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1. ABSTRACT

Digitization in the design and implementation of underground structures is progressing 

steadily and has now reached widespread application in many projects. There are several 

challenges to be mastered with respect to geological / geotechnical prognosis and the 

implementation of underground excavation and support in BIM models. The article shows 

on the example of the current draft for the IFC schema extension, proposed by 

IFC Tunnel/buildingSmart international, how geological/geotechnical data required for 

the underground design can be organized and represented in BIM models, and how, on 

this basis, a coordinated design and construction model can represent the geotechnical 

design (definition of excavation and support) and take forecast uncertainties into account. 

2. INTRODUCTION

The global megatrend of digitization changes the way how infrastructure projects are 

designed and executed. Digital methods are introduced on all levels and workflows, from 

project management, communication, and collaboration over the creation, coordination, 

and exchanging the design to the execution of works. Building information modelling 

(BIM) is an overall method and a holistic process of creating and managing information 

for a built asset. It is object-based and applied in more or less all phases including design, 

design coordination and project management, and is mostly based on three-dimensional 

geometry of the buildings and building components, supplemented with object-related 

information (properties) and embedded in a semantic conceptual model that defines 
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relations between objects, processes and actors. BIM meanwhile is well established in 

architecture and structural engineering, but also becoming a standard approach in 

infrastructure projects. 

The development and application of the BIM method in tunnelling is advancing, very 

often driven by innovative actors within projects (project employers, designers, and 

contractors), and driven by the benefits they see for their role and business, but also by 

authorities, government agencies and large infrastructure owners, aiming to set internal 

or common standards which shall facilitate the use of building information for the asset 

management.  

2.1. STANDARDISATION ACTIVITIES 

In recent years, there has been an increase in the formation of expert groups and task 

forces that deal intensively with the standardization and further development of BIM 

methodology in geosciences and underground engineering. Similar topics but with 

different focus are dealt with in some of these working groups. The topic of subsurface 

engineering is multidisciplinary, as almost every structure has interactions with the 

ground. Due to the composition of the various working group members and the initial 

start of the different groups, the progress of the work is quite different in some aspects. 

To prevent developments from diverging excessively, some groups have already agreed 

to exchange information regularly and to harmonize results in the sense of 

standardization. 

2.1.1. Current developments 

The initiatives described below started with definitions of requirements and have different 

background: From focus on specific needs in tunneling (DAUB - German Tunnelling 

Commitee, buildingSMART / IFC Tunnel) over the general field of geotechnics and 

earthworks (DGGT – German Geotechnical Society, buildingSMART / IFC common 

schema covering geotechnics in IFC specification IFC4.3) to a more global scope 

considering interfaces to mining and resources, oil and gas, environmental, and other 

geosciences (OGC – Open Geospatial Consortium). Work groups are formed by 

participants from federal agencies, infrastructure owners, consultants, contractors and 

software developers. The developed concepts vary from more general description of 

model structures, object catalogues and example property sets to detailed data models 

(e.g. in UML) and definition of extensive attribute lists representing the definitions in 
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national, European (EN) and international (ISO) standards for ground characterization, 

geotechnical testing, and underground works. 

2.1.2. DACH-countries 

The German Tunnelling Committee published recommendations for BIM in tunneling [1] 

and model requirements [2] that have been well-adapted by the industry. The next 

extension of these documents is planned for 2022 and will cover geotechnics and ground 

models, with definitions of use cases, model structure and typical property sets elaborated 

by a working group of geologists, geotechnical- and tunneling engineers. The German 

DGGT published detailed recommendations and concepts for model structures of 

geotechnical models. Data catalogues with definition of attributes and property sets have 

been published recently [3] covering both factual and interpreted models. 

2.1.3. IFC Tunnel 

The IFC standard format for the exchange of BIM models in OpenBIM environments is 

currently being extended to infrastructure models [4] including tunnels. The latest 

released version of the IFC specification is IFC4.3 which already includes a simple 

schema for interpreted geotechnical models and boreholes. During the development of 

conceptual models for IFC tunnel, an extension of this schema is planned. This extension 

shall cover factual data (observations and measurements) with links to existing exchange 

formats for factual data as well as different types of interpreted models (Figure 1), several 

concepts to treat uncertainty in the model and an extension of the IFC format to realize 

voxel representations. 
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Figure 1:Derivation and application of the construction related prognosis model 

A focus is on the concepts to link the definition of expected ground conditions to the 

tunnel alignment/design model as realized in the example model – see chapter 4).  

Based on documents published so far and discussions it can be concluded that the above-

mentioned groups developed similar concepts for ground models, even though 

differences in terminology, focus and presentation of the results exist. 

2.1.4. OGC and others 

The Open Geospatial consortium (OGC) recently launched an initiative to extend OGC 

schemas to geotechnical models [5], mainly driven by the French MINnD group. This 

initiative is coordinated with buildingSmart international and intends to maintain in the 

future a common concept for the geology/geotechnics domain that is implemented by 

both IFC and OGC standards. In addition, a collaboration with the International Society 

for Soil Mechanics and Geotechnical Engineering is expected, that has recently formed 

“Technical Committee 222 Geotechnical BIM and DT”, as a “forum to ISSMGE 

members to disseminate and exchange knowledge and practice on BIM and Digital Twins 

in Geotechnics” [6]. 
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3. THE ROLE OF GROUND MODELS

For the development, design, construction and even the operation of underground 

structures, it is essential to acquire information about the subsurface including ground and 

groundwater conditions. Such knowledge is critical to the success of an underground 

project and is a key determinant for the feasibility, risks, and costs. It must be possible to 

communicate and process the data obtained and interpreted in machine-readable formats. 

Therefore, standards and concepts must be developed to meet the requirements for the 

provision of information related to the subsurface. 

3.1. DIGITAL GROUND MODELS 

Digital ground models became state of the art in infrastructure projects in the last decade, 

as an additional or alternative way to represent the information on ground conditions. 

Databases and digital data exchange formats replace hard-copy documentation of factual 

data, i.e. observations and measurements that describe the conditions at certain locations. 

Several countries established a common practice and standardized formats, e.g. AGS [7] 

in Great Britain and several other countries or DIGGS [8] in the US. Conceptual data 

models e.g. by OGC [9, 10] are frequently used in national geological surveys, 

infrastructure owners or other larger organization that need to organize extensive 

geoscience-related datasets. Engineering geological models [11] can include digital 3D 

models (observational models), describing the expected distribution of relevant aspects 

in the model space, based on geological conceptual models, and are used to derive 

geotechnical models for specific use cases. Traditionally, such models were described by 

means of reports, maps and sections which can now be linked to and extracted from digital 

models.  

However, most parts of the world do not have commonly agreed standards for the digital 

exchange of geological and geotechnical data in infrastructure projects. In the last two 

decades, 3D ground models have been established as a very helpful and efficient tool, but 

the solutions and data structures were mainly developed independently by the authors and 

users of the models and not following detailed definitions of requirements by project 

owners. This implies frequently and substantial efforts for digitization, transformation, 

and mapping of information between different formats and software.  

In the DACH countries (Germany, Austria, Switzerland), the BIM method became 

common practice for many infrastructure projects in the recent years, enforced especially 

by government departments, e.g. [12], and large infrastructure owners that developed 

ambitious goals for introducing BIM as a standard. Even though ground models were not 

a main focus in most cases, this development triggered a transition towards digital 
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methods and 3D modelling being applied in the field of engineering geology and 

geotechnics.  

With both the BIM method and digital ground models becoming more and more accepted, 

the demand for standardization and clear definitions is getting obvious. Many national 

and international work groups have formed to address these requirements and publish 

various recommendations (refer to chapter 2.1).  

The goals are commonly used data structures that provide the base to store, exchange, 

and link factual data to interpreted geotechnical models (see e.g. Figure 2). This enables 

continuous model updates as new information on ground conditions becomes available. 

Well-defined links between the interpreted geotechnical model and the design approach 

enable an efficient verification or adjustment of design solutions.  

In tunneling, such links can be defined for example by an alignment-based evaluation of 

a volumetric model of geological units or geotechnical ground types. Such an approach 

can also be used for a model-based definition of geological/geotechnical baseline 

conditions for tendering - compare use case description in [13]. It further allows to cross-

check information that is collected during construction and fed into the ground model 

against these baseline conditions. Such model typically forms the geological and 

geotechnical basis for the design. 

Figure 2: Interpreted three-dimensional models are generated based on factual data - example of a geological model in the 

alpine region.  
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3.2. REQUIREMENTS FOR TUNNEL DESIGN 

The subsurface and its interpreted models (geology, hydrogeology, geotechnics) are of 

great importance for the entire life cycle of an underground structure, from the study of 

variants, design, construction, operation, and maintenance. For this purpose, various 

institutions such as buildingSmart International (bSI), German Tunnelling Committee 

(DAUB), as well as others have identified various Use Cases relevant to subsurface 

engineering. They shall cover the exchange and presentation of primary geological and 

geotechnical data, special requirements for the geotechnical design, tendering and 

determination of quantities, and geological documentation as well as comparisons of 

expected and actual conditions during construction. 

Uncertainty in the prognosis of the ground conditions is a fundamental challenge in 

tunnelling and independent of the way the information is exchanged, may it be in 

traditional ways or with sophisticated digital technologies. However, several concepts, 

design approaches and contractual frameworks (such as the Austrian Standard ON B2203, 

FIDIC Emerald Book) have been established in the last decades to handle such 

uncertainties and related risks. BIM needs to take these concepts into account, it shall 

provide tools to represent the required information and workflows and further improve 

the exchange scenarios. The goal is to achieve an improvement in communication and 

understanding of baseline conditions, uncertainties, and associated risks, to allow for 

smooth handling of foreseen and unforeseen variations in the ground conditions. 

4. BIM APPROACH

One of the primary issues in the design and construction of an underground excavation is 

to cope with uncertainties, ensure stability and limit the influence on existing structures. 

Depending on the ground and relevant boundary conditions such as primary stress field, 

relative orientation of the structure to the relevant ground structure, etc., different ground 

behaviour types occur. According to the observational method a range of possible 

behaviour shall be assessed, and it shall be shown that there is an acceptable probability 

that the actual behaviour will be within the acceptable limits (compare [14]). A feasible 

construction concept shall be chosen consisting of excavation method, sequence of 

excavation, support and auxiliary measures - see e.g. [15].  
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Figure 3: Approach related to BIM methodology, based on 15 for conventional tunnelling 

The basic procedure for the geotechnical design as generally described above according 

to [15] is extended in the context of BIM domain models and their sub-models and shown 

in Figure 3. Step 1 consists of the development of geological, geotechnical and 

hydrogeological models approximating reality as closely as possible followed by step 2 

with the determination of relevant key parameters and the evaluation of potential ground 

behaviour. Further on this basis, a construction concept for excavation and support is 

developed to ensure an acceptable system behaviour.  

With step 4 excavation and support measures are grouped into classes and distributed 

along the tunnel alignment according to their expected occurrence. In this context the 

Austrian Standard ON B2203-1 provides an excavation class matrix, which ensures a 

compensation for varying ground conditions during excavation phase. The excavation 

class matrix establishes a mathematical relationship between the excavation length and 

the support measures installed, which in turn are related directly to the actual ground mass 

conditions and support required. 

Due to the inherent uncertainty in the prognosis of the ground conditions it is not 

reasonable to predict which support measures need to be applied exactly at a certain 

position. For that reason, the prognosis design (and any related BIM model) needs 

flexibility and cannot be as detailed as an as-built model, but must rather provide the 

Determination and distribution of excavation and support classes

Design Prognosis Model

Determination of construction measures and evaluation of system behaviour based on the Alignment-based ground model

Determination of homogenious areas (Key values: groundwater, primary stress, orientation, geometry of the tunnel)

Alignment based ground model

Groundmodelling

Factual Model Geological Model Geotechnical Model Hydrogeological Model
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necessary tools and measures to deal with the whole range of expected possible ground 

conditions.  

The base for this approach provides a description of this uncertainty in an adequate 

ground model, may it be described with traditional methods like drawings and reports or 

in a digital (BIM) model. 

Figure 4: Background detailed Geological Model – The red lines define the borders for the generalized Geotechnical model 

defined by properties below.  

4.1. ALIGNMENT-BASED GROUND MODEL FOR TUNNEL DESIGN 

For the Alignment Based Ground Model, the interpreted models (geological, geotechnical 

and hydrogeological model) as well as the tunnel alignment provide the basis. As usual 

in conventional geological/geotechnical longitudinal sections, the tunnel is segmented 

into relevant geotechnical sections with similar characteristics. The result of this 

segmentation is called a GeoSynthesisModel (developed by IFC-Tunnel) or a Sectional 

Tunneling Model (developed by DAUB). This type of model is created during the design 

phase and is related to the alignment of the underground structure. This model is not only 

intended to classify the subsurface into comparable sections, but also serves as a source 

of information about uncertainties in the model. 
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Figure 5: Geotech Synthesis Model (IFC) 

The alignment-based ground model is valid in the area of the tunnel alignment and can 

be classified according to different requirements (Figure 5). Equivalent to the 

geotechnical longitudinal section (phases up to tender) and the tunnelling framework plan 

during construction, both described in [15], this model contains the most important 

characteristic and benchmark values from the individual disciplines (geology, 

geotechnics, hydrogeology). Typical classifications (as defined in [15]) are, for example, 

ground types and ground behaviour types. Ground types are defined as geotechnically 

relevant ground volumes that are similar in terms of their properties. Ground behavior 

types is understood as the reaction of the ground to the excavation in its full cross-section 

without consideration of construction measures. 

In practical implementation, theoretical sections in the excavation line of the underground 

structure are extruded along the three-dimensional space curve defined by the tunnel axis 

in plan and by the gradient in longitudinal section. By intersecting the solids of the tunnel 

sections with the ground model, the ratio of ground types and ground behavior types 

within individual tunnel sections can be evaluated and assigned to the 3D solids as 

percentages by using property sets (Figure 6 – Pset: GeotechSynthesisModel).  
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Figure 6: Example of an GeotechnicalSynthesisModel and the related Property Set with Ground Type (GT) distribution in 

percent of the respective tunnel section.  

The advantage of the availability of classified thematic sections results in the further 

procedure, the determination of tunnel support measures. The model can provide 

comprehensive data for the determination of: 

• tunnelling method

• excavation classes

• support and safety measures

• pre-exploration, grouting, additional and special measures

• safety-relevant aspects

• landfill, etc.

and is continuously updated during construction phase. 

4.2. DESIGN PROGNOSIS MODEL 

The “Geotech Synthesis model” with sections along the alignment with similar ground 

conditions provides the frame in which the tunnel design can be embedded. Addition 

aspects beside the ground conditions define the requirements to the building structure, 

such as: 

• direction and shape of the tunnel, including intersections, cross passages etc.

• internal space requirements (caverns, niches etc.)

• environmental aspects and surrounding structures that need to be protected
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• etc.

This implies that tunnel sections with similar ground conditions need to be matched 

against other governing factors, before excavation methods, expected support and other 

measures can be assigned. The information on these design measures can be described 

with property sets, assigned to the relevant tunnel sections, e.g. Property Sets that describe 

the expected distribution of support types in percentages, corresponding to the 

geotechnical units, discontinuity settings and other key properties of the “Geotech 

Synthesis Model”. 

Figure 7: Design Prognosis Model – links the alignment-based ground model with tunnel design measures.  

4.3. EXECUTION PHASE 

Due to the limited availability of ground information during the design phase, several 

assumptions and generalisations have to be made in the design prognosis model. As these 

models are the basis for tendering and quantity take-off, they must be continuously 

adjusted during the construction phase.  

To ensure safety and economic efficiency during construction it is necessary to adapt the 

design prognosis model according to the actual conditions. For this purpose, the 

distribution of the support classes is recalculated according to the installed support 

measures and excavation lengths. The adapted models enable a comparison of design and 

factual data and at the same time provide an adjustment of the prognosis. 
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5. CONCLUSION – OUTLOOK

A digital ground model significantly supports the development of underground projects 

in all phases from design to construction. The different models from geology, geotechnics 

and hydrogeology not only reflect the results of the engineering experts, but also serve as 

a container for information and communication basis for coordination. 3D models, 

especially the GeoSynthesisModel, complement the geological/geotechnical reports and 

should be connected to them in a reasonable way. A model separation of 

documented/factual data and interpreted data seems appropriate in practical 

implementation since the level of detail decreases as interpretation begins because of 

generalization. Furthermore, the quality of the ground model is strongly dependent on the 

exploration density and the uncertainty in the prediction models does not change by an 

explicit 3D modelling.  

Currently, there are hardly any BIM authoring software tools available that can be applied 

specifically to the discipline of geology, geotechnics and tunnelling. For almost all 

projects, a toolchain needs to be developed to ensure BIM project success. Solutions for 

a life-cycle oriented solution for the design, construction and operation of infrastructure 

structures are currently being developed and are mainly driven by designers and 

construction companies. This also includes the development of data models that enable 

the standardized exchange of information among project participants. Adaptations of the 

ground and tunnelling models, which are required due to the increasing availability of 

exploration data, usually still must be re-modelled manually.  
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