BeFo
-/

STIFTELSEN BERGTEKNISK FORSKNING
ROCK ENGINEERING RESEARCH FOUNDATION

TRANSPARENT UNDERGROUND
STRUCTURE (TRUST) - MANAGEMENT

Maria Ask

Alireza Malehmir Lars O. Ericsson
Almir Draganovi¢ Lars-Olof Dahlstréom
Anna Kadefors Mats Svensson
Fredrik Johansson Thomas Olofsson
Hakan Rosqyvist Torleif Dahlin

G Repore 23






STIFTELSEN BERGTEKNISK FORSKNING
ROCK ENGINEERING RESEARCH FOUNDATION

TRANSPARENT
UNDERGROUND STRUCTURE
(TRUST) - MANAGEMENT

Transparent Underjordsinfrastruktur
(TRUST) - management

Maria Ask, Lulea University of Technology/Uppsala University

Alireza Malehmir, Uppsala University

Almir Draganovi¢, Royal Institute of Technology

Anna Kadefors, Royal Institute of Technology

Fredrik Johansson, Royal Institute of Technology

Hakan Rosqyvist, Rosqvist Resurs AB/Tyréns AB/Sustainable Business Hub
Lars O. Ericsson, Chalmers University of Technology

Lars-Olof Dahlstrom, WSP Golder (tidigare NCC Construction Sverige, AB)
Mats Svensson, Tyréns AB

Thomas Olofsson, Lulea University of Technology

Torleif Dahlin, Lund University

BeFo Report 223
Stockholm 2023
ISSN 1104-1773
ISRN BEFO-R-223-SE






PREFACE

This report presents results from the project TRansparent Underground STructure —
Management (TRUST 1) which ran from 2013 to 2017. TRUST 1 was an umbrella
project, which together with seven separate research projects formed the TRUST
alliance, a unique infrastructure collaboration with Swedish and international partners.
TRUST aimed at developing methods and tools for underground construction in an
urban environment with LCC perspectives. It was the first integrated collaboration with
researchers from the Swedish Universities of the Built Environment (SBU), Uppsala
University and specialists from the industry and authorities, and also included
international partners.

TRUST 1 has two main aims, to (1) coordinate the sub-projects and communicate the
results from the TRUST alliance, and (2) support innovation and implementation
through creative collaboration and utilization. The focus of this report is to present the
results from Aim 1 of the project. This report is published by both BeFo and SBUF. The
results from Aim 2 of the project have been presented in BeFo report 183 by Kadefors,
Olofsson, Ask (2019).

Maria Ask is the main author of this report. Co-authors are members of TRUST 1: Anna
Kadefors, Hakan Rosberg, Lars-Olof Dahlstrom, Mats Svensson and Thomas Olofsson,
as well as project leaders for other TRUST projects: Torleif Dahlin (TRUST 2.1, 4.2),
Alireza Malehmir (TRUST 2.2), Lars O. Ericsson (TRUST 2.4), Fredrik Johansson
(TRUST 3.2), Almir Draganovic (TRUST 3.3), and Stefan Larsson (TRUST 4.1).

TRUST 1 was financed by the Swedish research council for sustainable development
(FORMAS) and the Swedish Transport Administration (STA) within their joint research
program Geolnfra. Co-financing (just over 50%) was provided by the Swedish
construction industry's organization for research and development (SBUF) through the
project sponsor NCC, the Rock Engineering Research Foundation (BeFo), Nova
Research and Development (Nova R&D), and Luled University of Technology (LTU).
Also, an extended national network has been established between SBU and the Swedish
scientific drilling program (SSDP).

The Geolnfra's Industry Council gave valuable feedback to the project during the
summer of 2012. The project reference group supported the project and consisted of the
following members: Peter Lundman (STA), Eva Widing (Swedish Nuclear Fuel and
Waste Management Company), Per Tengborg (BeFo) and Lars-Olof Dahlstrom
(SBUF/NCC).

Stockholm,

Per Tengborg
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FORORD

Denna rapport presenterar resultat fran Transparent Underjordsinfrastruktur —
Management (TRUST 1) som pagick mellan 2013 och 2017. TRUST 1 var ett
paraplyprojekt som tillsammans med sju andra separata forskningsprojekt bildade
TRUST alliansen — ett unikt infrastruktursamarbete med i huvudsak svenska men ocksé
internationell parter. TRUST syftade till att utveckla metoder och verktyg for
undermarksbyggande i urban miljo med LCC-perspektiv. Det var det forsta integrerade
samarbete med forskare fran Sveriges bygguniversitet (SBU), Uppsala universitet och
specialister fran branschen och myndigheter och inkluderade &ven internationella
partners.

TRUST 1 har syftat till att (1) samordna delprojekten och kommunicera resultaten from
TRUST och (2) stddja innovation och implementering genom kreativ samverkan och
nyttiggorande. Resultaten frén del 2 av projektet har presenterats i BeFo rapport 183 av
Kadefors, Olofsson, Ask (2019). Fokus for denna rapport &r att presentera resultaten
fran del 1 av projektet. Denna rapport publiceras bade av BeFo och SBUF.

Maria Ask édr huvudforfattare for rapporten. Medforfattare 4r medlemmar i TRUST 1:
Anna Kadefors, Hakan Rosberg, Lars-Olof Dahlstrom, Mats Svensson och Thomas
Olofsson, samt projektledare for dvriga TRUST projekt: Torleif Dahlin (TRUST 2.1,
4.2), Alireza Malehmir (TRUST 2.2), Lars O. Ericsson (TRUST 2.4), Fredrik Johansson
(TRUST 3.2), Almir Draganovic (TRUST 3.3), och Stefan Larsson (TRUST 4.1).

TRUST 1 finansierades genom Forskningsradet for héllbar utveckling (FORMAS),
Trafikverkets (TRV) forskningsprogram Geolnfra. Medfinansiering (strax éver 50%)
kom fran Svenska Byggbranschens Utvecklingsfond (SBUF) med stédjande
medlemsforetag NCC, Stiftelsen Bergteknisk Forskning (BeFo), Nova Forskning och
Utveckling (Nova FoU) och Lulea Tekniska Universitet (LTU). SBUF (Ruben
Aronsson) och stodjande medlemsforetag NCC (Lars-Olof Dahlstrom, Staffan Hinze,
med flera kollegor), och BeFo (Per Tengborg, Eva Friedman) har visat intresse for
sjdlva projektet och haft tilamod med forsenad rapportering. Ett utokat nationellt
nétverk har ocksa etablerats mellan Sveriges Bygguniversitet (SBU) och det svenska
vetenskapliga borrprogrammet (SSDP).

Geolnfras Industrirdd gav vardefull feedback pa projektidén under sommaren 2012.
Projektets referensgrupp stottade projektet och medlemmarna var: Peter Lundman
(Trafikverket), Eva Widing (Svensk Kérnbréinslehantering AB), Per Tengborg (BeFo)
och Lars-Olof Dahlstrom (SBUF/NCC).

Stockholm,

Per Tengborg
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SUMMARY

With a growing road- and railway network, it is becoming increasingly important to
construct cost-effective underground facilities that are safe, environmental-friendly,
energy-efficient and easy to maintain. Therefore, it is important to develop and
implement new and improved methods and techniques for planning, design and
construction of underground facilities.

TRanparent Underground STructure (TRUST) is a unique research- and innovation
alliance from a Swedish as well as international point of view that aims to develop
methods and tools for underground construction in an urban environment with LCC
perspectives. TRUST is the first integrated collaboration between researchers from the
Swedish Universities of the Built Environment (SBU; Chalmers, Royal Institute of
Technology, Lule& University of Technology, Lund University), Uppsala University
and specialists from the industry, authorities and international partners. The TRUST
group consisted of over 40 people, including doctoral students, postdocs, senior
researchers, and specialists. The project budget amounted to almost SEK 75 million
from 2013 — 2017. The project was funded by the Swedish research council for
sustainable development (FORMAS) and the Swedish Transport Administration (STA)
within the joint call for trans-disciplinary research: the Geolnfra call. Several research
foundations (the Rock Engineering Research Foundation - BeFo, the Swedish
construction industry's organization for research and development - SBUF, Sven Tyréns
stiftelse), Swedish Geological Survey, research institutes and centers, private companies
and universities provided co-financing of just over 50% of the total project costs (in
cash and in-kind).

The TRUST project consists of four main themes with different sub-projects: Theme 1,
Management, is responsible for coordinating and disseminating results from the various
sub-projects in the various theme groups and for providing guidelines for innovation
and implementation of research results. Theme 2, Holistic survey methods, contains
projects in which different site survey methods are applied to characterize the technical
geological properties of the rock mass. Theme 3, Smart underground construction, uses
the information to optimize adapting and managing various activities in the construction
phase. Theme 4, Information models, data structures and visualization, integrates
information and forms the backbone for coordination of different actors, as well as for
planning, construction, operation and maintenance of underground facilities.

This report regards the umbrella organization for the entire TRUST project, TRUST-
Management (TRUST 1). The two aims of TRUST 1 are to (1) coordinate sub-projects
and communicate the results, and (2) develop innovation and implementation (promote
creative collaboration and utilization). The main objective of this report is to present
activities carried out within Aim 1, coordination and communication. Kadefors et al.
(2019) have reported on aspects of Aim 2, innovation and implementation; These results
are briefly presented in this report.
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TRUST has delivered user values within three main areas: (1) technical innovations
(TRUST 2.1, 2.2, 3.3), (2) guidelines, standards (TRUST 2.4, 3.2), and (3)
organizational implications (1, 4.1, 4.2). Furthermore, TRUST has contributed to the
competence supply within the field by nine doctoral degrees (nine licentiate
dissertations, nine doctoral dissertations), built experience for three postdoctoral
researchers, several master's dissertations and many scientific and popular science
publications. Challenges within the TRUST project have been (1) to find joint case
studies, (2) we failed to find funding for two of the planned TRUST projects and one
project started later than the other projects; (3) we underestimated the scope of project
management, and (4) it has been challenging to implement innovation aspects (within
TRUST projects as well as with certain organizations). At the same time, a number of
spin-off projects have been established between TRUST projects and between several of
the sub-projects within TRUST and its partners, for example, Tyréns AB initiated a
joint project in Varberg and the Norwegian Geotechnical Institute initiated
measurements in Norway.

Coordination and communication within TRUST 1 have contributed to the overall
success of the TRUST Alliance. TRUST 1 has: (1) contributed to networking between
researchers, doctoral students and experts from the TRUST partners, i.e. five major
Swedish universities, authorities, industry and international partners; (2) disseminated
knowledge among project participants and broadened their research and innovation
skills in other sub-projects, and (3) supported the development of spin-off projects in
both applied projects and in projects of a more fundamental scientific nature.

Results and recommendations from innovation and implementation aspects of TRUST 1
(Kadefors et al. 2019) include: (1) TRUST has highlighted that the STA can handle
innovation in individual smaller research projects on a more ad hoc basis but has more
difficulty managing innovation at organizational level. The seemingly perfect match
between TRUST and the STA proved to be difficult to implement in practice: The STA
had major problems offering a common place for field trials as different parties are
involved and need to be decided well in advance; (2) Systems and resources within
organizations need to be strengthened in order to make better use of the knowledge
developed in research collaborations. Researchers, management functions and technical
specialists within organizations need to create a common understanding of how the
innovation system works, including the legal and contractual context, and; (3) It is also
important that the industry invests in research that is further from implementation.
Follow-up systems and means to measure need to be adapted to how application-
oriented the research project is, and also provide a picture of the need to develop
competence and resources on the recipient side.

Note that this report is also available in .pdf format on Stiftelsen Bergteknisk Forskning's
website. The report can easily be opened in Acrobat Reader and images can be enlarged.
https.://www.befoonline.org - Publikationer, BeFo rapport No. 223.

Keywords: underground urban infrastructure, coordination and communication,
innovation and utilization
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SAMMANFATTNING

Med ett vixande vig- och jarnvégsndt blir det allt viktigare att bygga kostnadseffektiva
undermarksanldggningar som &r sikra, miljovénliga, energisnéla och litta att
underhalla. Det ar darfor angeldget att utveckla och implementera nya och forbéattrade
metoder och tekniker for planering, projektering och byggande av
undermarksanldggningar.

TRanparent Underground STructure (TRUST) &r en unik forsknings- och
innovationsallians ur svensk s&vél som internationell synvinkel som syftar till att
utveckla metoder och verktyg for undermarksbyggande i urban miljéo med LCC-
perspektiv. TRUST ér det forsta integrerade samarbetet mellan forskare fran Sveriges
bygguniversitet (SBU; Chalmers, Kungliga tekniska hogskolan, Lulea tekniska
universitet, Lunds universitet), Uppsala universitet och specialister fran branschen,
myndigheter och internationella partners. TRUST gruppen omfattade dver 40 personer,
inklusive doktorander, postdoks, seniora forskare, och specialister. Projektbudgeten
uppgar i nara 75 MSEK mellan 2013 — 2017. Projektet finansieras av FORMAS-
Trafikverkets projekt Geolnfra, flera forskningsstiftelser (BeFo, SBUF, Sven Tyréns
stiftelse), Sveriges geologiska undersokning, forskningsinstitut och -centra, privata
foretag och universitet.

TRUST-projektet bestar av fyra huvudteman med olika delprojekt: Tema 1.
Management. TRUST Management ansvarar f6r samordning och spridning av resultat
frén de olika delprojekten i de olika temagrupperna samt att ge riktlinjer fér innovation
och implementering av forskningsresultat. Tema 2. Holistiska undersdokningsmetoder
innehaller forslag pa olika metoder for platsundersokning for att karakterisera tekniska
geologiska egenskaper bergmassan. Tema 3. Smart Underjordsbyggande anviander
informationen for att optimera anpassa och styra olika verksamheter i byggfasen. Tema
4. Informationsmodeller, datastrukturer och visualisering integrerar informationen och
utgor ryggraden for samordning mellan olika aktorer och mellan planering, byggande,
drift och underhall av undermarksanldggningar.

Denna rapport ror paraplyorganisationen for hela TRUST projektet, TRUST-
Management (TRUST 1). Som syftar till att (1) samordna delprojekten och
kommunicera resultaten, och (2) utveckla innovation och implementering (frimja
kreativ samverkan och nyttiggorarande). I denna rapport presenteras aktiviteter som
genomforts inom samordning och kommunikation. Kadefors et al. (2079) har
rapporterat om aspekter av innovation och implementering och resultaten redovisas
kortfattat i denna rapport.

TRUST har levererat anvédndarnytta inom tre huvudomraden: (1) tekniska innovationer
(TRUST 2.1, 2.2, 3.3), (2) riktlinjer, standards (TRUST 2.4, 3.2), och (3)
organisatoriska konsekvenser (1, 4.1, 4.2). Vidare har TRUST bidragit till
kompetensforsorjning genom att examinera nio tekniska doktorer (nio
licentiatavhandlingar, nio doktorsavhandlingar), byggt erfarenhet for tre postdok-
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forskare, flera masteravhandlingar och manga vetenskapliga och populdrvetenskapliga
publikationer. Utmaningar inom TRUST projektet har varit (1) att hitta gemensamma
fallstudier, (2) vi lyckades inte hitta finansiering till tva av de tinkta TRUST projekten
och ett projekt startade senare dn 6vriga projekt; (3) vi underskattade omfattningen av
projektledningen, samt (4) har det varit utmanande att implementera
innovationsaspekter (inom TRUST projekt sdvél som hos visa organisationer).
Samtidigt har ett flertal spinoff-projekt etablerats mellan TRUST projekt och mellan
flera av delprojekten inom TRUST och dess samarbetspartners, till exempel initierade
Tyréns AB ett gemensamt projekt i Varberg och Norges geotekniska institut initierade
matningar i Norge.

Samordning och kommunikation inom TRUST 1 har bidragit till TRUST-alliansens
overgripande framgéang. Dess huvudsakliga prestationer dr: (1) att bidra till
nétverksbyggande mellan forskare, doktorander och experter frin TRUST-partnerna,
dvs. fem storre svenska universitet, myndigheter, industri och internationella partner;
(2) sprida kunskap bland projektdeltagare och bredda deras férdigheter inom forskning
och innovation i andra delprojekt, och (3) stddja utvecklingen av spin-offprojekt inom
bade tillimpade projekt och i projekt med mer grundldggande vetenskaplig karaktir.

Resultat och rekommendationer for innovations- och implementeringsaspekter
(Kadefors med flera 2019) inkluderar: (1) TRUST har belyst att Trafikverket kan
hantera innovation i enskilda mindre forskningsprojekt pa mer ad hoc basis men har
svarare att hantera innovation pa organisationsniva. Den skenbart perfekta matchningen
mellan TRUST och Trafikverket visade sig vara svart att genomfora i praktiken:
Trafikverket hade stora problem att erbjuda en gemensam plats for faltforsok da olika
parter involveras och behdver beslutas 1dngt i forvag; (2) System och resurser inom
organisationerna behdver stérkas for att dra béttre nytta av den kunskap som tas fram i
forskningssamarbeten. Forskare, ledningsfunktioner och tekniska specialister behover
inom organisationer behdver skapa en gemensam forstaelse av hur innovationssystemet
fungerar, inklusive den legala och kontraktsméssiga kontexten, och; (3) Det &r ocksa
viktigt att branschen investerar i forskning som &r langre fran implementering.
Uppf6ljningssystem och mitetal behover anpassas till hur tillimpningsnéra
forskningsprojektet &r, och dven ge en bild av behovet av att utveckla kompetens och
resurser pa mottagarsidan.

Notera att denna rapport dven finns tillgénglig som pdf pa Stiftelsen Bergteknisk
Forsknings hemsida. Rapporten kan enkelt 6ppnas i Acrobat Reader och bilder kan dar
forstoras.https://www.befoonline.org - Publikationer, BeFo rapport nr 223.

Nyckelord: urban underjordsinfrastruktur, samordning och kommunikation, innovation
och nyttiggdrande

BeFo Report 223



ixX

CONTENTS

1 INTRODUCTION 1
1.1 THE GEOINFRA CALL 1
1.2 DEVELOPMENT OF THE TRUST ALLIANCE 1
1.3 THE TRUST ALLIANCE 4
1.4 OBJECTIVES AND LIMITATIONS 7
1.5 OUTLINE OF THE REPORT 7

2  TRUST PROJECTS 9
2.1 TRUST 1 - MANAGEMENT 9
2.2 TRUST 2.1 — GEOELECTRIC MAPPING AS A TOOL FOR PREINVESTIGATION FOR

UNDERGROUND INFRASTRUCTURE FACILITIES IN URBAN ENVIRONMENT ------- 11
2.3 TRUST 2.2 - DEVELOPMENT OF MODERN SEISMIC AND ELECTROMAGNETIC
METHODS FOR PREINVESTIGATION FOR UNDERGROUND INFRASTRUCTURE
FACILITIES IN URBAN ENVIRONMENT 14
2.4 TRUST 2.4 - DEVELOPMENT OF STANDARDS FOR FUNCTIONAL REQUIREMENTS
AT UNDERGROUND FACILITIES WITH RESPECT TO THE CHEMICAL ENVIRONMENT
18
2.5 TRUST 3.2 - DESIGN OF ROCK SUPPORT ACCORDING TO EUROKOD USING
RELIABILITY-BASED DESIGN METHODS 20
2.6 TRUST 3.3 - GROUTING NEED PREDICTED BY THE REAL TIME GROUTING
CONTROL METHOD (RTGCM) 21
2.7 TRUST 4.1 — DEVELOPMENT OF METHODOLOGIES FOR RATIONAL AND FAST
EVALUATION OF GEOTECHNICAL INVESTIGATIONS 22
2.8 TRUST 4.2 — INTEGRATED USE AND INTERPRETATION OF DATA FROM
GEOPHYSICAL AND NON-GEOPHYSICAL METHODS FOR SITE INVESTIGATION FOR
UNDERGROUND CONSTRUCTION 23

3  COORDINATION AND COLLABORATION 27
3.1 VIRTUAL MEETING ROOM 27
32 REGULAR TELEPHONE AND ONLINE MEETINGS 29
33 MEETINGS AND WORKSHOPS 29

3.3.1 TRUST biannual workshops 30
3.3.2  Reference group meetings of TRUST 1 40
3.3.3  Near Surface Geoscience 2017 in Malmé 40
3.3.4  Other meetings 41
34 RESEARCH SCHOOL AND MEETINGS FOR GRADUATE STUDENTS --=-n=-nmmmmmmmmmm 43
3.5 RESULTS OF COORDINATION AND COLLABORATION 43

BeFo Report 223



3.5.1 Partnering declaration 44
3.5.2 IT manual 45
3.5.3  Publication policy 46
3.6 THE GEOBIM DATABASE 46
4 INNOVATION AND IMPLEMENTATION 47
4.1 ACADEMIC WORK 47
4.1.1 Pauldén and Stureson (2015): MSc thesis 47
4.1.2  Kadefors et al. (2019): BeFo report 48
4.2 ASPECTS OF INNOVATION AND IMPLEMENTATION FROM BIANNUAL WORKSHOPS:
IDENTIFYING USER-VALUES 50
4.3 DISCOVERY OF INNOVATION AND IMPLEMENTATION 52
4.4 SPIN-OFF PROJECTS 53
CONCLUDING REMARKS 55
REFERENCES 59
APPENDICES 63
7.1 APPENDIX 1, AGENDA, TRUST WORKSHOPS 1-8 64
7.2 APPENDIX 2, ACTION ITEMS, TRUST WORKSHOPS 1-7 80
7.3 APPENDIX 3, TRUST PUBLICATION POLICY 94
7.4 APPENDIX 4, TRUST PARTNER DECLARATION 99
7.5 APPENDIX 5, IT MANUAL 101
7.6 APPENDIX 6, USER VALUE ASPECT TRUST — RESULTS OF WORKSHOP 3------ 115
7.7 APPENDIX 7, TRUST FINAL REPORT, INDUSTRY MEETING OF WORKSHOP 8---130

BeFo Report 223



1 INTRODUCTION

This report presents results achieved within the project TRransparent Underground
STructure (TRUST) — Management (TRUST 1). TRUST 1 is the umbrella project of the
TRUST alliance, that consists of eight research projects that worked together and
addressed aspects of underground construction.

1.1 The Geolnfra Call

Urbanization is rapidly increasing in Sweden, and is also influencing the underground
space, for example by transport infrastructure. In early-mid 2000s to early 2010s,
various actors active in underground construction, academia as well as industry,
authorities, and public clients, saw the need for research on sustainable development of
urban underground infrastructure. As a result, the Swedish research council for
sustainable development (FORMAS) and the Swedish transport authority (STA) issued
the joint Geolnfra call from 8 May to 3 September 2012. The Geolnfra call included 50
MSEK funding over five years, of which FORMAS funded 74% and STA funded 16%.
An additional 50 % of co-funding was required.

Four important, but not exclusive areas were highlighted in the Geolnfra call: (1)
Design, operation and maintenance; (2) Efficiency and logistics; (3) Water — interaction
with the underground facility; and (4) Risk management. The call required high industry
involvement and co-financing, and was heavily supported by the infrastructure industry,
especially the Rock Engineering Research Foundation (BeFo) and the Swedish
construction industry's organization for research and development (SBUF). Together
with the construction companies Skanska, NCC Construction AB (NCC) and Peab,
BeFo and SBUF formed an industry-council (in Swedish: Industrirad Geolnfra) who
offered a service at an early stage to evaluate the industry relevance of the research
ideas. The industry-council was coordinated by BeFo.

To inform about the Geolnfra call and to offer opportunities for research support the
development of broad researcher projects, the Swedish Centre for Innovation and
Quality in the Built Environment (IQS) organized a match-making meeting on 7 June
2012 to support networking between researchers and industry (Figure 1.1A). Proponents
had the opportunity to present project ideas and discuss them with industry at the
meeting.

1.2 Development of the TRUST alliance

The Geolnfra call encouraged multi-scientific proposals, and came at a good time to test
wider-collaboration and alliances. The TRUST-alliance could be formed based on
networking within two existing organizations: The Swedish Deep Drilling Program
(SDDP) and the SBU researchers active at Swedish universities within civil engineering
and geoscientific research started higher level networking activities in early-mid 2000s.
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The process leading to the formation of SBU was initiated in 2003 by the SBUF
research committee. The committee, with delegates from industry and academia, was
concerned with decreasing research funding for the entire building sector, and an uncertain
trend for long-term competence supply of teachers and researchers within the sector. A
planning group consisting of senior researchers and department heads from the four
universities that conducts education and teaching within Civil Engineering or similar
(Chalmers University of Technology, Luled University of Technology, Lund University
and the Royal Institute of Technology), as well as senior executives in some of the
largest Swedish construction companies worked together to form SBU that formally
was formed in 2011 (see further http://www.sverigesbygguniversitet.se/). Financial and
moral support has been given by SBUF since the start until the present. Funding for
SBU has also been provided by FORMAS and Sweden’s innovation agency (Vinnova).
SBU conducts research within seven themes: (1) Structural Engineering; (2)
Construction and Facilities Management; (3) Building System Design and Performance;
(4) Geotechnology; (5) Water and Environmental Technology; (6) Highway
Infrastructure and Transport Systems; and (7) Education.

A B
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GGOInfrO = Tl'QnSporemQ Theme Geotechnology of the

Swedish Universities of the Built Environme
Monday, 28 May 2012, 18:30-19:30

Elite ITotel Marina Tower

MATCHMAKING DEN 7 JUNI 2012 Room: Prins Eugene
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underjordiska anldggningar

1245 Registrenng
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N Welcome: Maria Ask, leader, Theme Geotechnology
> Peter Lundman, Technical Manager Trafikverket . X )
> Ruben Aronsson, VD SBUF SBU information: Anna Kadefors, Coordinalor, SB
> Per Tengborg, Forskningsdirekior BeFo
e Theme Geotechnology information: Maria Ask
> Bror Sederholm, Swerea KIMAB i ) — g
> Pefer Utrksen, Lunds Tekniska Hogskola New call Geolnfra: Peter Lundman, Trafikverket
> Bo Olofsson, KTH
> Jonas Sundeil, COWI
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> e
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Q&A
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Figure 1.1. A, Program for match-making at IQS on 7 June 2012. B, Program for
townhall meeting of theme Geotechnology of the Swedish Universities of the Built
Environment (SBU) on 28 May 2012.
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The process leading to the formation of SBU was initiated in 2003 by the SBUF
research committee. The committee, with delegates from industry and academia, was
concerned with decreasing research funding for the entire building sector, and an uncertain
trend for long-term competence supply of teachers and researchers within the sector. A
planning group consisting of senior researchers and department heads from the four
universities that conducts education and teaching within Civil Engineering or similar
(Chalmers University of Technology, Luled University of Technology, Lund University
and the Royal Institute of Technology), as well as senior executives in some of the
largest Swedish construction companies worked together to form SBU that formally
was formed in 2011 (see further http://www.sverigesbygguniversitet.se/). Financial and
moral support has been given by SBUF since the start until the present. Funding for
SBU has also been provided by FORMAS and Sweden’s innovation agency (Vinnova).
SBU conducts research within seven themes: (1) Structural Engineering; (2)
Construction and Facilities Management; (3) Building System Design and Performance;
(4) Geotechnology; (5) Water and Environmental Technology; (6) Highway
Infrastructure and Transport Systems; and (7) Education.

SDDP was formed in 2006 through a planning grant from Swedish Research Council
(VR) to support scientific continental drilling in Sweden. SSDP members come from
Swedish universities that conduct research with high societal relevance that only can be
addressed through scientific drilling and borehole observations. In 2013, SDDP was
transformed into the Swedish Scientific Drilling Program (SSDP; see further
www.ssdp.se) to support Swedish interests in continental- and ocean scientific drilling.
Currently, SSDP is led by scientists from Uppsala University, with most active
members coming from Luled University of Technology, Lund University, Stockholm
University, and Sédertérn University.

Maria Ask was group leader of Theme Geotechnology of the SBU from 2010-2014 and
has been a member of SSDP since the start. In her role as group leader for Theme
Geotechnology, she organized two open piggy-back activities in association with other
meetings to support the formation of Geolnfra proposals. First, a Townhall meeting was
arranged at the International Society of Rock mechanics (ISRM) International
Symposium EUROCK in Stockholm on 28 May 2012 to spread information about SBU,
Theme Geotechnology, and the Geolnfra call (Figure 1B). Second, a workshop was
arranged on 23-24 August 2012 after the SBU annual conference (Hégskolekonferens)
at Skokloster Wirldshus. Participants came from the SBU member universities, Uppsala
University, the Geological Survey of Sweden (SGU) and Tyréns AB.

The outcome of these network activities resulted in the formation of the TRUST
alliance. The form of the alliance was controlled by FORMAS guidelines for
proponents (FORMAS Handbook 2012), in which formalities of proposal and their
budget are clearly specified.
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1.3 The TRUST alliance

A total of ten proposals were submitted to the Geolnfra call. Six of the ten TRUST
proposals were approved, corresponding to 67% of total Geolnfra funding within the
project (33.6 MSEK). Four of the proposals were not funded through FORMAS.
However, one project (TRUST 4.2) was initiated in 2013, and one project (TRUST 3.2)
was initiated in 2014 with funding from other sources. The main part of the TRUST
alliance was conducted from 2013 to 2017. The majority of PhD projects were not
completed within this time frame, especially for those projects that was initiated later.
The final PhD project was defended in 2020.

The TRUST alliance is organized along four themes (Figure 1.2):

— Theme 1, Management is responsible for coordinating and disseminate of the different
subprojects in the themes and providing guidelines for innovation and implementation
of the research result

— Theme 2, Holistic survey methods contain proposals on different survey methods to
characterize the rock mass.

— Theme 3, Smart underground construction use information to optimize, adapt and
control the different operations in the construction phase

— Theme 4, Information models, data structures and visualization, use and integrate
information obtained in Themes 2-3, and is the backbone for coordination between
different actors and between planning, construction, operation and maintenance of
underground facilities.

Each theme consists of one to three projects, and a more detailed presentation of the
individual projects within each theme is given in Section 2.

Two projects (TRUST 2.3 and 3.1) remained unfunded. The aim of TRUST 2.3 was to
reduce uncertainties in the prediction of rock conditions encountered by tunnel projects
in urban areas in Sweden by investigating and seeking improvements to the rock mass
description process currently applied by (1) studying the documented prediction and
outcome of earlier Swedish tunnel projects; (2) evaluating and ranking the importance
of the obtained parameters and descriptions; and (3) seeking improvements in how key
parameters are investigated and assessed by observation and measurement on new drill
core- and borehole data. The project had components of scientific drilling with the
SDDP infrastructures Riksriggen and the Stress trailer. The overarching aim of the
TRUST 3.1 project was to improve productivity and innovation in the construction
industry by applying new technology such as MWD (Measure While Drilling) and
machine guiding and concept such as Building Information modelling (BIM) and
construction platforms. Especially better management of uncertainties need to be
introduced in civil engineering projects. The scope of TRUST 3.1 is to take advantage
of these opportunities to optimize underground constructions by using simulation,
probabilistic design methods and detailed State-of-the-Art information extraction
methods such as MWD (Measure While Drilling). Observations based on MWD data
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and RTGC (Real Time Grouting Control) will be used to support and optimize front
operation (drilling, blasting, loading, reinforcement).
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Figure 1.2. Outline of the TRUST project.

Observations based on MWD data and RTGC (Real Time Grouting Control) will be
used to support and optimize front operation (drilling, blasting, loading, reinforcement).
Simulation will be used to analyse and optimize the outcomes such as economy, energy
use and GHG (Green House Gas) emissions of the selected front operation methods. As
a result, the TRUST alliance research effort largely lacks a link between site
investigation with geophysical methods (TRUST 2.1 and 2.2) and probability-based
design (TRUST 3.2) and the development of the real time grouting method (TRUST
3.3).

The overall vision of TRUST is to enable efficient and sustainable processes for
planning, design, construction and management of urban underground facilities by
developing:

— New and more holistic survey methods

— Better tools and methods for design and production control

— Integrated information management over the life cycle of the facility
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A key factor for achieving TRUST’s vision is the integrated and trans-disciplinary
platform that enables collaboration between participants from universities, industry and
the public sector.

The TRUST alliance has gathered over 40 scientists and experts from the Swedish
Universities of the Built Environment (SBU, i.e. Chalmers university of technology,
Royal institute of technology, Luled university of technology and Lund university),
Uppsala university, the Geological survey of Sweden (SGU), research institutes
(Swedish cement and concrete research institute, CBI, Swerea KIMAB), private
companies (ABEM industries, NCC construction Sweden AB, NCC, and Tyréns AB),
the regional center for research and development Nova FoU, and international partners
(Aarhus university from Denmark, and Leibnitz institute of applied geophysics, LIAG,
from Germany).

The total budget of the TRUST alliance is almost 75 MSEK, with funding provided by
the Swedish research council for sustainable development, the Swedish transport
authority, Rock engineering research foundation (BeFo), the Swedish construction
industry's organization for research and development (SBUF), the Sven Tyréns
foundation of Tyréns AB, SGU, research institutes (CBI, Swerea KIMAB, Norwegian
geotechnical institute, LIAG), research centers (Swedish hydropower centre,
Energiforsk, Nova FoU), private companies (Besab AB, Boliden, Cementa AB, First
Quantum Minerals Ltd., NCC, Swedish nuclear fuel and waste management company,
Swedish consultants environment AB, Thomas concrete group AB), and universities
(Aarhus university, Luled univerdsity of Technology, Lund university, Uppsala
university).

The scope of the TRUST alliance is unique from a Swedish- and international view
point. By 2017, it was probably the biggest coordinated Swedish research and
innovation endeavor within the field of Geotechnology for underground construction.
The Vig-Bro-Tunnel (VBT) consortium from the 00s is the only similar existing
predecessor, to the author’s knowledge. Within VBT, bi-annual meetings were arranged
when the PhD students (they were mainly industrial PhD students) presented results
(Pers. Comm. Peter Ulriksen, Lund University, 2012-07-03). These meetings offered
opportunities to network for PhD students and their supervisors. The integrated
collaboration within TRUST is one level above the VBT consortium because of the aim
to work on joint case studies. As a result, TRUST could be a new model for integrated
collaboration and cooperation that involves the main Swedish universities within civil
engineering and applied geosciences, authorities, institutes, private companies, and
international partners.
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1.4 Objectives and limitations

The TRUST 1 project has two main objectives:
(1) Coordinate TRUST subprojects and communicate results and findings to all
partners
(2) Research innovation and implementation aspects of selected subprojects to
present models and guidelines for university-industry collaboration

Because aspects of innovation and implementation is presented in detail in Kadefors et
al. (2019), this the focus of this report regards aspects of communication and
collaboration, and only brief presentation of the main results of innovation and
implementation.

1.5 Outline of the report

The report is organized in five sections and eight appendices:

— Section 1 (this section) is an introduction to the TRUST alliance and this report.

— Section 2 presents background, objectives, research group, and main results for the
subprojects and the four themes

— Section 3 gives a summary of the activities within communication and collaboration

— Section 4 presents results from innovation and implementation

— Section 5 includes concluding remarks

List of appendices:

Appendix 1, Agenda for TRUST workshops 1-8

Appendix 2, Action items, TRUST workshops 1-7

Appendix 3, TRUST Publication policy

Appendix 4, TRUST Partner declaration

Appendix 5, IT manual

Appendix 6, User value aspect TRUST — results of workshop 3
Appendix 7, TRUST final report, Industry meeting of workshop 8
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2 TRUST PROJECTS
2.1 TRUST 1 - Management

A well-functioning infrastructure for transporting goods and people is the back-bone of
modern society. Extensive investments in the road- and railway systems are planned for,
and already being carried out, by the Swedish Transport Administration (STA) to meet
the ever increasing societal needs. As urbanization increases the demand for land in
central city, it becomes attractive to locate facilities for transportation underground,
although this is more expensive. Physical barriers hindering people to move between
areas are then minimized and ground level urban space may be used for other city
functions.

Infrastructure projects in general, and underground tunneling projects in particular, take
long time to complete, and the projects are often associated with large cost increases. A
worldwide survey showed that at least 30% and probably more than 50% of
underground projects experienced significant cost and schedule overruns (Reilly &
Brown 2004). The majority of the cost increase in selected Swedish STA projects is
related to indirect- and financial costs (Lundman 2011). Underground infrastructure
projects are especially challenging because they are conducted in a closed room with
largely unknown and often highly varying rock mass properties, at the start of the
project. In a study of (Hertogh et al. 2008), it was mainly tunneling projects
encountering unforeseen geological conditions and projects depending on the
development of new technology that experienced cost increases and delays during the
construction phase. Lundman (2011) showed that cost increase for the Swedish STA
projects due to unique features of underground conditions is substantial (at least 430
MSEK for the Bothnia Line, or 10% of the total cost increase). He concludes: “STA
must take full responsibility of assembling data, information and knowledge on a
national basis.”

Traditionally, stability and water issues have been the two main issues for underground
constructions, often resulting in cost increases. Today, Swedish and European energy-
and environmental goals and regulations need to be addressed. Thus, with the growing
road- and railway network, it is becoming increasingly important to construct cost-
effective underground facilities that are safe, environmental-friendly, energy-efficient
and easy to maintain. Considering the massive investments planned, there is an obvious
potential in proactively developing and implementing new and improved methodologies
and technologies for the planning, design and construction of underground facilities. To
be successful in bridging the gap between research and practice, such innovation
processes require a constructive collaboration between university-based research, R &D
functions within government clients and various industry actors, as well as with the
managers and specialists involved in the actual construction projects.
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The original budget for the period from 2013-2016 was 5 076 kSEK, with funding from
FORMAS (50%, 2538 kSEK), SBUF (23%, 1153 kSEK), BeFo (22%, 1080 kSEK), ,
and in-kind funding (5%, 305 kSEK) from members of the reference group (industry,
universities). Additional funding was provided by Nova FoU (100 kSEK) to support
development of the Aspd hard rock laboratory (HRL) case study, and by SBUF (120
kSEK), BeFo (120 kSEK), and LTU (24 kSEK) to provide salaries in 2017. Thus, the
total budget of TRUST 1 was 5 440 kSEK.

The Management of the TRUST alliance is responsible for:
(1) coordination of the subprojects in the TRUST themes
(2) dissemination of the results and findings to all partners;
(3) innovation and implementation aspects of selected subprojects will be researched
with the aim of presenting models and guidelines for university-industry

Table 2.1 lists the participants, their affiliation and role within TRUST 1. The members
of the reference group are included in Table 2.2. A forum for internal information
management was created in 2013, consisting of Maria Ask, Hakan Rosqvist and Mats
Svensson.

Table 2.1. Research group members of TRUST 1

Name Affiliation Role

Andreas Pauldén Luled University of Technology MSc student

Anna Kadefors Royal Institute of Technology & Researcher within innovation and
Chalmers implementation

Carl Stureson Lule& University of Technology MSc student

Héakan Rosberg Lund University/Tyréns Member of steering group
AB/Rosqgvist Resurs AB

Maria Ask Lulea University of Technology Principal investigator, Member of

steering group, Researcher within
communication and collaboration
Mats Svensson Tyréns AB Member of steering group
Thomas Olofsson Lule& University of Technology Researcher within innovation and
implementation

Table 2.2. Members of TRUST 1 reference group

Name Affliation

Anna Kadefors Rovyal Institute of Technology / Chalmers

Eva Widing Swedish Nuclear Fuel and Waste Management Company
Lars-Olof Dahlstrém NCC AB / Golder Associates AB

Per Tengborg Rock Engineering Research Foundation

Peter Lundman* Swedish Transport Administration

Hakan Rosberg Lund University/Tyréns AB/Rosqvist Resurs AB

Maria Ask Lulea University of Technology

Mats Svensson Tyréns AB

Thomas Olofsson Lule& University of Technology

* Chair of reference group
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The methods and main results from TRUST 1 - management are presented and
discussed in Sections 3 and 4 of this report.

2.2 TRUST 2.1 — Geoelectric mapping as a tool for preinvestigation for
underground infrastructure facilities in urban environment

Unstable rock, groundwater inflow and other unforeseen ground conditions is a risk
factor not seldom causing delays and large extra costs in underground infrastructure
projects. In order to handle such risks better knowledge about the soil-, rock- and
groundwater conditions, soil contaminants and unknown underground constructions is
needed.

Site investigations prior to large underground infrastructure projects are most often
based on drillings. Drillings produce detailed information in single boreholes but no
information between those. However, modern geophysical methods can map the
underground in 3D in a time and cost-efficient way also between boreholes. Lately
especially combined use of the two methods resistivity and time domain induced
polarization (DCIP) have shown great potential for underground infrastructure site
investigations. However urban environment is a great challenge due to urban noise and
therefore the DCIP technique needs to be further studied and developed.

FORMAS provided 50% of funding for TRUST 2.1, with additional funding provided
by SBUF, BeFo, and Tyréns AB.

The objective is to improve the potential for geophysical methods to interpret ground
conditions with respect to geology, groundwater, structures and pollution in urban
environment, in order to achieve more cost-effective construction of infrastructure. The
aims are to adapt and configure the DCIP technique for use in urban areas, by
developing: data collection methodology, instrument (hardware), data processing,
inversion techniques and understanding of the relation between geophysical and
geotechnical and environmental properties. Table 2.3 lists the participants and members
of the reference group and the science advisor group.

The work has focused on a number of different tasks:

— Adapting and developing techniques for data acquisition strategies, methodology and
data processing in urban environments including handling of urban noise and
obstacles.

— Developing interpretation techniques for spectral induced polarisation properties from
DCIP data through inverse numerical modelling.

— Develop methodology for 3D surveys in urban area.

— Improve knowledge on how to interpret contamination status of the ground from
DCIP data.

— Improve knowledge on how to interpret engineering geological key information from
DCIP data.
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The work done includes extensive method development, test and evaluation of
developed concepts, and application of the methods in field scale. Furthermore,
adaptions and development laboratory test procedures has been done.

Table 2.3. Members of TRUST 2.1 research group, reference group and scientific advisor

group

Name

Affiliation

Role

Andreas Pfaffhuber

Andrew Binley
Charlotte Sparrenbom
Christel Carlsson

David Hagerberg

Esben Auken
Geoff Watson*
Gianluca Fiandaca

Hakan Rosqvist
Johanna Gottlander
Lee Slater

Lena Persson
Malin Norin

Mats Svensson
Matteo Rossi
Mehrdad Bastani
Per Hedblom
Per Tengborg
Per-Ivar Olsson
Robert Sturk
Roger Wisén
Sara Johansson
Torleif Dahlin

Willian Powrie*

Norwegian Geotechnical Institute,
Norway

Lanchester University, UK
Lund University

Swedish Geotechnical Institute

Tyréns AB

Aarhus University, Denmark
University of Southampton, UK
Aarhus University, Denmark
Tyréns AB

Swedish Transport Administration
Rutgers University, USA
Geological Survey of Sweden
NCC AB

Tyréns AB

Lund University

Geological Survey of Sweden
Guideline Geo AB

Rock Engineering Research Foundation
Lund University

Skanska AB

Ramball A/S

Lund University

Lund University

University of Southampton, UK

Member of reference group

Member of scientific advisor group
Researcher, supervisor
Member of reference group

Post doc

Researcher, supervisor
Member of scientific advisor group
Researcher, supervisor
Researcher, supervisor
Member of reference group
Member of scientific advisor group
Member of reference group
Member of reference group

R & D responsible

Post doc

Researcher

R & D engineer

Member of reference group
Doctorate student

Member of reference group
Member of reference group
Doctorate student

Principal investigator,
supervisor
Member of scientific advisor group

*Geoff Watson replaced William Powrie

Field trials have been carried out at several field premises (Table 2.4), with the main
objective for testing within brackets. The field trials can be subdivided into three

groups:

(1) Projects planned within TRUST 2.1 (No. 2, 5, 7),

(2) Spin-off projects as consequence of TRUST collaboration (No. 3, 6), and
(3) Spin-off project within the research group (No. 1, 4, 8-10).
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Main achievements within TRUST 2.1 include:

— Faster data acquisition and better data quality through measurements with 100 % duty
cycle; method, hardware and software developments. Test and verification in full
scale

— Signal processing and filtering; method and software developments. Major
improvements in data quality and spectral content for time-domain IP data

— Better understanding of possible valid IP responses under different conditions

— DCIP data processing; methodology and software

— DCIP SIP inversion in 2D

— 3D data acquisition approaches

— Adaption and development of DCIP laboratory test procedures

— Improved understanding of mechanism behind DCIP responses

— Experience of DCIP responses in different geological materials

— Experience of DCIP responses for conta