with a
long lifetime. For public civil structures, the government
on a national or local level is the project initiator and the
owner of the structure and thus responsible for the whole
life cycle. Engineering companies can be involved in the
design, construction, maintenance, monitoring, and, if
necessary, deconstruction or reconstruction for another
use (end-of-life). Di� erent engineering companies may
be contracted at di� erent stages, requiring structured
management and communication (Yang et al., 2009).

We illustrate various roles using dikes as an exam-
ple. Flood protection, not only concerns those living
close to the sea or river but has to manage numerous
con�icting interests, resulting from the various utiliza-
tion of water bodies, e.g., drinking water production,
hydropower, shipping, or leisure and recreation. Addi-
tional con�icts result from the high land consumption of
dikes. Therefore, the interests of various stakeholders
must be considered in the construction of dikes. Case
studies of stakeholder participation in water management
projects are given, e.g., in (Begg et al., 2018; Edelenbos
et al., 2017; Warner and Damm, 2019). Internal stake-
holders in dike construction include state authorities for
agriculture and environment, municipal water authori-
ties, water or soil associations, which are responsible for
approval (planning/design phase) and monitoring (opera-
tion phase), the construction industry, dredging compa-
nies, and local industry, responsible for the construction,
material supply, and know-how (planning and construc-
tion phase). External stakeholders in dike construction
are the a� ected population, the public, and governmental
and university research institutions. Residents contribute
knowledge of local conditions (e.g., former �ood events)
and report damages during the operation phase. Research
institutions are integrated as consultants in the planning
and operation phase, especially when the design di� ers
from standards (Saatho� et al., 2015).

In summary, the design phase is essential for imple-
menting various stakeholder's interests in a civil engi-
neering project. Methods for a successful structure of
stakeholder participation are given, e.g., in (Yang et al.,
2009; Elmahroug et al., 2014).

2.4. Modeling Civil Structures
Models are used across research disciplines, e.g., in

architecture to design and plan buildings, in business
administration to plan and control construction costs, in
geoinformatics to describe and understand geospatial
properties and relationships, and in software engineering

to design the structure, behavior, and functionalities of
systems. In the speci�c area of Model-Driven Software
Engineering (MDSE), models are used to derive software
code (Combemale et al., 2016).

Despite their various applications, models share com-
monalities subsumed in the general model theory by
Stachowiak (Stachowiak, 1973), which we de�ne as fol-
lows:

ˆ The mapping property:A model is always related
to a natural or arti�cial original. This original in
our case is the civil structure and its environment.

ˆ The pragmatism property:A model ful�lls its func-
tion for a speci�c user (group), for a certain time,
and for a certain purpose. The same model can also
be reused for di� erent purposes over time, which
increases the challenge of long-lasting model devel-
opment.

ˆ The reduction property:A model does not repre-
sent all properties of an original. We model only
properties relevant to the model's purpose. For ex-
ample, modeling the building material in the design
process of a civil structure would be reduced to
mechanical properties.

When modeling civil structures, various models from
di� erent disciplines exist, covering di� erent and overlap-
ping properties of the original. Combining these models
with data from sensors and other information sources
about the civil structure and its surrounding context is
essential to monitor the smart civil structure, analyze its
properties, and simulate future trends. Software systems
realizing this integration are digital twins, capable of
sending contextual information and control commands
to the actual system. In our understanding, adigital twin
is an active software system. It consists of

“a set ofmodelsof the system and a set of
digital shadows, both of which are purpose-
fully updated on a regular basis, provides a
set ofservicesto use both purposefully with
respect to the original system, and can send
information about the environment and control
commands to the original system.”(originally
published in (Bibow et al., 2020) but updated
after a Dagstuhl seminar on DTs1)

The set of models are the disciplinary models we are
describing in the following section and which need an

1Dagstuhl Seminar “Model-Driven Engineering of Digital Twins”,
https://www.dagstuhl.de/22362



Figure 2: Di� erent perspectives on the same civil structure

additional description of their interrelationships. Adig-
ital shadowis “a set of contextual data traces and/or
their aggregation and abstraction collected concerning a
system for a speci�c purpose with respect to the original
system” (Becker et al., 2021). Following this de�nition,
a digital shadow is a passive set of data that is an in-
formation source about the civil structures' state and
historic states. A digital twin for civil structures enables
us to de�ne services that use model information and dig-
ital shadows for di� erent purposes such as optimization,
inconsistency detection (Brockho� et al., 2021), simu-
lation, or sustainable operation to support the di� erent
stakeholders.

There exist several approaches to use digital twins
for civil infrastructures, e.g., (Zandi et al., 2019; Callcut
et al., 2021; Gürdür Broo et al., 2022; Pregnolato et al.,
2022; Wang et al., 2022; Conde López et al., 2021). Liu
et al. (2023) shows an overview of used technologies
to create digital twins for civil structures. Some ap-
proaches are already connecting models and data from
di� erent research disciplines, e.g., Chang-Su Shim and
Jeon (2019) use a 3D geometry model (BIM-based para-
metric models), as well as analysis models to describe
bridges and provide services for bridge maintenance and
damage analysis. To handle the information, they in-
tegrate data from inventory systems, attributes, as well
as historical information, e.g., about repairs. Alibrandi
(2022) is creating a risk-informed DT using data-driven
methods for multicriteria decision support for sustainable
and resilient design in the early stage, or management
under uncertainty. Park and You (2023) use GIS-based
geospatial models together with hydraulic and hydrolog-
ical simulation models to support decision-making for
�ood response and water resource management.

What can be seen in the literature is that approaches
integrating Life Cycle Costing (LCC) and Life Cycle
Assessment (LCA) within digital twins are largely miss-
ing. As requirements for sustainability assessments are
continuously growing, one can see growing research on
LCC and LCA, e.g., of dams (Liu et al., 2013; Zhang
et al., 2015; Mostafaei et al., 2023; Hadj Sadok et al.,
2022). However, LCC and LCA approaches are rarely
part of digital twins, even though they often require sim-
ilar or the same data and models and would bene�t from
this connection.

Research on digital twins is massively growing (Dal-
ibor et al., 2022b). However, aspects where we would
still see the need for more research are (1) more multi-
disciplinary and holistic views combining di� erent per-
spectives and reusing models and data, (2) to use models
created in the design and engineering phase of a civil
structure during the usage phase of the civil structure,
and (3) digital twins covering the whole life cycle of a
civil structure up to its end-of-life and reuse of compo-
nents including regular updates from reality based on
changes.

3. Models of intelligent civil infrastructural systems
from di � erent research perspectives

Within Figure 2, we give an overview of di� erent
perspectives that come together when designing, build-
ing, and operating a smart civil structure. The following
subsections describe the used models for the building
structure, geospatial information, used materials, the en-
vironment, building management, and software systems
for smart civil structures in detail.



3.1. Modeling the Building Structure

With the digital transformation, novel digital business
processes and methods are introduced into di� erent in-
dustry sectors. The upcoming method in the construction
industry is BIM. BIM is de�ned by BMVI (2015) as

"... a collaborative work method that creates
and uses digital models of an asset as a basis
for the consistent generation and management
of information and data relevant to the asset's
life cycle as well as for the sharing or passing
on of such information and data between the
participants for further processing by way of
transparent communication.”

The concept of holistic, digital modeling of
construction-related data was formulated in 1997 (e.g.,
van Nederveen and Tolman, 1992), and in 2007, the US
National Institute of Building Sciences (NIBS) intro-
ducedBIM as a product to facilitate collaborative pro-
cesses and described it as a facility life cycle requirement.
Currently, NIBS de�nesBIM as "a digital representation
of physical and functional characteristics of a facility.
As such, it serves as a shared knowledge resource for
information about a facility, forming a reliable basis for
decisions during its life cycle from inception onward"
(NIBS, 2015).

3.1.1. Computer-aided design (CAD) and BIM
BIM method and its models originated fromCAD

technology. Thus, its primal purpose was the modeling
of two-dimensional ground plans and pro�les during the
design and planning phase. This mainly includes the use
of geometric primitives such as points, lines, and poly-
gons, but also graphical presentation details. If labels
are applied, these are often placed for presentation in
the plans without linking them to objects. VariousCAD
software o� ers the derivation of 3D graphical models.

3.1.2. Object-oriented modeling of construction parts
However, withBIM although still mainly addressing

design and planning of constructions, the aim shifts to-
wards modeling holistic construction parts enhanced also
with non-geometric data. Thus, construction parts are
modeled in an object-oriented way. The information
carrier is the construction part (e.g., wall, door, beam)
itself with di� erent characteristics, including geometric
and non-geometric attributes, as well as semantics and
relations such as membership to other construction parts.
Geometric attributes represent the three-dimensional ge-
ometry, whereas the non-geometric attributes cover phys-
ical, functional, or technical information (Fig 3).

In BIM the modeling perspective is mainly inherited
by CAD and used as a tool for planning. Here, ge-
ometries are usually de�ned as constructed solid geom-
etry (CSG), which is an implicit method to construct
complex surfaces or objects using Boolean operators to
combine simple volumetric parameterized bodies such as
cylinders or cones (Herle et al., 2020). The position and
orientation of the constructed geometries are speci�ed
in the local Cartesian coordinate system (Witte et al.,
2020).

3.1.3. Aspect models in BIM
BIM models are often a composite of di� erent par-

tial models (aspect models) with di� erent perspectives
on the same construction. Like the construction of a
building is accomplished by multiple players from the
AECOindustry (architecture, engineering, construction
and operation), a completeBIM model consists of mul-
tiple discipline (or aspect) views (Törmä, 2013). For
example, architectural models represent usage and aes-
thetics, structural models describe the construction and
stability, and the technical building system (TBS) model
covers heating, ventilation, and air conditioning (HVAC)
equipment. Since every discipline model is a partial rep-
resentation of the physical object, interrelation between
the models is mandatory. Aspect models overlap with
other aspect models, particularly spatially (e.g., walls,
entities, equipment). Inconsistencies between the mod-
els must be avoided since otherwise they may become
quite costly in subsequent phases of the life cycle.BIM
tools support, e.g., (spatial) collision detection to avoid
inner-model or between-models inconsistencies.

3.1.4. Additional construction related data in BIM
Since currentlyBIM is mainly used in the design,

planning, and construction phase of a building, additional
data can be managed within theBIM model. Like the
de�nition of BMVI (2015) suggests,BIM models are
not solely digital shadows of the construction but also
manage construction-related data during the asset's life
cycle. Supplemental models for time management, cost
planning or documentation can be linked to entire or
partial BIM or models of single construction parts.

3.2. Models from the Geospatial Information Perspec-
tive

ISO 19101 (ISO/TC 211, 2014) de�nes geographic
information as "information concerning phenomena im-
plicitly or explicitly associated with a location relative
to the Earth". Huisman and de By (2009) de�ne a geo-
graphic phenomenon as a manifestation of an entity or



Figure 3: Semantic data model of a wall including attributes and relations ((Witte et al., 2020))

process, which (1) can benamedor described, (2) can be
georeferenced and (3) can be assigned atime (interval)
at which it is/was present. Thus, the modeling process of
geospatial information includes multidimensional data
to characterize real-world objects. Herle et al. (2020)
de�nes the term geospatial information modelling (GIM)
in the style of the BIM notion as follows:

“Geospatial information modelling (GIM) de-
notes the digital modeling method of space-
related phenomena of the real world. It is char-
acterized by multidimensional descriptions of
geospatial features by location and orientation
in spatial reference system (SRS), raster/vec-
tor geometry and topology, attribute data, and
time. Thus,GIM is used as a digital documen-
tation of real-world states and can be applied
to a variety of spatially related questions.”

Geospatial information and phenomena can be cat-
egorized into geographic �elds or features based on
their real-world appearance. Discrete or continuousgeo-
graphic �eldsdescribe geographic information or phe-
nomena that can be determined for every location on the
earth's surface. This includes, e.g., air temperature or
land cover classes. Typically, geographic �eld data is
stored as raster data, with each cell storing one phenom-
ena value.Geographic features(also called geographic
object or entity) on the other hand are well-distinguished,
discrete, and bounded entities with undetermined space
between them (Huisman and de By, 2009). Geometri-
cally they are mostly described by vector models. Dig-
ital representations of real-world objects like buildings
utilize geographic features. geographic information sys-
tem (GIS) as a tool supports the input, management,
analysis & presentation (IMAP) principle of geospatial

data.

3.2.1. Geometric Modeling of Geographic Objects
Historically speaking, inGIM geometric models ori-

entate on graphical visualization for mapping geographic
information. Therefore, geometric models inGIM are
often line and surface-based models such as the DIME
(Corbett, 1979) or the TIGER (Marx, 1986) of the US
Bureau of the Census.

In a vector model, the locations of geographic fea-
tures are described by geometric base forms such as
points, lines, polylines, or polygons in a two- or three-
dimensional Euclidean space. A building for instance
can be modeled geometrically by a polygon representing
the groundplan. The edges of the polygon are speci�ed
by 2D coordinates in aSRS. With the introduction of
city models, 3D bodies (volumes) were introduced into
geospatial modeling (Witte et al., 2020).

ISO 19107 (spatial schema) (ISO/TC 211, 2019) speci-
�es the geometrical characteristics of geospatial features.
The base geometry class has a link toSRSs and is special-
ized in primitive, complex, and aggregated geometries.
A primitive geometry can be of type point, curve, surface,
or solid as speci�ed above. Multiple non-intersecting
primitive geometries with a commonSRScan be bun-
dled into a complex geometry. Aggregated geometries
are loose collections of geometry objects. The Simple
Feature Model (SFM) originated by the OGC (Herring,
2011) and taken over by ISO 19125 (ISO/TC 211, 2004)
simpli�es the spatial schema to 2D (Fig 4). The sim-
ple feature geometries consist of vertices speci�ed by
coordinates (x, y) interconnected with straight lines.

The geometric modeling approaches ofGIM andBIM
are similar, but the modeling of construction parts has
some major distinctions. This concerns mainly the de�ni-
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