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ABSTRACT

Safety evaluation of truss structures depends upon the determination of the axial
forces and corresponding stresses in axially loaded members. Due to presence of
damages, change in intended use, increase in service loads or accidental actions,
structural assessment of existing truss structures is necessary. This applies particularly
to iron and steel trusses that are still in use, including historic and heritage monuments.
Precise identification of the stresses plays a crucial role for the preservation of historic
trusses. The assessment measures require non—destructiveness, minimum intervention
and practical applicability.

The axial forces in truss structures can be estimated by static calculations using the
method of joints, method of sections or finite element method, if accurate information
about parameters such as external loads, geometrical characteristics, mechanical
properties, boundary conditions and joint connections are known. However, precise
information about these parameters is difficult to be obtained in practice. Especially in
the cases of historic constructions, reasonable assumptions about the uncertain
parameters may not be acquired.

Motivated by the preservation of existing truss—type constructions composed of axially
loaded slender members, the present work aims to develop a non—destructive
methodology to identify the axial forces or corresponding stress states in iron and steel
truss structures. The approach is based on vibration measurements and the finite
element method combined with optimization techniques.

After a state of the art review, numerical and experimental studies were carried out on
three partial systems of truss—type structures. The investigated systems included single
bars, a two—bar truss—like system and a five-bar truss. They were developed step—by—
step as built—up truss—type constructions that are constituted of individual members
connecting at joints. The examined aspects included the effects of structural loading on
the dynamic performance of truss structures, modelling of joint connections, mode
pairing criteria, selection of updating parameters and definition of an objective function,
as well as the use of different optimization techniques.

Concerning the axial force effects on the structural dynamic responses, the effects of
the stress stiffening become more complicated for multiple—-member truss systems with
increasing complexity. The coexistence of both compressive and tensile forces in trusses
has counteracting effects on the modal parameters. These effects cause variation of
natural frequencies and interchange of modes when the loads or corresponding member
forces are changed. To examine the axial force effects on the structures at different stress
states, in the numerical study and laboratory experiments, loads were applied
progressively to the investigated truss—like systems.

Regarding the modelling of joints for truss—type structures, the joint flexibility affects
the structural dynamic responses. Therefore, the numerical models of truss—type
structures include joint models with variable rotational springs to represent semi—rigid
connections.



Abstract

Considering the mode pairing criterion, the mode pairing is performed by adapting an
enhanced modal assurance criterion with the calculation of the modal strain energy.
The criterion allows the selection of desired clusters of degrees of freedom related to
specific modes. With respect to the model updating strategies, the selection of updating
parameters and the choice of an appropriate objective function are identified to be
significantly important. In addition, three different optimization techniques were
applied to compare their suitability for the inverse axial force identification and
estimation of joint flexibility of truss structures. The results of the numerical study and
laboratory tests show that nature—inspired optimization methods are considered as
promising techniques.

A methodology consisted of a two—stage model updating procedure using optimization
techniques was proposed for the determination of multiple member axial forces and
estimation of the joint flexibility of truss—type structures. In the first stage optimization,
the validation criterion is based on the experimentally identified global natural
frequencies and mode shapes of the truss. Additionally, the axial forces in selected
individual members of the truss are used. They are estimated from the natural
frequencies and five amplitudes of the corresponding local mode shapes of the members
using an analytically—based algorithm. Based on the results of the identified axial forces
in the first stage, a second optimization procedure for the joint stiffnesses is performed.
In this stage, the modal parameters of the global natural frequencies and mode shapes
are used as validation criterion.

From the results of the laboratory experiments, the identified axial forces by the
proposed methodology agree well with the experimentally measured axial forces of the
investigated systems at different stress states. Moreover, based on the numerical
verification, the identified joint stiffnesses indicate reasonably the joint flexibility in
relation to the pinned or rigid conditions.

To assess the relevance of the proposed methodology on existing structures in real-life
conditions, an in—situ experiment was carried out on a historic Wiegmann—Polonceau
truss in the city of Potsdam. The in—situ experiment shows that uncertainties relating
the mechanical and geometrical properties of historic trusses as well as the experimental
sensor setup can influence the accuracy of the axial force identification. In the present
work, recommendations are given for the development of a guideline of measuring
concepts and assessment strategies applied to existing truss structures. The intention is
to integrate the proposed methodology as part of the Structural Health Monitoring for
historic truss—type constructions.
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KURZFASSUNG

Die Bewertung der Tragfahigkeit von Fachwerkkonstruktionen ist wesentlich von den
vorhandenen Stabnormalkraften und den daraus resultierenden Spannungen
abhéngig. Eine Zustands— und Tragfahigkeitsbewertung der bestehenden Konstruktion
ist besonders dann erforderlich, wenn aufgrund von Nutzungsdnderungen bzw.
UmbaumalBnahmen hoéhere Lasten auf das Tragwerk aufgebracht werden sollen,
oder sich Schidden an der Konstruktion bzw. dem Material zeigen. Dies gilt vor allem
fir eiserne und stdhlerne Fachwerkkonstruktionen, welche beispielsweise in
historischen Gebiuden zu finden sind. Fir die Identifizierung des Normalkraft— bzw.
Spannungszustands und die darauf aufbauende Tragfihigkeitsbewertung der
Konstruktion ist ein zerstérungsfreies und praktikables Verfahren erforderlich, welches
zudem nur minimal in die bestehende Struktur eingreift.

Liegen ausreichend Informationen hinsichtlich der &ulleren Beanspruchung, der
Geometrie, der Materialeigenschaften, der Auflagersituation sowie der Freiheitsgrade in
den Knotenverbindungen vor, kénnen die Stabnormalkréifte in der Fachwerk—
konstruktion in Form einer statischen Berechnung ermittelt werden. Allerdings ist es in
der Praxis oftmals schwierig fiir bestehende Tragwerke, insbesondere historische
Fachwerkkonstruktionen, prizise Informationen fiir die genannten Parameter zu
erhalten oder adaquate Annahmen zu treffen.

Die vorliegende Arbeit zielt darauf ab ein zerstérungsfreies Verfahren zu entwickeln,
welches in der Lage ist die Spannungszustidnde in fachwerkartigen Eisen— und
Stahltragwerken mit filigranen Stdben zu identifizieren. Das Verfahren basiert auf
Schwingungsmessungen und der Finite—-Elemente—-Methode in Verbindung mit
Optimierungsstrategien.

Nach einer ausfiihrlichen Recherche zum Stand der Technik wurden im Rahmen der
Arbeit numerische und experimentelle Untersuchungen an Teilsystemen von
fachwerkartigen Tragstrukturen durchgefithrt. Bei den untersuchten Konstruktionen
handelt es sich um ein Einzelstabsystem, ein Zweistabsystem sowie ein aus finf Stidben
bestehendes Fachwerksystem. Die Entwicklung vom Einzelstabsystem zum komplexen
Fachwerksystem erfolgt durch schrittweises Hinzufligen von Einzelstdben sowie
deren Verbindungen in den Knoten. In den Untersuchungen wurden mehrere
Aspekte betrachtet. Neben dem Einfluss der dulleren Belastung auf das dynamische
Verhalten der Konstruktion werden in dem Analyseverfahren die Modellierung der
Knotenverbindungen, die Zuordnung der Eigenschwingformen, die Auswahl und
Festlegung von Kalibrierungsparametern, die Definition von Zielfunktionen, sowie die
verschiedenen Optimierungsmethoden untersucht.

Mit zunehmender Komplexitit des Tragwerkes wird der Einfluss der Stabnormalkrafte
auf das dynamische Verhalten komplizierter. Das heil3t, das gleichzeitige Vorliegen von
Druck— und Zugkréften, welche jeweils eine entgegengesetzte Wirkung auf die modalen
Parameter besitzen, fiihrt bei einer Variation der Belastung zu einer Verdnderung der
Eigenfrequenzen und einer vergleichsweise schwierigeren Zuordnung der jeweiligen
Eigenschwingformen. Um ein geeignetes Evaluierungsverfahren zu entwickeln, wurden
in den Laborversuchen verschiedene Belastungszustdnde an den Tragwerkssystemen
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Kurzfassung

berticksichtigt. Die auf die Konstruktion wirkende &dullere Belastung wurde hierfiir
schrittweise gesteigert. Aullerdem wurde sowohl das dynamische Verhalten des globalen
Systems als auch das der Einzelstédbe durch die Modellierung der Knotenverbindungen
und die dafiir angesetzte Rotationssteifigkeit beeinflusst. Im numerischen Modell wurden
die Knotenverbindungen als streuende Grofen behandelt und daher als teilweise
eingespannte (semi—rigid) Rotationsfedern modelliert.

Beziiglich der Zuordnung der Eigenschwingformen wurde ein alternatives Kriterium zur
Berechnung der modalen Forméanderungsarbeiten angewendet. Dieses Kriterium
ermoglicht es, den gewlinschten Bereich (Cluster) von Freiheitsgraden in Bezug
auf bestimmte Eigenformen auszuwihlen. Im Hinblick auf die Kalibrierungsstrategien
sind besonders die Auswahl der Kalibrierungsparameter und die Verwendung
passender Zielfunktionen von grofler Bedeutung. Unter Bertcksichtigung der
unbekannten Stabnormalkrifte und unsicheren Rotationsfedersteifigkeiten in den
Knotenverbindungen wurden verschiedene Optimierungsstrategien untersucht und
miteinander verglichen. Anhand des Vergleichs wurde ein entsprechendes Verfahren zur
Bestimmung der Stabnormalkrifte entwickelt. Die Verwendung von naturinspirierten
Optimierungsverfahren hat sich dabei als geeignet herausgestellt.

Fir die Bestimmung der Stabnormalkréifte in fachwerkartigen Tragwerken und zur
Abschiatzung der Rotationsfedersteifigkeit in den Knotenverbindungen wird ein
zweistufiges Modelloptimierungsverfahren vorgeschlagen. Im ersten Schritt werden als
Validierungskriterium die experimentell ermittelten globalen Eigenfrequenzen und
Eigenformen der Fachwerkstruktur verwendet. Ergdnzend kénnen die Stabnormal—
kréafte in ausgewdhlten Zuggliedern aus Einzelstabuntersuchungen als zusétzliche
Informationen heranzugezogen werden. Die Stabkrifte der Zugglieder lassen sich mit
Hilfe eines analytisch basierten Algorithmus anhand der lokalen Eigenfrequenzen eines
Stabes und fiunf Amplituden der dazugehoérigen Eigenformen berechnen. Basierend auf
den Ergebnissen der identifizierten Stabnormalkrafte kann ein zweiter Optimierungs—
prozess zur Bestimmung der Rotationsfedersteifigkeit in den Knotenverbindungen
durchgefiihrt werden. Hierzu werden ausschliellich die modalen Parameter der globalen
Eigenfrequenzen und —formen der gesamten Fachwerkkonstruktion herangezogen.

Die Ergebnisse der im Labor getesteten Tragsysteme weisen fiir verschieden hohe
Beanspruchungen eine sehr gute Ubereinstimmung zwischen den im Versuch
aufgebrachten und den mit Hilfe des entwickelten Verfahrens identifizierten
Stabnormalkriften auf. Hinsichtlich der Rotationsfedersteifigkeit in den Knoten—
verbindungen konnte ebenfalls eine gute Ubereinstimmung zwischen den identifizierten
Werten und den angenommenen Randbedingungen des numerisch modellierten
Tragwerkes in Bezug auf die gelenkige oder biegesteife Bedingung erzielt werden.

Um das entwickelte und durch Laborversuche validierte Verfahren auch auf bestehende
Tragwerke tibertragen zu kénnen, wurde eine in—situ Untersuchung an einem historischen
Wiegmann—Polonceau—Fachwerk in Potsdam durchgefiihrt. Die in—situ Untersuchung hat
gezeigt, dass die Genauigkeit bei der Bestimmung der Stabnormalkrifte von den
vorhandenen Unsicherheiten hinsichtlich der mechanischen und geometrischen
Eigenschaften des historischen Fachwerkes sowie der experimentellen Sensoranordnung
beeinflusst wird. Fiir die in—situ Untersuchung von historischen Fachwerkkonstruktionen
wurden in der Arbeit Empfehlungen zur Erarbeitung einer Leitlinie fiir die Erstellung von
Messkonzepten sowie Hilfestellungen bei der Entwicklung von Bemessungsstrategien
entwickelt. Dartiber hinaus ist beabsichtigt das Verfahren fiir das Structural Health
Monitoring von historischen fachwerkartigen Tragwerken einzusetzen.
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An overview of historic iron and steel truss structures is given in this chapter as study
context for the research work; followed by a statement of motivation. After that, the

general state of research will be discussed. Finally, the objectives, scope of the research
and the outline of the thesis will be presented.



1 Introduction

1.1 Axial Force Identification for Civil Engineering Structures

Axial force identification is of importance in the field of structural restoration and safety
assessment. It is also useful for the verification of models and design assumptions for
civil engineering structures composed of axially loaded members, such as roof trusses,
truss girders and space trusses.

Due to accumulation of inherent degradation and damages, service loads and accidental
actions, existing structures require maintenance over time. For historic constructions
in cases of the presence of damages or change in the intended use, their safety evaluation
is even more essential. During the past decades, preservation of monuments and cultural
heritage structures has gained increasing appreciation in modern societies. The
conservation of historic constructions is not only a cultural requirement but also to
satisfy economic and sustainable development demands.

In the context of existing structures, iron and steel trusses supporting the roof of
buildings are of interest. Many of those structures are still in use today in historic and
heritage monuments, for example the iron roof trusses of the State Hermitage Museum
in Saint Petersburg, which are of enormous significance thanks to a variety of constructive
prototypes and richness of details from the early days of the European iron construction
[LORENZ (2005, 2010)]. The assessment methods require respect of the original structure.

The study in this section aims to draw a general picture of the historical emergence,
material and structural characteristics of iron and steel truss structures to understand
their design in the past and condition in present time, as well as to emphasize the
importance of the structural evaluation for historic trusses.

1.2 Historic Truss Structures as Study Context

Since the end of the 18th century, first cast iron, then wrought iron and finally steel has
been increasingly used as a structural material. In the 19th century, engineering design
rules became more scientificl. Developments in materials science and the theory of
statics? allowed major improvements in structural design. Truss systems were developed

1 Work and energy principles that govern the behavior of structures were already defined in the 18th century
[KURRER (2008)]. John Bernoulli in 1717 defined the principle of virtual work. By 1744, Leonard Euler
developed mathematical techniques to derive equilibrium equations. Bélidor published L'architecture
hydraulique from 1737-1753, in which integral calculus was used for the first time in solving technical
problems. The advanced state of mechanics was exemplified by Joseph Lagrange’s work Mécanique
Analytique published in 1787. Yet the principles of mechanics were not proved to be applied to the rational
design of trusses before the 19th century.

2 According to HOLZER (2012) and KURRER (2008), the early attempts at computational modeling of real-life
building structures are due to Johann Albert Eytelwein (Handbuch der Statik, 1808) and Claude Louis Marie
Henri Navier (Résumé des Legons, 1826). Based on the theory of bending of elastic rods, they suggested —
independently of each other — an approach of “decomposing” a structure into simple parts such as continuous
beams and simple struts. In Germany, increasing indications of a departure from the “decomposition”
approach was from the early 1840s onwards. Karl Culmann and Johann Wilhelm Schwedler realized the
striking effects of “making everything isostatic” by the assumption that all the joints of a trussed structure
are “pinned—jointed”, i.e. the statically determinate truss, in their journal publications of 1851. Furthermore,
the remarkable publications of John Macquorn Rankine’s Manual of Applied Mechanics and August Ritter’s
Elementare Theorie und Berechnung eiserner Dach— und Briicken—Constructionen (1863) lead to the triumph
of truss theory in Germany, Great Britain, and Italy in the second half of the 19th century.
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in the progress of practicing new types of structures and being driven towards analytical
understanding. Trusses have been built as structural systems of bridges; truss roofs
appeared as a prominent form in various constructions such as railway stations, market
halls, and industrial buildings. Nowadays, historic trusses can still be found in use in
many existing constructions, and a number of them play an important load—supporting
role. Truss—type structural systems remain in present—day in wide application for civil
engineering structures, for example roof trusses of buildings, truss girders of suspension
bridges, space trusses of steel offshore or aerospace structures.

1.2.1 Historical Emergence

The truss construction principles as known today are rooted back to the early timber roof
structures. Because of the limitations of timber to meet the requirements for larger roof
spans, demand for reduction in dimensions of structural elements as well as
simplification of connections, iron was gradually used to replace traditional timber
material. For iron, the length available was not as limited as for timber, the jointing was
much simpler, and a greater variety of forms could be created. In addition, the high
stiffness and strength of iron allowed the design of filigree structures that were preferred
in construction for visual appearance reasons, for example slender iron columns offered
a less obstructed view. Furthermore, iron was thought of as having much better resistance
to fire compared to timber. As more and more theatres were built throughout Europe in
the 18th century during the Age of Enlightenment, the number of terrible fires was
growing. Iron was used as structural elements with the assumption of being fire—proof®.

Only until the 19th century, the potential of the truss has been explored and
experimented systematically by the bridge builders to meet the demands of rapidly
expanding transportation systems of the time [LORENZ (1990), RINKE and KOTNIK (2010)].
The development of railroads in the 1820s created an urgent need for bridges to be able
to carry heavy moving loads as well as for new large buildings for terminals and
maintenance facilities [GASPARINI and PROVOST (1989)]. The rush to satisfy those needs
accelerated the application of the scientific principles of mechanics in structural design
process and fostered advances in the production and fabrication of the material iron.

1.2.2 Iron as Structural Material

Iron was referred to as material of modern engineering. The new building materials cast
iron as well as early forms of what is nowadays called steel, stand in close connection
with the fundamental change of human culture and life in the 18th and 19th century
[LORENZ (2012)], which is nowadays referred to as industrial revolution®.

Cast iron was produced in blast furnaces by using three basic raw materials — ore, a fuel,
and chalk? to tie up the molten slag. Up to the beginning of the 18th century, generally,

3 For example, wrought—iron columns and brackets were used for the Théatre Francais by the architect
Victor Louis (1731-1807) [ApDIs (2012)]. The new building of the Théatre Frangais was opened in 1790 after
a terrible fire in 1781. Here a wrought iron roof truss was built with a clear span of about 28 m.

4 The new designs developed from iron were classified as characteristic for the industrial age. According to
Society for Industrial Archeology (1984): “There is nothing more fundamental to the man—made physical
world than the materials of which its elements are composed; likewise, nothing more basic to the smaller
industrial world than the ferrous metals.”

5 or something comparable.
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charcoal was used as the fuel. In 1709, Abraham Darby at Coalbrookdale started using
coal and then coke as the fuel. Coke made the furnaces much more efficient so that they
could melt much larger quantities of iron ore to produce pig iron used for casting. This
allowed for the first time in history the mass production of an iron building material —
characterized by high carbon content that has good compression strength but is brittle.

In 1784, the British Henry Cort got a patent to re—smelt Darby’s pig iron to be able to
produce a material rather different and especially far less brittle than cast iron. It was
made in a puddling process where the carbon was burned out of the iron by heating with
an oxygen—rich flame. The additional oxygen burned away the carbon while the iron was
worked on by workmen. Wrought iron, or puddle iron, or weld—iron became the main
iron material in the 19th century, which was already quite similar to nowadays steel.

In the second half of the 19th century, first Henry Bessemer, i.e. Bessemer converter, acid
lining in 1855, then the Martin brothers together with the Siemens brothers, i.e.
Siemens—Martin process in 1864—65, and Sidney G. Thomas with Percy C. Gilchrist, i.e.
Thomas converter, basic lining in 1878, opened the way to the second generation of steel
as a building material, characterized by a new dimension of quality and mass production,
1.e. the so—called Ingot Iron, or mild/soft steel, or low carbon steel.

The properties of different alloys of iron are shown in Table 1.1, which are given with
further details in Appis (2012). The main characteristics are that cast iron is highly
strong in compression and relatively weak in tension, but brittle. Wrought iron is ductile
and equally strong in compression and tension, but can only be shaped by rolling or
forging, thus limiting its structural and decorative forms. Mild steel has similar
properties to those of wrought iron, but it is generally stronger, and can be cast as well
as rolled. However, mild steel has a lower resistance to corrosion than wrought iron.

Since the development of industrial production of iron, loadbearing members using iron
were used for a variety of structures®, such as mills, railway stations, market halls, and
so on. Concerning iron roof trusses, there was no sudden replacement of the timber with
iron trusses, but rather a mixture of different types of roofs that were combinations of
timber and iron, and of entirely iron with different mixes of cast and wrought iron.

Table 1.1 — Key properties of the alloys of iron [adapted from Appis (2012)].

Wrought iron Cast iron Mild steel
Proportion of carbon % 0.02 - 0.05 2.5-4.0 0.2-1.0
Temperature to manufacture °C 1000 1130 — 1200 1500
Fracture behaviour Ductile Brittle Ductile
Tensile strength N/mm?2 280 — 370 120 350 — 450
Compressive strength N/mm? 240 — 310 600 — 800 350 — 450
Modulus of elasticity N/mm? 155 000 — 220 0007 85 000 — 90 0008 210 000
Corrosion resistance Good Very good Poor

6 The evolution of the manufacture and use of iron loadbearing members in the building industry can be
found for instance in SUTHERLAND (1963—64), SUTHERLAND (1997).

7 The modulus of elasticity of approximately 165 000 N/mm?2 for wrought iron was given as an example in
BATES (1984); DE Bouw (2010) mentioned a range from 163 000 — 215 000 N/mm? by historic books as well as
171 000 — 190 000 N/mm? by tensile tests; a value of 160 000 N/mm? was derived for the structural survey
in the New Hermitage in Saint Petersburg by HERES (2006); a value of 169 000 N/mm? was used for the
structural analysis of the elliptical beams in the Winter Palace of the State Hermitage Museum by HASLER
(2011); O'SULLIVAN and SWAILES (2008) concluded a mean value of 197 000 N/mm? based on a histogram of
values that was compiled from tensile tests on various American, British and Norwegian wrought irons.

8 A value of approximately 83 000 N/mm?2 was given as an example in BATES (1984).
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Some examples of iron roof trusses that still exist today are shown in Figure 1.1. The
tented roof over the Hall of Liberation in Kelheim [LORENZ (2001)] witnessed for instance
the early development of compound construction in cast and wrought iron.

With the search for adequate construction methods and forms, the 19th century was a
time of experimentation and discovery. New structural forms triggered the development
of structural engineering, when engineers were orienting themselves increasingly towards
the natural sciences, 1.e. a comprehensive degree of control and a redefinition of the load—
bearing structure. The increasing efforts to make the understanding of the load—bearing
structure more scientific, together with new building materials had a radical influence
on construction [RINKE and SCHWARTZ (2010)]. New load—bearing systems came about,
including Wiegmann—Polonceau trusses, lattice trusses, diverse trussed girders, also
barrel roofs and domes. The Wiegman—Polonceau truss, proposed by the German engineer,
Rudolf Wiegmann (1804-1865), and the Frenchman, Jean—Barthélémy Camille
Polonceau (1813-1859)?, has become familiar in railway stations throughout the world.

1.2.3 Wiegmann-Polonceau Truss

The evolution and history of the Wiegmann—Polonceau trusses have been described for
instance in KURRER (2008) and HOLZER (2006). They are popular support system of the
iron building constructions since the second half of the 19th century, particularly in the
form of in—plane girders. The emergence of the Wiegmann—Polonceau truss in the first
half of the 19th century was from the idea of a non—displaceable three—pin—jointed
system for the construction of beam and frame structures [LORENZ (1990)]. Figure 1.2
illustrates the principle of the Wiegmann—Polonceau truss based on the theory of trussed
beam. Originally, the principal rafters were made of timber and the tension ties of
wrought iron to use optimally each material. Once iron was more established as
structural components and its production was improved, the components had evolved
from timber to iron.
