
Abstract
This thesis is devoted to the development of methods facilitating structural analysis

of circular arches and segmental tunnel rings. These methods are based on transfer
relations representing analytical solutions of the linear theory of circular arches. The
employed analytical solutions refer to dead load, ground pressure, uniform temperat-
ure changes, point loads, and discontinuities of the kinematic variables at the joints.
Discontinuities, such as the ones resulting from the point loads and the discontinuities
of the kinematic variables at the joints, are accounted for by means of the Heaviside
function. After verification of the correct implementation of the transfer relations into
the available numerical computing environment, they are used for structural analysis
of (i) arch bridges made of steel and (ii) tunnel rings made of steel-reinforced concrete
segments, whereby the main focus is on the second application.

As for segmental tunnel rings, the central aim of the present thesis is the develop-
ment of hybrid methods for multiscale structural analysis of real-scale bearing-capacity
tests which were carried out at the Tongji University in Shanghai/China. The term “hy-
brid” expresses the use of two types of input for the computational structural analyses:
(i) point loads which were prescribed during the experiments, and (ii) the discontinuities
of the kinematic variables at the joints, which were measured during testing. The term
“multiscale” refers to multiscale models for the stiffness, strength, and the softening of
concrete. These modern material models resolve the micrstructure of concrete down to
the nanometric scale.

The first one of the developed hybrid methods accounts for linear-elastic behavior
of the tunnel segments. A 7 ⇥ 7 transfer matrix allows for the mechanical treatment
of the entire segmental tunnel ring. As for the analyzed real-scale test, this transfer
matrix contains 42 sets of analytical solutions: 24 of them refer to the 24 point loads,
the remaining 18 to the discontinuities of the 3 kinematic variables at all of the 6 joints.
The linear hybrid method is used for the analysis of a real-scale test on a segmental
tunnel ring, all the way up to the elastic limit of the segments. This elastic limit is
reached when tensile cracking of one of the segments starts.

The second one of the developed hybrid methods accounts for the nonlinearities
resulting from bending-induced tensile cracking of the segments. They are subdivided
into elements of a length equal to the crack spacing. The elements are either intact or
contain one central crack band, flanked by lateral undamaged domains. A multiscale
model for tensile softening of concrete is used to describe the progressive deterioration
of the crack bands. The nonlinear hybrid method is used for the analysis of a real-scale
test on a segmental tunnel ring, all the way up to the bearing capacity of the structure.

Hybrid analysis of segmental tunnel rings is elegant, because measured discontinuit-
ies of the kinematic variables at the joints are used as input, which eliminates the need
to model the nonlinear behavior of the joints. Still, hybrid methods require measure-
ment data from structural monitoring. Such data are generally not available. This was
the motivation to develop a method for structural analysis of segmental tunnel rings,
for which monitoring data are not available.

The third one of the developed methods refers to the combination of linear trans-
fer relations with interface laws, describing the nonlinear behavior of the joints. They
account for (i) loss of initial full-face segment-to-segment contact by means of par-
tial segment-from-segment separation, (ii) compressive crushing of the concrete, and
(iii) tensile yielding of the steel bolts, connecting neighboring segments. The developed



iii

nonlinear interface model and the corresponding method for structural analysis are val-
idated by comparing computed results with measurements from independent bearing
capacity tests on bolted joints and on a segmental tunnel ring, respectively.

The following conclusions are drawn: (i) Bending-induced tensile cracking of the
segments and the corresponding crack opening displacements can be predicted reliably
by modern multiscale models for tensile softening of concrete. This is beneficial for the
durability assessment of segmental tunnel rings, as required for serviceability design.
Nonetheless, consideration of tensile cracking is of minor importance for quantification
of the internal forces and the displacements of segmental tunnel rings. These two as-
pects can be estimated reliably by means of transfer relations based on linear-elastic
behavior of the segments. (ii) The nonlinear behavior of the joints governs the struc-
tural performance of segmental tunnel rings. Thereby, the relative rotation angles at
the joints are of prime importance. They result, first and foremost, from the bending
moments and the normal forces transmitted across the joints, but there are strong indic-
ations of a second contribution that affects the relative rotation angles such that they
result in rigid body motions of the segments. (iii) The bearing capacity of segmental
tunnel rings is characterized by the development of a kinematic mechanism, resulting
from plastic hinges at several joints. Thus, the bearing capacity of segmental tunnel
rings can be estimated reliably based on a combination of linear transfer relations and
realistic failure envelopes for the joints. (iv) Viscoelastic material behavior of concrete
results in time-dependent behavior of the joints. Under constant external loading, the
relative rotation angles at the joints are increasing progressively, without approaching
an asymptotic limit. Consequently, the ovalization displacements of segmental tunnel
rings are increasing progressively, while the internal forces practically remain the same.
(v) Steel bolts, connecting neighboring segments, are significantly improving the ser-
viceability of segmental tunnel rings, because they ensure the position stability of the
lining, even if significant bending-induced segment-from-segment separation takes place.
In case of strongly anisotropic ground pressure, the bolts result in a significant increase
of the bearing capacity of segmental tunnel rings, because they contribute significantly
to the bending moments, required for overall structural equilibrium.


	Introduction
	Motivation
	Framework conditions rendering the present PhD project possible
	Scientific and methodological basis
	Multiscale structural hybrid analysis in NATM tunneling
	Multiscale structural analysis of segmental tunnel rings

	Organization and contents of the thesis
	Contents of Chapter 2 – Journal Paper #1
	Contents of Chapter 5 – Journal Paper #2
	Contents of Chapter 4 – Journal Paper #3
	Contents of Chapter 3 – Journal Paper #4
	Contents of Appendix A – Proceedings Paper #1
	Contents of Appendix B – Proceedings Paper #2
	Contents of Appendix C – Book Chapter #1
	Contents of Appendix D – Proceedings Paper #3


	A hybrid analysis method for displacement-monitored segmented circular tunnel rings Zhang:2017ES
	Introduction
	Data from a real-scale test on a segmented tunnel ring
	Transfer relations for circular arches
	Stepwise solution scheme
	Solution for the unloaded part of the arch
	Particular solutions for dead load 
	Particular solutions for point loads 
	Particular solutions for interfacial discontinuities of kinematic variables
	Transfer relations
	Validation example 1: two-hinged arch, subjected to a point load
	Validation example 2: three-hinged arch under dead load

	Hybrid analysis of the segmented tunnel ring
	Discussion
	Initial geometric imperfections as the reason for the unsymmetric structural response
	Does the tested ring qualify for the analysis as a slender arch?
	Benefits from the hybrid approach

	Conclusions
	Acknowledgment
	Appendices
	First-order theory for slender circular arches 
	Kinematic description
	Virtual power of the external forces: stress resultants
	Constitutive relations
	Virtual power of the internal forces
	Formulation of the principle of virtual power: equilibrium conditions

	Deformed configuration of the three-hinged arch, obtained by the unit force method
	List of symbols

	On a nonlinear hybrid method for multiscale analysis of a bearing capacity test on a real-scale segmental tunnel ring Zhang:2017ULS
	Introduction
	Experimental data
	Multiscale hybrid analysis
	Transfer relations
	Organization of the nonlinear hybrid analysis in form of two load cases
	Homogenization of the stiffness and the strength of the concrete used for the production of the segments
	Effective stiffness of segmental elements damaged by bending-induced tensile cracking
	Load case I: Structural analysis, considering point loads
	Results from nonlinear multiscale analysis: internal forces and deterioration of the segmental tunnel ring
	Load case II: Structural analysis, considering the relative rotation angles at the joints
	Superposition of load cases I and II: quantification of convergences

	Discussion
	Hybrid analysis under the assumption that the Bernoulli-Euler hypothesis applies to neck-like joints
	Can the internal forces and the convergences be quantified reliably based on the assumption of linear-elastic behavior of the segments?

	Conclusions
	Acknowledgment
	Appendices
	Estimation of the volume fractions of the phases of the considered concrete
	M-N interaction diagrams for the joints
	Mathematical details of the first failure envelope
	Mathematical details of the second failure envelope


	The influence of interfacial joints on the structural behavior of segmental tunnel rings subjected to ground pressure Zhang:2018design
	Introduction
	Structural analysis of segmental tunnel rings using transfer relations
	Transfer relations
	Analytical solutions for relative rotation angles
	Analytical solution for the ground pressure
	Analytical solutions for radial point loads
	Identification of integration constants

	Interface models
	Interface model by Gladwell:1980
	Interface model by Janssen:1983
	Nonlinear model for bolted interfaces, considering linear-elastic and ideal-plastic material behavior of concrete and steel

	Combination of transfer relations and interface laws for structural analysis of segmental tunnel rings subjected to ground pressure
	Combined analytical-numerical solution procedure
	Assessment of the role of interfacial creep on the structural behavior of segmental tunnel rings
	Elastic limit analysis: unreinforced interfaces vs. bolted interfaces
	Bearing capacity analysis: unreinforced interfaces vs. bolted interfaces

	Is the overall bearing capacity of segmental tunnel rings indeed governed by the local bearing capacity of segment-to-segment interfaces?
	Bearing-capacity test on a segmental tunnel ring subjected to point loads Liu:2016
	Model validation by comparing the predicted and the experimentally obtained bearing capacity of the segmental tunnel ring

	Conclusions
	Acknowledgment
	Appendices
	List of symbols
	Brief overview over the B4 model Bazant:2014
	Closed-form expressions of the stress resultants M and N

	Application of transfer relations to structural analysis of arch bridges Zhang:2017CAMES
	Introduction
	Transfer relations: analytical solutions of the linear theory of slender circular arches
	Governing equations
	Existing solutions for an unloaded part of an arch, for dead load, and for a point load Zhang:2017ES
	Derivation of load integrals for a uniform temperature change
	Determination of integration constants from boundary conditions

	Exemplary structural analysis of an arch bridge
	Sensitivity of the response of the arch with respect to the number of hangers
	Uniform temperature change of the structure

	Discussion
	Conclusions
	Acknowledgment
	Appendix: List of symbols and abbreviations

	Conclusions and outlook
	Conclusions
	Future outlook

	Appendices
	Multiscale structural ``hybrid Analysis'' of a displacement-monitored segmented tunnel ring Zhang:2017EUROTUN
	Introduction
	Real-scale test
	Multiscale modeling of concrete
	Structural hybrid analysis based on transfer relations 
	Validation of the analysis model by means of comparing predicted with measured convergences
	Structural analysis results
	Conclusion
	Acknowledgment

	Structural analysis of segmented tunnel rings: a combination of transfer relations with an interface law Zhang:2018EUROC
	Introduction
	Analytical solutions for segmented tunnel rings
	Transfer relations Zhang:2017ES
	Linear interface law
	Derivation of a linear system of equations allowing for the analytical calculation of the integration constants and the relative rotation angles
	Solution strategy for the system of equations (B.27)

	Structural analysis of a real-scale test of a segmented tunnel ring
	Application of the proposed analysis method
	Comparison of results from the presented analysis with results from hybrid analysis of the same structural test

	Summary and conclusions
	Acknowledgment

	Bridging the gap between concrete microstructures and tunnel linings Binder:2018
	Introduction
	Organization of the paper
	Microstructural analysis of impact and blast loading in tunneling
	Prediction of high-dynamic strength, based on quasi-static strength data
	Model application to high-dynamic strength data
	Conclusions

	Multiscale analysis of thermal stresses in concrete linings due to sudden temperature changes
	Multiscale thermo-mechanical model of concrete
	Multiscale thermo-mechanical analysis of a simply-supported concrete beam subjected to sudden cooling
	Conclusions

	Experiments and FE modeling of concrete linings in Mechanized Tunneling
	Experimental data from testing of concrete hinges
	FE simulations of the tested concrete hinges
	Conclusions

	Multiscale structural analysis of a segmented tunnel ring
	Multiscale model of concrete
	Hybrid analysis of the segmented tunnel ring, based on transfer relations
	Conclusions

	Summary, conclusions, and outlook on further research
	Acknowledgment

	Bridging the gap - an ambiguous term related to the Hongkong-Zhuhai-Macao Bridge Zhang:2017QTJ
	Introduction
	Microstructural analysis of impact and blast loading in tunneling
	Multiscale analysis of thermal stresses in cement Linings due to sudden temperature changes
	Experiments and FE modeling of concrete linings in Mechanized Tunneling
	Multiscale structural analysis of a segmented tunnel ring
	Conclusions

	Bibliography
	Curriculum Vitae
	Scientific Dissemination

