
INFRASTRUCTURE RESILIENCE PUBLICATION NO. 2

Resilience Engineering
for Urban Tunnels

Edited by
Michael Beer, Dr.-Ing.
Hongwei Huang, Ph.D.

Bilal M. Ayyub, Ph.D., P.E.
Dongming Zhang, Ph.D.
Brian M. Phillips, Ph.D.

Sponsored by
Center for Technology and Systems Management, University of Maryland

Institute for Risk and Reliability, Leibniz Universität Hannover
Tongji University

China Civil Engineering Society
Institute for Risk and Uncertainty, University of Liverpool

Infrastructure Resilience Division of the
American Society of Civil Engineers

Published by the American Society of Civil Engineers

 Resilience Engineering for Urban Tunnels 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.c
om

 b
y 

18
.1

91
.1

27
.2

53
 o

n 
06

/0
2/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 



Library of Congress Cataloging-in-Publication Data

Names: International Workshop on Resilience of Urban Tunnels (2016 : College Park, Md.) |
Beer, Michael, editor. | Huang, Hongwei, editor. | Ayyub, Bilal M., editor. | Zhang, Dongming,
editor. | Phillips, Brian M., editor. | Center for Technology and Systems Management, sponsoring
body.

Title: Resilience engineering for urban tunnels / sponsored by Center for Technology and Systems
Management, University of Maryland, Institute for Risk and Reliability, Leibniz Universitt Hannover,
Tongji University, China Civil Engineering Society, Institute for Risk and Uncertainty, University of
Liverpool, Infrastructure Resilience Division of the American Society of Civil Engineers ; edited by
Michael Beer, Dr.-Ing, Hongwei Huang, Ph.D., Bilal M. Ayyub, Ph.D., P.E., Dongming Zhang, Ph.D.,
Brian M. Phillips, Ph.D.

Description: Reston, Virginia : American Society of Civil Engineers, [2018] | Series: Infrastructure
resilience publication ; no. 2 | Includes bibliographical references and index.

Identifiers: LCCN 2018028802 | ISBN 9780784415139 (soft cover : alk. paper) | ISBN
9780784481813 (pdf) | ISBN 9780784481820 (epub)

Subjects: LCSH: Tunnels–Design and construction–Congresses. | Tunnels–Reliability—
Congresses. | Urban transportation–Congresses.

Classification: LCC TA800.I73 2016 | DDC 624.1/93–dc23
LC record available at https://lccn.loc.gov/2018028802

Published by American Society of Civil Engineers
1801 Alexander Bell Drive
Reston, Virginia 20191-4382
www.asce.org/bookstore | ascelibrary.org

Any statements expressed in these materials are those of the individual authors and do not necessarily
represent the views of ASCE, which takes no responsibility for any statement made herein. No reference
made in this publication to any specific method, product, process, or service constitutes or implies an
endorsement, recommendation, or warranty thereof by ASCE. The materials are for general informa-
tion only and do not represent a standard of ASCE, nor are they intended as a reference in purchase
specifications, contracts, regulations, statutes, or any other legal document. ASCE makes no represen-
tation or warranty of any kind, whether express or implied, concerning the accuracy, completeness,
suitability, or utility of any information, apparatus, product, or process discussed in this publication,
and assumes no liability therefor. The information contained in these materials should not be used
without first securing competent advice with respect to its suitability for any general or specific
application. Anyone utilizing such information assumes all liability arising from such use, including but
not limited to infringement of any patent or patents.

ASCE and American Society of Civil Engineers—Registered in U.S. Patent and Trademark Office.

Photocopies and permissions. Permission to photocopy or reproduce material from ASCE publications
can be requested by sending an e-mail to permissions@asce.org or by locating a title in the ASCE
Library (http://ascelibrary.org) and using the “Permissions” link.

Errata: Errata, if any, can be found at https://doi.org/10.1061/9780784415139.

Copyright © 2018 by the American Society of Civil Engineers.
All Rights Reserved.
ISBN 978-0-7844-1513-9 (print)
ISBN 978-0-7844-8181-3 (PDF)
ISBN 978-0-7844-8182-0 (ePub)

Manufactured in the United States of America.

24 23 22 21 20 19 18 1 2 3 4 5

Photo credit: Front cover photograph courtesy of Dongming Zhang.

 Resilience Engineering for Urban Tunnels 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.c
om

 b
y 

18
.1

91
.1

27
.2

53
 o

n 
06

/0
2/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 

https://lccn.loc.gov/2018028802
http://www.asce.org/bookstore|ascelibrary.org
http://ascelibrary.org
http://ascelibrary.org
https://doi.org/10.1061/9780784415139


Contents

Preface................................................................................................................................................. v
Acknowledgments .......................................................................................................................vii
Attendees and Affiliations ........................................................................................................ ix
Introduction ..................................................................................................................................... xi

Keynote Speaker Papers

Enhancing Civil Infrastructure Resilience with Structural
Health Monitoring ............................................................................................. 3
Yunfeng Zhang, Bilal Ayyub, and Hongwei Huang

Reliability Analysis and Real-Time Predictions in Mechanized
Tunneling ..........................................................................................................13
Günther Meschke, Ba Trung Cao, and Steffen Freitag

Non-intrusive Inspection and Real-Time Monitoring for Tunnel
Structural Resilience........................................................................................29
Hongwei Huang and Dongming Zhang

Efficient Reliability and Risk Analysis of Complex Interconnected
Systems..............................................................................................................43
J. Behrensdorf, M. Broggi, and M. Beer

Enhancing Resilience of Traffic Networks with a Focus on Impacts
of Neuralgic Points Like Urban Tunnels .....................................................55
Katharina Klemt-Albert, Robert Hartung, and Sascha Bahlau

Reliability of Critical Infrastructure Networks: Challenges......................71
Konstantin M. Zuev and Michael Beer

Decision Aids for Tunneling ..........................................................................83
Herbert H. Einstein

Breakout Session Reports

Topic 1: Monitoring for Resiliency of Urban Tunnels ..............................89
Topic 2: Robust Design of Tunnels ..............................................................95
Topic 3: Modeling and Management of Uncertainties.............................99

iii

 Resilience Engineering for Urban Tunnels 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.c
om

 b
y 

18
.1

91
.1

27
.2

53
 o

n 
06

/0
2/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 



Research Recommendations

1. Monitoring for Resiliency of Urban Tunnels .......................................105
2. Robust Monitoring and Maintenance for Durability..........................107
3. Resilience Engineering at System Scale ...............................................109

Index................................................................................................................................................115

iv CONTENTS

 Resilience Engineering for Urban Tunnels 

 D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.c
om

 b
y 

18
.1

91
.1

27
.2

53
 o

n 
06

/0
2/

24
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

 



Preface

This report addresses the area of resilience engineering with specific emphasis on
urban tunnels and their embedding into civil infrastructure systems. It provides
bases for developing a comprehensive overall approach to resilience of urban
tunnels. The contributions in this report cover the state of the art from various
relevant perspectives, as well as conclusions made for perspective developments.
As such, this report provides a source for students and researchers interested in
resilience of urban tunnel and infrastructure to get a quick impression on the state
of development. It may also serve as a resource for practitioners to adopt recent
developments for current and future engineering projects to address and increase
resilience. Eventually, the report will increase awareness of the significant impor-
tance of resilience among authorities to implement requirements to ensure
sustained societal and economic benefits.

The state of the art is represented in seven invited papers. The paper by Zhang
and Ayyub describes pathways for using integrated structural health monitoring to
enhance the resilience of civil infrastructure. Meschke, Cao, and Freitag report on
recent developments for controlling mechanized tunneling using real-time pre-
dictions for ensuring structural reliability. An advanced technology for real-time
monitoring of tunnels is presented by Huang and Zhang, where non-intrusive
inspections are used to ensure tunnel resilience. These three contributions
demonstrate the current level of achievement in the area using advanced engi-
neering models and technologies. In addition, they provide a perspective for
further developments expanding from this platform. The remaining papers
address selected specific challenges and ideas for solution that seek their synergetic
marriage with the broad powerful platform to form a comprehensive overall
framework to address resilience of urban tunnels at large. Behrensdorf, Broggi,
and Beer explore a numerical concept for assessing the reliability of complex
interconnected systems. Klemt-Albert, Hartung, and Bahlau discuss the criticality
of neuralgic points in traffic networks in view of enhancing resilience. Zuev and
Beer highlight issues and potential solutions when assessing reliability of networks
of critical infrastructure. Eventually, Einstein documents the importance of
decision aids in tunneling with respect to risk and resilience.

The second part of this report is built on the discussions from the First
International Workshop on Resiliency of Urban Tunnels (Reston, Virginia, USA,
September 1, 2016) and the conclusions drawn for perspective developments. This
part is structured in conclusions from three breakout session reports, and three
structured research recommendations on the key topics are identified. The first
breakout session report concerns the monitoring for resiliency of urban tunnels.
The second report refers to robust design of tunnels. Third, the modeling and

v
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management of uncertainties is considered. The reports in these three topic areas
summarize synergetic findings and advice from expert discussions as a guide for
future developments. They were used as a basis to develop three structured
research recommendations, which were rolled out after the breakout session
reports. The first recommendation is focused on developments on monitoring for
resiliency of urban tunnels. The second concerns robust monitoring and mainte-
nance for durability. The third is devoted to resilience engineering at a system
scale. These recommendations are intended to be developed into large-scale
research programs.

All materials presented in this report were peer reviewed according to the
standards of ASCE.

vi PREFACE
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Introduction

Urban tunnels nowadays play a quite significant role in transportation systems,
not only to make transportation more efficient avoiding congestions but also to
improve the quality of life in metropolitan areas by removing traffic from the
living environment. As the number of urban tunnels increases incredibly, ques-
tions and concerns regarding their safe operation, potential vulnerability and
recovery after intentional or unexpected disruption have become central issues not
only among engineers and stakeholders but also in the society and governmental
administration. Clearly, this situation is calling for a generalized structured
approach not only for assessing, mitigating and managing risk but actually for
a comprehensive resilient design and operation. However, in practice, operation
and maintenance of tunnels is largely realized through heuristic approaches.
Current research and practice show a key deficiency: while significant efforts have
been made on risk assessment, only little has been done for risk control including
resilience of underground structures, thus resulting in unexpected economic
losses. An application-oriented method for dynamic risk control and resilient
design is of great necessity for the safe operation of our underground systems. As a
particular technical challenge, this approach needs to combine elements from
structural engineering and systems engineering. Moreover, it needs to include a
large monitoring component, and it needs to be dynamic to account for rapid
changes in system states and conditions. In operating such ever-growing infra-
structure systems, the risk associated with tunnels has become a focus of the
government and the public in the world. Since this situation does not only apply
to one country or society but is a global problem, it can be addressed best with
joint forces.

With this mission in mind, we have brought together more than 30 selected
researchers in the areas of geotechnical, structural and system risk from the United
States, China, Germany, and with diverse responsibilities from academic, indus-
trial, and governmental perspectives. To identify a clearly structured research
agenda for the development of a dynamic risk control and resilient design
approach, the workshop covered three major topics including smart sensing,
robust design and uncertainty modeling. Seven keynotes covering the aforemen-
tioned three topics were delivered by distinguished researchers in each area. After
a seed discussion, seven subtopics were identified with the goal of driving projects
in global collaborations. The first topic covers monitoring for urban tunnel
resilience. The second topic addresses robustness against uncertainties in the
construction. The third topic puts efforts on the integrated robust design through
modularity and adaptability. The fourth topic is devoted to robust monitoring and
maintenance for durability. The fifth topic concerns generalized modeling for

xi
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resilience engineering with a component scale and a systems scale perspective.
The sixth topic covers resilience-informed decision making, and the last topic
addresses multisector interdependencies in the resiliency modeling.

With this structure the workshop was cumulated in the development of large-
scale research proposals by the attendees, which are all synchronized. In combi-
nation of the developments we then aim for a comprehensive overall approach to
resilience of urban tunnels to be established within a reasonably short time. To
monitor the developments and their interaction, this workshop is expanded into a
series of annual meetings around the world, rotating between America, Europe,
and Asia.

Michael Beer, Chair

xii INTRODUCTION
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