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Preface

This thesis is submitted as a partial fulfilment of the requirements for the
Danish Ph.D. degree. The thesis is divided into two parts. The first part
introduces the theoretical background and motivation of the research. A
presentation of the research conducted is given and the major findings are
concluded. The second part comprises four papers, which present the most
important work conducted during the study.

Copenhagen, the 23" of January 2017

Morten Andersen Herfelt
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Abstract

Precast concrete elements are widely used in the construction industry as
they provide a number of advantages over the conventional in-situ cast con-
crete structures. Joints cast on the construction site are needed to connect
the precast elements, which poses several challenges. Moreover, the current
practice is to design the joints as the weakest part of the structure, which
makes analysis of the ultimate limit state behaviour by general purpose soft-
ware difficult and inaccurate.

Manual methods of analysis based on limit analysis have been used for
several decades. The methods provide excellent tools for engineers, how-
ever, the results are very dependent on the skill and intuition of the design
engineer. Increasingly complex structures and the extensive use of computer-
aided design on other aspects of civil engineering push for more accurate and
efficient tools for the analysis of the ultimate limit state behaviour. This
thesis introduces a framework based on finite element limit analysis, a nu-
merical method based on the same extremum principles as the manual limit
analysis. The framework allows for efficient analysis and design in a rigorous
manner by use of mathematical optimisation.

The scope is to be able to model entire precast concrete structures while
accounting for the local behaviour of the joints. The in-situ cast joints are
crucial to the capacity of precast concrete structures, however, the behaviour
of joints is in practice assessed by simple, empirical design formulas. A
detailed study of in-situ cast joints in two-dimensions is conducted using
finite element limit analysis, and the findings are used in the development
of a two-dimensional multiscale joint finite element, which can represent the
complex behaviour of the joints to a satisfactory degree.

Analysis of three-dimensional structures is rather difficult, especially by
manual methods, however, considering three-dimensional nature of structures
will generally increase the capacity. The two-dimensional joint element is
therefore generalised to three-dimensions in order to be able to account for
the influence of the joints.

The strength and efficiency of the presented framework are demonstrated
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by two real size examples, a two-dimensional precast shear wall and a three-
dimensional precast concrete stairwell. The analysis shows that the frame-
work is capable of modelling complex precast concrete structures efficiently.
Moreover, the influence and local behaviour of the joints are accounted for
in the global model.

The results of the two examples demonstrate the potential of a frame-
work based on finite element limit analysis for practical design. The use of
mathematical optimisation ensures an optimised design, and the optimisation
problems are solved efficiently using state-of-the-art solvers. It is concluded
that the framework and developed joint models have the potential to enable
efficient design of precast concrete structures in the near future.



Resumé

Praefabrikerede betonelementer bruges i stor grad i byggeindustrien, da de
har mange fordele frem for konventionelle pladsstgbte betonkonstruktioner.
Fuger stobt pa byggepladsen er dog ngdvendige for at samle de praefabrike-
rede elementer, hvilket medferer store udfordringer for bade entreprengr og
radgiver. Den nuvaerende praksis er at designe fugerne som de svageste led i
konstruktionen, hvilket gor analyse med gaengse computervaerktgjer besvaer-
ligt og ungjagtigt.

I praksis har handberegningsmetoder baseret pa brudstadieanalyse veeret
brugt i adskillige artier. Metoderne giver de radgivende ingenigrer veerdifulde
og effektive veerktgjer, men kvaliteten af resultaterne afheenger meget af den
enkelte ingenigrs feerdigheder. Konstruktioner bliver stadig mere komplekse,
hvilket, sammen med den stigende brug af computerstgttet design i andre de-
le af bygningsingenigrfaget, giver et behov for effektive og ngjagtige veerktagjer
til analyse af konstruktionens opforsel i brudgraensetilstanden. Denne afhand-
ling introducerer en beregningsmetode kaldet numerisk brudstadieanalyse,
som er baseret pa de samme grundprincipper som handberegningsmetoderne.
Ved brug af matematisk optimering, muligggr beregningsmetoden effektiv
analyse og design i en stringent manér.

Malet er at kunne modellere hele betonelementkonstruktioner og samtidig
tage fugernes lokale opfgrsel med i regning. De pladsstgbte fuger er essentielle
for den overordnede kapacitet af betonelementkonstruktioner, men fugerne
bliver ikke desto mindre dimensioneret ved brug af empiriske formler. Et de-
taljeret studie af pladsstgbte betonfuger ved brug af numerisk brudstadieana-
lyse er gennemfgrt, og resultaterne er brugt til at udvilke et to-dimensionelt
multiskala fugeelement, som kan repraesentere fugernes komplekse virkemade
tilstrackkeligt preecist.

Tre-dimensionelle konstruktioner er generelt sveere at analysere, specielt
med handberegningsmetoder. Tkke desto mindre vil det ofte give en storre
baereevne at betragte hele den tre-dimensionelle konstruktion frem for blot
et to-dimensionelt udsnit. Det to-dimensionelle fugeelement er generaliseret
til tre-dimensioner for at ggre det muligt at tage fugernes virkemade med i
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regning ved analyse af betonelementkonstruktioner i tre dimensioner.

To eksempler, en to-dimensionel stabiliserende betonelementvaeg og en
trappeskakt af betonelementer betragetet i 3D, demonstrerer styrken og ef-
fektiviteten ved den praesenterede beregningsmetode. Analysen viser at be-
regningsmetoden kan handtere komplekse konstruktioner effektivt i bade 2D
og 3D, samtidig med at de pladsstgbte fuger handteres pa en fornuftig made.

Potentialet for praktisk design ved brug af numerisk brudstadieanalyse
illustreres tydeligt ved resultaterne for de to eksempler. Brugen af matematisk
optimering sikre et optimeret design, og selve optimeringsproblemerne kan
lpses hurtigt og effektivt ved brug af moderne lgserer. Det kan konkluderes,
at det neerveerende forskningsarbejde har potentiale til at muligggre effektivt
og optimeret design af betonelementkonstruktioner i en neer fremtid.
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Part 1

Introduction and summary






Chapter 1

Introduction

1.1 Precast concrete

Concrete as a material has been known and used by humans for millennia.
The Romans used a cement based on quicklime and volcanic ash, also known
as pozzolana. When mixed with aggregates, e.g. rock pieces or ceramic
tiles, the final product was a durable concrete that the Romans used for
aqueducts, bridges, arches, and domes (Delatte, 2001). The Pantheon in
Rome (built under emperor Hadrian about 126 AD) is still to this day the
largest unreinforced concrete dome in the world. The Roman concrete was
unreinforced in a modern sense, however, it was known that adding horse
hair to the mixture would reduce cracking induced by shrinkage.

Figure 1.1: Sketch of the cross section of the Pantheon: The spherical dome
has an inner diameter of 43.3 metres (image from wikipedia.org).

Modern concrete uses Portland cement, which was patented in 1824 by
the British cement manufacturer Joseph Aspin and further developed by his
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1.1 Precast concrete Introduction

son William Aspin. However, it was not until the second half of the 19th
century that metal reinforcement was added to the concrete. The ability to
create such cheap composite materials capable of carrying both tension and
compression quickly became essential.

During the rebuild of many European cities after the Second World War,
reinforced concrete became widely used in the construction industry. Den-
mark also faced an increased demand for residential and industrial build-
ings, hence, a more rational and efficient method of construction was needed.
Moreover, a shortage of masons accelerated this process.

Precast concrete was used as early as the Romans, however, in a modern
context the method was developed in the early 20th century, but not adopted
in a larger scale until after the Second World War. In Denmark, the earli-
est attempts at using precast concrete elements took place in the beginning
of the 1950s. The transformation from the traditional building methods to
the industrialised building methods can be seen as a transition from crafts-
manship to mass production - something which many industries had already
undergone before the 1950s (Nissen, 1961). During the 1950s and 60s, the
industrialisation made it possible to increase the production of the Danish
construction industry several times, and the use of precast concrete provided
a technique that could remedy a massive shortage of housing. Several sys-
tems for precast concrete elements were developed during the 1950s and 60s,
which made the Danish precast industry one of the leading players in the
market, and many of the systems as well as methods developed in that time
are still used today.

1.1.1 Practice and challenges

Precast concrete is cast and cured in a controlled environment, which allows
for increased quality control and, therefore, makes it possible to decrease
many of the tolerances. Moreover, precasting enables parallel production
which increases the speed of production considerably. The commonly used
techniques for precast concrete elements are described in fib bulletin 43 (2008)
amongst other publications.

The most widely used precast component is perhaps the hollow core slab
(often abbreviated HCS). The voids of the hollow core slab decrease the
weight of the structure significantly, while the moment capacity of the ele-
ment is practically unaffected. Both the compressive capacity of the concrete
and the tensile strength of the reinforcement are exploited in the hollow core
slabs. The slabs typically have a width of 1.2 metres and the joints between
them are reinforced in the longitudinal direction.

The shear capacity of the HCS is somewhat limited as the slabs usually

4 Department of Civil Engineering - Technical University of Denmark



Introduction 1.1 Precast concrete

do not have shear reinforcement. In order to increase the capacity, the voids
are sometimes filled with mortar near the supports, however, experiments
show that this have little to no effect.

Joints cast on the construction site are needed to connect the precast
elements. These joints are often crucial to the overall behaviour and capac-
ity of the structure, however, the design and construction techniques have
developed little over the last 60 years. Several different types of joints are
used, e.g. slab-to-beam joints, beam-to-column joints, panel-to-panel joints.

The panel-to-panel joints are usually reinforced with loop reinforcement,
e.g. U-bars or wire loops, and the interfaces are often indented. In case of
U-bars, the loops are often pre-bend by the manufacturer and, following a
vertical lowering of the precast element on the construction site, the U-bar
loops are straightened manually within the rather narrow gap between the
precast elements. Subsequently, the void is filled with a mortar with low size
aggregates.

The technique shown in Figure 1.2 poses several issues. It is almost
impossible to ensure that the void of the joint is filled sufficiently with mortar.
Moreover, the procedure of pre-bending and straightening the U-bars back
again affects the position of the U-bars, and the quality of the joint will
depend on the skill of the workers to a large degree. The current procedure
means that there is no guarantee that the U-bars are placed closely together,
which is assumed for the design calculations. Further more, it imposes some
ductility requirements on the steel used for the U-bars, hence, high-strength
steel cannot necessarily be used.

An important property of the joints is the ductility. It has been shown
that the current design with U-bar loops displays some ductility, but experi-
ence a decrease capacity after the first peak load (Sgrensen et al., 2016). It
is therefore necessary to consider this when designing the joints.

Many of the current design methods used in Denmark for the ultimate
limit state are based on the theory of rigid plastic materials, which will be
introduced in Section 1.2. Lower bound methods, e.g. the stringer method,
are frequently used as design tools. Advanced numerical methods such as
non-linear finite element analysis are, on the other hand, rarely used for
design of the ultimate limit state for precast concrete structures. Such meth-
ods require expert knowledge by the user, are often time consuming, and are
prone to numerical instability.

Design of joints according to the Eurocode 2

The Eurocode 2 (European Committee for Standardization, 2008) is the cur-
rent standard for design of structural concrete in most of Europe, including

Department of Civil Engineering - Technical University of Denmark 5



1.1 Precast concrete Introduction
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Figure 1.2: a) Assembly of the precast panels on the construction site, b)
horizontal cross section, and c) vertical cross section of a panel-to-panel joint
(adapted from Sorensen et al., 2016)

Denmark. The design approach comprises a single criterion, namely a shear-
friction criterion for the interface for concrete cast at different times, such as
the interface between the precast element and the joint concrete. An upper
limit for the shear capacity is also given:

VRdi = Cfeta + Hopn + pfya (sina + cosa) < 0.5v fuq

where c¢f.q can be interpreted as a contribution to the shear capacity from
the cohesion, and uo, is the contribution to the capacity from external nor-
mal stresses on the joint o, (compression positive). The angle « is in practice
always 90° (U-bar reinforcement perpendicular to the joint), hence, the con-
tribution to the friction from the transverse reinforcement is reduced to pp fyq,

6 Department of Civil Engineering - Technical University of Denmark



Introduction 1.1 Precast concrete

where p is given as the reinforcement area A, divided by the considered area
of the interface A;. The values of ¢ and pu depend on the type of interface,
and four types are defined according to the Eurocode 2:

e Very smooth: ¢ =0.025 to 0.10 and p = 0.5
e Smooth: ¢ =0.20 and p = 0.6

e Rough: ¢ =0.40 and p = 0.7

e Indented (keyed): ¢ = 0.50 and p = 0.9

For keyed joints, it is assumed that the transfer of stresses only occurs over
the area of the keys. This does not affect the contribution from the friction
since the normal and shear stresses are scaled proportionally, however, it
affects the contribution from the cohesion cf.;y and the upper limit 0.5v f.,.
Keyed joints will therefore often display a lower capacity than rough joints,
see Figure 1.3.

1,200 -
— Keyed O I
1,000 { ===« Rough Kat
= 800|
~ ’
z
24 600 | R
=o400f s
200 |,/
'O
O | | | | J
0 2 4 6 8 10

on [MPa]

Figure 1.3: Shear force capacity for unreinforced keyed and rough joints as
a function of the transverse confinement o, for typical material parameters
and geometric quantities according to the Eurocode 2.

The interfaces for the keyed joints will often be smooth, however, u = 0.9
can be used to account for the effect of the indentation. Moreover, it was
found by Dahl (1994) that the friction coefficient for smooth interfaces can
be taken as 0.75. The term representing the formal cohesion, cf.4, is clearly
an empirical expression as the usual Coulomb friction model gives no link
between the uniaxial tensile strength and the cohesion. According to Nielsen
and Hoang (2010), the cohesion of an uncracked interface can be taken as

Department of Civil Engineering - Technical University of Denmark 7



1.2 Limit analysis of concrete Introduction

0.55v/f., however, cracking due to e.g. shrinkage will more or less always
occur at the interface, which reduces the cohesion considerably.

According to the Eurocode 2, the characteristic, 5 % fractile tensile
strength can be taken as:

fctk;0.05 = 021f02k/3

If the interface is subjected to external tension, the contribution cf.,4 should
be set to zero.

1.2 Limit analysis of concrete

The method of limit analysis is widely used in both the industry and academia.
The assumption of a rigid-plastic material behaviour leads to a simple and el-
egant framework for assessing the capacity and behaviour of structures. The
term limit analysis covers a wide variety of methods including the well-known
yield line method (Johansen, 1962).

Studies of plastic behaviour of materials can be traced back as far as
the 17th century. However, it was not until the 20th century that a general
formulation of the theory for rigid plastic materials was given by Gvozdev
in 1936 (see Gvozdev, 1960, for the English translation). Gvozdev’s work
remained unknown in the Western world until the 1950s, but a similar theory
was developed independently, mainly by Prager and Drucker (see e.g. Prager,
1952; Drucker et al., 1952). The formulation of the theory of rigid-plasticity
also included precise definitions of three crucial theorems, namely the lower
bound theorem, the upper bound theorem, and the uniqueness theorem.

Several Danish researchers have contributed to the field of limit analysis
and concrete plasticity. One of the first, Ingerslev, worked in the 1920s and
30s on a calculation method for reinforced concrete slabs, which would later
be known as the yield line method (Ingerslev, 1921, 1923). It is worth noting
that this work was done before the precise formulations of the theorems
of limit analysis were given, however, it was known by intuition that the
developed method was an upper bound method (Nielsen and Hoang, 2010).
Johansen continued the work of Ingerslev, and in Johansen’s work (Johansen,
1931, 1932, 1962) the so-called yield lines are given a statical and geometrical
interpretation as lines with constant bending moment where internal work
(i.e. rotations) can take place at the collapse load. An upper bound to the
load carrying capacity can then be calculated by use of the work equation.
As the name indicates, upper bound solutions will give an upper bound to
the exact capacity and will therefore be unsafe.

8 Department of Civil Engineering - Technical University of Denmark



Introduction 1.2 Limit analysis of concrete

Lower bound methods are generally more desirable for design, as they
give a safe estimate of the load carrying capacity (within the assumptions of
the model). Several different methods have been developed, e.g. the stringer
method (Keern, 1979; Damkilde et al., 1994) or the strip method (Hillerborg,
1960). Lower bound models, however, might underestimate the capacity
of the given structure considerably as it can be difficult to guess a decent
estimate of the optimal stress field. Therefore, the quality of the solution will
depend on the experience and engineering intuition of the structural engineer.
The same can be said about upper bound solutions, but it is generally easier
to guess the exact collapse mechanism (for simple structures).

A large portion of the knowledge and understanding of limit analysis
of concrete structures comes from the work of M. P. Nielsen (Nielsen and
Hoang, 2010). Nielsen and Hoang present the general formulation, yield
criteria, and the exact analytical solutions to several common problems. The
topics of punching shear, joints, and debonding are also treated in the same
work within the framework of limit analysis.

1.2.1 Material model

Limit analysis assumes a rigid, perfectly plastic material with, in principle,
unlimited deformation capacity. The material displays no deformations un-
til a specific stress level has been reached and the material starts yielding,
allowing for plastic deformations. Such materials do not, of course, exist in
reality, however, it is a reasonable assumption when the elastic deformations
of the given structure are insignificant compared to the plastic deformations.
Commonly used materials like mild steel as well as reinforced concrete can
be modelled as rigid, perfectly plastic with a reasonable degree of accuracy.

o X4

fy
W/A

_fy
(a) (b)

Figure 1.4: a) Sketch of a typical stress-strain curve for mild steel loaded
in uniaizial tension, b) rigid plastic stress-strain curve.

Department of Civil Engineering - Technical University of Denmark 9



1.2 Limit analysis of concrete Introduction

All materials will display some degree of elastic deformations before yield-
ing, however, for both mild and cold formed steel, the elastic deformations
are insignificant compared to the plastic deformation capacity, see Figure 1.4.
The area under the curves indicates the work done and for the rigid-plastic
stress-strain curve, Figure 1.4(b), the plastic work.

Figure 1.4(a) shows a typical stress-strain curve for mild steel loaded in
uniaxial tension: A linear elastic part is followed by a yield plateau, hard-
ening, and finally necking and failure. Figure 1.4(b) shows the stress-strain
curve for a rigid, perfectly plastic material where plastic deformations initiate
when the yield strength f, has been reached.

Concrete displays behaviour far from the rigid plastic stress-strain curve.
In tension, the behaviour is characterised by a steep drop in the capacity
after the peak stress has been reached as illustrated in Figure 1.5 (first quad-
rant). The material will behave linear elastic at first until microcracks start
forming which reduces the stiffness of the material. At the peak stress, f;,
the microcracks localise into discrete macrocracks which causes softening of
the material (Karihaloo, 1995).

fet

—vf.
S~

Figure 1.5: Sketch of a typical stress-strain curve for unreinforced concrete
under uniazial loading. Thick, dashed line indicate a rigid, perfectly plastic
stress-strain curve based on the effective strength vf,.

In compression, the concrete will typically display the same elastic stiff-
ness as in tension, however, the loss of stiffness occurs at a higher level of
stress and the stress can still be increased considerably until the peak stress,
fe, has been reached. After the peak stress, the material will display softening
until failure by crushing occurs.

Steel and concrete are often combined, and the resulting composite ma-
terial exploits the tensile strength of the steel and the compressive strength

10 Department of Civil Engineering - Technical University of Denmark



Introduction 1.2 Limit analysis of concrete

K

Figure 1.6: Typical moment-curvature relation of a normally reinforced
concrete beam: The plateau marks the point where the reinforcement starts
yielding.

of the concrete. Moreover, the composite material will display a ductile
behaviour which is much closer to the rigid-plastic material model than un-
reinforced concrete provided a reasonable amount of reinforcement, see the
moment-curvature relation shown in Figure 1.6.

Figure 1.5 also shows a rigid plastic stress-strain curve which uses the
effective strength v f., where v is the so-called effectiveness factor which ac-
counts for both microcracking and softening behaviour. The magnitude of
the effectiveness factor depends on the stress conditions of the material and
the reinforcement layout amongst other factors. Standards, e.g. the Eu-
rocode 2, give recommendations for the value of v to be used in different
cases, e.g. for beam shear problems:

fe :
v=20.6 (1 - m) (fc m MPa)

An effectiveness factor of unity may be used for lower bound problems de-
pending on the model (Nielsen and Hoang, 2010). Exner (1979) suggested
an effectiveness factor for beams of v = 3.2/1/f, (f. in MPa) based on a the-
oretical stress-strain function. Exner also mentioned that the effectiveness
factor increases with the amount of reinforcement. For upper bound solu-
tions, which by definition is on the unsafe side, an effectiveness factor below
unity should be used. As mentioned, the effectiveness factor accounts for
several phenomena and, in principle, for calibration of v for a given problem
the exact rigid-plastic solution has to be used.

Department of Civil Engineering - Technical University of Denmark 11



1.2 Limit analysis of concrete Introduction

1.2.2 Extremum principles for rigid-plastic materials

Within the framework of limit analysis, the yield strength, f, for steel, vf,
for concrete, describes the largest allowable stress level in the given material
for uniaxial loading. For a general stress state o, such criteria can be stated
as:

flo) <0 (1.1)

where f is the so-called yield function which depends on the material and
type of modelling. Plastic strains can only develop for stress states which
are on the yield surface, i.e. when f(o) = 0. For stress states that ful-
fil f() < 0, no strains develop due to the assumption of a rigid plastic
material. The yield function f is generally assumed to be a convex, non-
linear function. A number of yield functions for materials commonly used in
structural engineering will be presented in details in Section 3.3.

The relation between the general stresses o which are on the yield surface,
i.e. f(o) =0, and the rate of general plastic strains € can be written as

dg(o)
= oo

€p (1.2)
where g is the plastic potential function, and A, > 0 is the so-called plastic
multiplier. Equation (1.2) is the flow rule, which links the stresses and the
strain rates. The associated flow rule is commonly used meaning that g is
identical to the yield function f, and the strain rates €, will be normal to
the yield surface, i.e.:
of (o
it
do
If the stresses are inside the yield surface, the plastic multiplier will be zero
as no strains occur. If the stresses are on the yield surface, A, can be either
zero or positive depending on whether or not the given point is active, i.e. if
plastic displacements occur. This can be stated as

(1.3)

Mo f(a) =0 (14)

and is commonly referred to as the complementarity condition. For a rigid
plastic material, no elastic strains will occur and, therefore, at the very onset
of failure the total strains will be equal to the plastic strain rates €,. In the
literature, the term plastic strain rates is therefore often replaced by plastic
strains.

We now consider a body subjected to a generalised load P which gives
rise to the generalised, work-conjugate displacements uw. Moreover, the stress
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Introduction 1.2 Limit analysis of concrete

and strain fields of the body are described by the generalised stresses o and
the generalised, work-conjugate strains €. The external work is given as

T
Wext:u P7

and the internal work of the body is given as
Wing = / elod(
Q

where 2 is the domain of the body. Equating the external and the internal
work gives the work equation:

Wet = u' P = / el adQ = Wiy (1.5)
Q

The rigid plastic constitutive model means that internal work is only pro-
duced by stresses, o, that are on the yield surface, i.e. f(o) = 0. The yield
surface is assumed to be convex and contain the origin (o = 0), hence, given
a set of stresses o and corresponding strain rates € according to the associ-
ated flow rule (1.3), any other stress state o + do will contribute equally or
less to the internal work through the same plastic strains e:

/ e’ (0 +d0)dQ = / ("o +e'60)dQ < / e'ed  (1.6)
Q Q Q

The convexity of the yield surface implies that the scalar product e’ do is
non-positive, see Figure 1.7. The load on the structure is given as AP, where
A is a load factor. The exact collapse load of the rigid plastic body can be
stated as P* = \*P with A\* being the exact load factor.

Figure 1.7: Two stress states illustrated in a convex yield envelope: The
product €T do will be negative.
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1.2 Limit analysis of concrete Introduction

Lower bound theorem

The lower bound theorem states that if a given stress field o is statically
admissible and safe, i.e. it fulfils the equilibrium conditions, balances the
external loads AP, and satisfies the yield function in any point, the load
will be a lower bound to the exact collapse load A*P. Assuming the exact
displacement field u* and strain rates €*, the work equation (1.5) gives

Au)'P = /Q () odQ (1.7)

From (1.6) it follows that the work of the stresses o will be less than or equal
to the work by the exact stress field, o*:

Mu)'P = /Q (e adQ < /Q (e)7e*dQ = N (u*)'P (1.8)

From (1.8) it is clear that A < A*. Lower bound method can therefore be
used to establish safe stress fields, which gives a rigorous lower bound to the
exact limit load.

Upper bound theorem

The upper bound theorem states that given a kinematically admissible dis-
placement field w and the corresponding strain rates €, an upper bound
to the exact limit load can be found by equating the internal and external
work. Given a kinematically admissible collapse mode described by the dis-
placement field u and the strains € as well as the corresponding stresses o
(according to the flow rule, Equation 1.3) which balances the external load
AP, the work equation reads

/\uTP:/sTO'dQ (1.9)
Q

We now assume that the exact, optimal stress field is described by o* which
balances the exact collapse load A\*P.

The work done by the stresses o corresponding the strains € will larger
than or equal to the work by any other set of stresses inside or at the yield
surface including the exact stresses o* illustrated in Figure 1.8. The following
must therefore be true,

Ml P = / elod) > / efo*dQ = \'u' P, (1.10)
Q Q

and it follows directly from (1.10) that the load factor A for the kinematically
admissible collapse mode will be an upper bound, i.e. A > \*.
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Introduction 1.3 Finite element limit analysis

Figure 1.8: Convex yield envelope showing the strain rates € and stresses
o corresponding to the kinematically admissible collapse mode as well as the
optimal stresses o*.

Uniqueness theorem

Finally, the uniqueness theorem states that given a statically admissible and
safe stress field o as well as a kinematically admissible displacement field
u and the corresponding strain rates € which satisfy the flow rule, the load
factor A will be equal to the exact load factor A*.

This follows directly from the upper and lower bound theorems: A stat-
ically admissible and safe stress field will give a lower bound of the load
factor, while a kinematically admissible collapse mode, i.e. displacements
and strains, will give an upper bound, hence, for the two to be equal, the
determined load factor must be the exact.

1.3 Finite element limit analysis

Several manual methods have been developed within the framework of limit
analysis. These methods provide excellent tools for assessment of the ulti-
mate load carrying capacity of structures and bound the exact limit load in a
rigorous manner. For simple structures, manual methods, e.g. the yield line
theory, will often provide a decent estimate of the capacity. As structures
increase in complexity, however, it becomes increasingly difficult to deter-
mine an adequate estimate of the stress fields or displacement fields by hand,
hence, numerical methods are needed.

The finite element method is a numerical method for solving boundary
value problems for differential equations. The method was developed in the
1950s and 60s and quickly gained popularity (see e.g. Zienkiewicz and Taylor,
1977; Cook et al., 2001). The method was originally developed for structural
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1.3 Finite element limit analysis Introduction

and mechanical engineering, however, it is used in a wide variety of fields
today as the method is applicable to any differential equation. The main idea
of the method is to divide a given domain into sub-domains called elements.
Each element represents some variation of the unknown variables and the
accuracy of the solution depends on how well the variations of the elements
approximate the exact solution.

The simplest version of the finite element method used in the field of
structural engineering assumes a linear elastic material behaviour as well as
small deformations. The resulting mathematical problem is a linear system
of equations. More advanced types of the method that incorporate plastic-
ity or large deformations are widely used in academia, however, they only
see somewhat limited use outside. Non-linear finite element analysis gives a
non-linear system of equations, where the stiffness of the structure depends
on the current state of stresses and deformations. It is therefore necessary to
deploy an iterative approach where the forces (or deformations) are applied
gradually. This makes the calculations computationally heavy and (possibly)
numerically unstable. Moreover, for practical design where the ultimate load
carrying capacity is the main result of interest, an iterative approach is unde-
sirable. Non-linear finite element analysis does have a number of advantages,
e.g. it is possible to capture the post-peak behaviour which can be relevant
in some cases.

Finite element limit analysis can be considered as a special case of the
general finite element method. It uses an element discretisation and assumes
a rigid plastic material behaviour similarly to the manual limit analysis dis-
cussed in Section 1.2. The research in the field began in the late 1960s
and several papers on the topic were published in the early 70s. Some of
the first were Belytschko and Hodge (1970) who used quadratic stress ele-
ments to obtain strict lower bound solutions for several problems, however,
sophisticated methods were necessary to ensure that the stress fields of the
elements satisfied the yield criterion. Later, elements with linear stress fields
became favoured (see e.g. Sloan, 1988). Anderheggen and Knopfel (1972)
presented the general formulation as well as equilibrium elements for solids
and plates. The formulation of Anderheggen and Knopfel was based on linear
programming, i.e. linear optimisation, and the chosen yield criterion had to
be linearised to fit the format. During the 1980s and 90s, several researchers
contributed to the field of finite element limit analysis for two-dimensional
problems (Christiansen, 1986; Sloan, 1989; Krenk et al., 1994; Andersen and
Christiansen, 1995; Poulsen and Damkilde, 2000). Linear programming was
still the choice of optimisation, however, there were some attempts of develop-
ing algorithms capable of handling non-linear constraints (Zouain et al., 1993;
Borges et al., 1996; Christiansen and Andersen, 1999; Andersen et al., 2000;
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Krabbenhoft and Damkilde, 2002). In the 2000s, primal-dual interior point
methods for second-order cone programming and semidefinite programming
- generalisations of linear programming - became established technologies
and several papers on finite element limit analysis using second-order cone
programming were published (Krabbenhgft et al., 2007; Makrodimopoulos
and Martin, 2006, 2007). Many yield criteria commonly used for structural
engineering can be cast as either second-order cones or semidefinite cones
(Bisbos and Pardalos, 2007), e.g. the von Mises criterion has the shape of a
conic section. A brief introduction to the field of mathematical programming
will be given in Chapter 2, and the commonly used yield criteria and their
conic form will be presented in Section 3.3.

Numerical limit analysis is still primarily used in academia, however,
some commercial programs for geotechnical engineering are available. The
commercial software LimitState, which uses discontinuity layout optimisation
and is capable of handling both geotechnical problems and slabs, has been
developed by a research group at the University of Sheffield (Gilbert et al.,
2014; Smith et al., 2014). Moreover, the software OptumCE developed by
researchers as the University of Newcastle incorporates finite element limit
analysis for modelling of geotechnical problems (Krabbenhgft and Lyamin,
2014).

1.4 Relevance for the industry

The gap between researchers working in the field of numerical methods and
practitioners in the field of structural engineering is substantial. Countless
sophisticated material models including damage, cracking and so on, have
been developed for the finite element method. These models are capable of
predicting the behaviour of experimental tests accurately under certain as-
sumptions, however, they have little practical use. Moreover, such models
often require material constants which are not readily available and experi-
mental testing are necessary to determine the required material parameters.
Numerical non-linear finite element analysis in general requires expert knowl-
edge and the results are difficult to verify and perform quality assurance on
due to the various material models used by commercial software and the
black box nature of the solvers and algorithms.

Manual limit analysis has been used in academia for about a century. The
methods provide efficient tools for assessment of the ultimate load carrying
capacity in an intuitive manner, which can easily be checked for errors. To-
day, many of the calculations based on these methods are automated using
e.g. spreadsheets, which speed up the design process to some extent. For
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the overall load distribution in structures, the quality of the solution depends
heavily on the engineering intuition of the design engineer, hence, suboptimal
solutions are unavoidable.

A framework based on finite element limit analysis will provide an ex-
cellent tool for optimisation of the overall load distribution and capacity of
structures. As mentioned in Section 1.3, the method is based on the same
basic principles as the manual limit analysis and the solutions will in most
cases be intuitive and easily checked. One of the key components of precast
concrete structures is the in-situ cast joints connecting the precast elements.
The capacity and behaviour of these joints are today assessed using empirical
expressions, see Section 1.1.1, and the overall distribution of forces does not
consider the joints. Development of a framework based on finite element limit
analysis capable of handling in-situ cast joints will not only lead to a more
accurate load distribution in the structure, but also significant material sav-
ings. Moreover, the framework will make the design process more efficient,
which is crucial to consulting engineering companies in today’s market.

The material savings will benefit the environment as well. Cement, one
of the key components of concrete, is responsible for approximately 7 % of
the global CO, emissions, and the production of cement has been increasing
annually by about 2.5 %. From an environmental perspective, optimisation of
concrete structures will therefore be a valuable tool in reducing the emissions
from the construction industry in general.

1.5 Objectives of the thesis

As discussed, the industry predominately uses automated manual methods
based on the assumption of a rigid plastic material behaviour for the ultimate
limit state design. Linear elastic finite element analysis is widely used in the
serviceability limit state and to some extend in the ultimate limit state. More
advanced types of numerical analyses, however, are rarely used for practical
design and analysis in the industry.

The primary scope of the present thesis is to develop a general framework
based on finite element limit analysis for design of precast concrete structures.
The focus of the study will be on the in-situ cast joints which are crucial to
the overall capacity and behaviour of precast structures. The objectives can
be listed as follows:

e Identification of the critical mechanisms of two-dimensional shear joints.

e Development of a simplified model for use in a generalised numerical
framework.
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e Extension of the findings to the three-dimensional case.

In addition to these objectives, several finite elements for the framework are
developed and presented in the thesis. The developed models are validated
by comparison to experimental results found in the literature as well as the
current standards. Moreover, real size examples are analysed using the de-
veloped framework and the findings are discussed.

1.6 Overview of the thesis

The thesis comprises two parts: Introduction and Summary (Part I) and
Appended Papers (Part II). The content of the two parts overlaps to some
extent as Part I will attempt to tell the complete story of the study including
the research and findings presented in the papers.

After the introduction, Chapter 2 will present the basics of mathematical
programming as well as a brief overview of an interior point algorithm for
second-order cone programming. Chapter 3 gives a detailed description of the
mathematical formulation of finite element limit analysis and the commonly
used yield criteria used in structural engineering.

Chapter 4 presents the main findings of the study. This includes

e the detailed analysis of shear joints, presented in Paper I (Herfelt et al.,
2016),

e the development of a simplified mechanical model for two-dimensional
joints, presented in Paper II (Herfelt et al., 2017a),

e the development of a generalised plane stress element for modelling of
shear walls, presented in Paper III (Herfelt et al., 2017¢), and

e the generalisation of the joint model to the three-dimensional case,
presented in Paper IV (Herfelt et al., 2017b).

Chapter 5 will present examples of real size structures analysed using the de-
veloped models and framework. In addition to the core work of the present
study given in Chapter 4, several finite elements have been developed and
their formulations are given in Chapter 6. Finally, conclusions and recom-
mendations for future work will be given in Chapter 7.
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Chapter 2

Convex optimisation

2.1 Introduction

Mathematical optimisation is used in many fields of research. The formula-
tion of finite element limit analysis (FELA), discussed in Section 1.3, is an
optimisation problem as well. The first formulations of FELA were based
on linear optimisation, however, efficient solution methods for many types
of non-linear, convex optimisation problems have become established tech-
nologies, and non-linear, convex optimisation is widely used in the field of
FELA today. In this chapter, the basics of mathematical optimisation are
introduced and the formulations of linear programming (LP), second-order
cone programming (SOCP), and semidefinite programming (SDP) - all for-
mulations used for FELA - will be presented.

In many fields of engineering, the distinction between easy and hard prob-
lems is whether or not the given problem is linear, e.g. linear differential
equations are considered easy to solve. This is not the case in the field of op-
timisation where the distinction between easy and hard problems should be
drawn between convexity and non-convexity rather than linearity and non-
linearity (Boyd and Vandenberghe, 2004). Convex problems are considered
easy to solve due to the fact that any local minimum must be the global
minimum, while general non-linear optimisation problems with more than a
few variables are extremely difficult to solve due to the possible existence of
multiple local minima and saddle points.

The general mathematical optimisation problem can be stated as:

minimise  fo(x)

2.1
subject to  fi(x) <0, 1=1,....,m (2.1)

where & € R"” is the variable vector of the optimisation problem, and the
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scope of the optimisation problem (2.1) is to minimise the objective func-
tion fo(x), while satisfying the constraints f;(x) < 0 for all i. Whether or
not (2.1) is a convex optimisation problem depends on the convexity of the
functions f;. Generally, a function f(x) is convex if it satisfies the inequality

flazs + (1 —a)xs) < af(xr) + (1 — ) f(x2), (2.2)

for all (x;, x3) € R™ and a € [0;1]. If the objective function as well as the
constraints fulfil (2.2), the optimisation problem (2.1) is a convex optimisa-
tion problem.

Figure 2.1: An example of a convex function, f(z) = ax*+b, a > 0.

If the second derivative f”(x) is non-negative for all z, the function f(z)
is considered convex as well. Figure 2.1 shows an example of such a function,
namely f(z) = ax?® + b, which has the second derivative f”(z) = 2a, hence,
the function is convex for a > 0. Other examples of convex functions are
listed below:

o f(z) = |z]

o f(x)=ke"

o flx)=2%forz>0

o f(z)=z""forz >0, and f(z) = -2~ for z <0

Linear functions are considered both convex and concave since they satisfy
flamy + (1 — a)xs) = af(@) + (1 — a)f(z2)

which is a stricter version of (2.2).
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Introducing a slightly more general version of the optimisation problem
(2.1), which also includes equality constraints:

minimise  f(x)

subject to g;(x) = 0, i=1,...,m (2.3)

For the problem (2.3), we now introduce the Lagrange function (also called
the Lagrangian), which is defined as

L(x,y,s)=f(x)— Zylgl(w) — Z sihi(x) (2.4)

where the vector y is the Lagrange multipliers for the equality constraints
of (2.3), and the vector s is the Lagrange multipliers for the inequality con-
straints. The Lagrangian is closely linked to the optimality criteria, which
will be presented later in this section. Moreover, the Lagrangian links the
original problem (2.3), denoted the primal problem, to a dual problem, which
provides a lower bound to the primal minimisation problem.

2.2 Linear programming

One of the simplest subclasses of convex optimisation is linear optimisation,
where the objective function and constraints are linear functions. Solving
linear optimisation problems (also called linear programs or LP) with more
than a few variables by hand is rather difficult. However, such problems can
be solved very efficiently numerically. It is often convenient to use a so-called
standard form of the problem when dealing with numerical solvers: Every
linear program can be recast to fit the standard form by rearranging the
constraints and introducing additional variables. The standard form for LP
is given as:

minimise ¢’z

subject to Axz =105 (2.5)

x>0

where a linear combination of the non-negative problem variables « is sought
to be minimised while fulfilling the linear equality constraints Az = b. (2.5)
is the primal problem and has a corresponding dual problem, which is linked
via the Lagrange function, £, see (2.4):

L(x,y,s)=c'x -y’ (Ax—b) —s'x (2.6)
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where y and s are the Lagrange multipliers associated with the equality
constraints and the non-negativity constraints, respectively. The vectors y
and s are also the variables of the dual problem, which provides a lower
bound for the primal problem. Rearranging the terms of the Lagrangian
gives:

L(x,y,s) =by+ (c — ATy — S)Tzc (2.7)

Similar to «, the Lagrange multipliers for the non-negativity constraints, s,
are required to be non-negative, and the dual problem can now be stated as
an maximisation problem to obtain the largest lower bound to the primal
problem:

maximise infL(x,y,s) = by +inf (c — ATy — s)T x

(2.8)
subject to s >0

where inf is the infimum with respect to @, i.e. the greatest lower bound.

The term, (c — ATy — S)T x, is a linear function of &, thus, for the Lagrange
function to be bounded from below, (c — ATy — s) is required to be zero.
The dual problem (2.8) can therefore be stated as:

maximise by
subject to ATy +s=c¢c (2.9)
s>0

The primal problem (2.5) and dual problem (2.9) are closely linked together
by the Lagrangian and are solved simultaneously. The Lagrangian will also
be used to derive the first-order optimality conditions, which is sufficient to
prove optimality for convex problems. Morten er dum.

2.3 Second-order cone programming

Second-order cone programming (SOCP) is a generalisation of linear pro-
gramming and a subclass of semidefinite programming (SDP), which will be
discussed in the following section. The many yield criteria commonly used
for finite element limit analysis can be formulated as quadratic constraints,
and the resulting problem will fit the format of second-order cone program-
ming. SOCP also has application in many other fields of engineering, physics,
and chemistry (Lobo et al., 1998). For an in-depth introduction to the topic
of second-order cone programming, the reader is referred to Alizadeh and
Goldfarb (2003) and Antoniou and Lu (2007).
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First and foremost, the second-order cone in 1, 2, 3, and k dimensions is

introduced:
r1 > 0, for x € R!

x> |xgl, for x € R?
T Z \/l‘%—l-l'gz ||£L'2;3||2, for:EG]R3
x1 > /&l xow = |Toull2, for @ € RE

where ||x||2 is the Euclidean norm. The second-order cone is also commonly
known as the quadratic cone or the Lorentz cone.

(2.10)

)

)

r1 = [|72]|2 Ty > ||lz2|l2

AN

x

Figure 2.2: Two-dimensional second-order cone: The interior of the set is
indicated with gray.

The set of vectors that are in the k-dimensional cone (2.10) is defined as

follows:
Qp={z |z eR", 21> |xau2} (2.11)

It is observed that the one-dimensional cone Q; will be a non-negativity
constraint. The notation v € Qy, is therefore equal to

veEQr & v > ||vae (2.12)
We also define Q as the Cartesian product of second-order cones:
Q= Qpy X Qpy X -+ X Oy,

hence,
recQd & T € le, Ty € QkQ,...,CBqE qu, (213)

where x; are subsets of & associated with the ith cone.
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The standard form of the primal second-order cone program is given as

T

minimise c'x
subject to Az =b (2.14)
xeQ

where @ is the problem variables. The problem (2.14) is similar to the primal
LP problem (2.5), and if all cones have a size of one, (2.14) is in fact a linear
program. The primal problem has of course also a dual problem, which can
be stated as follows:

maximise b’y
subject to ATy +s=c¢c (2.15)
seQ

which again is similar to the LP dual problem (2.9). The dual problem (2.15)
can be derived from the Lagrangian of the primal problem and visa versa.

Several problems that arise in finite element limit analysis, e.g. Jo-
hansen’s criterion for plates given in Section 6.3.3, will require constraints of
the following type:

2U1U2 Z ’Ugjk’vg;k, (’017 UQ) Z 0, (216)
l.e. the vector v is in a set defined as
Q, ={z |z € R", 2zy25 > x], T3y, (v1,22) >0},

which is denoted a rotated quadratic cone. The rotated quadratic cone can
be transformed into a quadratic cone (2.11) to fit the standard form of SOCP.
Introducing a matrix K defined as

1/vV2 1/v/2 o7
K=|1/v2 —-1/v2 07
0 0 I

where I is an identity matrix of appropriate dimension. If a vector v is in a
rotated quadratic cone Qj, the vector v = Kv will be in a quadratic cone

Q.

2.4 Semidefinite programming

The yield criteria used for finite element limit analysis may take the form of
a semidefinite cone. This is the case for the general Mohr-Coulomb criterion,
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which is given in terms of the principal stresses, i.e. the eigenvalues of the
stress tensor. A matrix M is said to be positive semidefinite if it fulfils the
following criterion:

Mz >0 foral xcR" (2.17)

If the product &’ Mz is strictly larger than zero, the matrix M is positive
definite. A curved inequality sign > is often used to indicate that a matrix
is positive semidefinite, e.g. M > 0.

The semidefinite optimisation problem can be stated in several different
ways, and different authors use different notation. Vandenberghe and Boyd
(1996) use the following, compact notation:

minimise ¢’z

2.1
subject to F(x) > 0 (2.18)

with

i=1

where F; are symmetric matrices, and z; is the ith element of . F(x) > Ois a
so-called linear matrix inequality and defines a convex set of allowable vectors
. Antoniou and Lu (2007) use a slightly different form of the semidefinite
program which are closer to the standard form of LP and SOCP:

minimise C-X
subject to A;-X=b;, i=1,2,...,m (2.19)
X >0

where C, X, and A; for all i are symmetric matrices of size n. The inner
product, denoted by “” of two matrices is given as:

If C and all A; are diagonal matrices, i.e.
C = diag(e), A = diag(a),

the original semidefinite program (2.19) is reduced to the standard form of
LP.
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2.5 Optimality and algorithms

As mentioned, the Lagrangian can be used to establish the first-order op-
timality conditions. For the general, non-linear optimisation problem (2.3),
we have the Lagrangian:

L(x,y,s) = flx)— Z yigi(x) — Z sihi() (2.20)

Utilising the partial derivatives of the Lagrangian, the first-order optimality
conditions (also called the Karush-Kuhn-Tucker, or KKT, conditions) can be
stated as follows:

m p

i=1 i=1
Vyl(z,y,s)=gi(x)=0, i=12....m (2.21b)
VsLl(x,y,s)=hi(x) >0, i=1,2,...,p (2.21c)
5 >0, i=1,2...,p (2.21d)
sihi(x) =0, i=1,2,...,m (2.21e)

where V is a differential operator and V, indicates the partial derivative
with respect to €. Any point (x*, y*, s*) that fulfil (2.21) will be a solution to
the primal problem and the dual problem. For convex optimisation problems,
any local minimum must be the global minimum, hence, any point that fulfil
the KKT conditions will be solution to both the dual and the primal problem.
The condition(2.21e) is the complementarity condition, which will link the
dual and primal solutions.

For linear programming we have the following KKT conditions:

Ax—-b=0

ATy4+s—c=0

x>0 (2.22)
s>0

;5 =0, 1=1,2,....,n

It is seen that the KKT conditions (2.22) comprise the constraints of the
primal problem (2.5) and the dual problem (2.9).
For second-order cone programming, the KKT conditions are similar to
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the linear case (2.22):

Ax—-b=0

ATy+s—c=0

reQ (2.23)
seQ

arw(x;)arw(s;)e; =0, i=1,2,...,q

where ¢ is the number of conic constraints, and e; is the first basis vec-
tor of appropriate dimension. The notation arw(v) denotes an arrowhead
operation on the vector v € R”,

T
U1 U2:n:|
)

arw(v) = [vg. o

where v; is the first element in v and the notation v,., denotes the remaining
n — 1 elements of v. Even for linear programming, the KKT conditions
(2.22) represent a non-linear system of equations due to the complementarity
condition with some additional non-negativity constraints on the variables.

Interior point methods

Optimisation problems are rarely solved by hand, and since the 1940s solution
methods for optimisation problems have been an active field of research. One
of the most well-known algorithms is the simplex algorithm first published
by G. B. Dantzig in 1947 (see e.g. Dantzig, 1998). The method was used for
linear programming and follows a simple scheme where it moves from vertex
to vertex by updating the set of active constraints. The simplex method
works remarkably well in practice, however, it has an exponential worst-case
complexity, i.e. in the worst case scenario, the time required to solve the
problem grows exponential with the problem size. This was shown by Klee
and Minty (1972) who devised a problem where the simplex algorithm visited
every single vertex before finding the optimum.

Karmarkar (1984) proposed an algorithm for linear programming with
a polynomial worst-case complexity. Karmarkar’s publication marked the
beginning of a new era for mathematical programming. The algorithm lead to
a class of algorithms, which today is known as interior point methods. It was
shown by Nesterov and Nemirovsky (1988) that interior point methods could
be extended to handle convex optimisation while maintaining the polynomial
time complexity. Furthermore, Nesterov and Nemirovsky (1988) showed that
interior point methods can solve general convex optimisation problems as
efficiently as linear problems.
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Mehrotra (1992) suggested an extension of Karmarkar’s algorithm, namely
a so-called predictor-corrector method, where two search directions are cal-
culated every iteration. The same factorisation of the equation system can be
used for both search directions, hence, the method only requires a marginally
additional computational effort. The predictor-corrector is widely used to-
day and implemented in many state-of-the-art solvers (see e.g. Wright, 1997;
Roos et al., 1997; Nocedal and Wright, 2006; Terlaky, 2013).

Several methods and tricks, which increase the stability and speed of the
algorithms, have been developed. Amongst those, the homogeneous model
can be mentioned (Sturm, 1997; Nesterov et al., 1999), where the original
problem is embedded in a slightly larger problem in order to detect infeasi-
bility and ill-posed problems.

State-of-the-art commercial solvers for second-order cone programming
also use scaling to increase the speed and accuracy of the algorithms. The
non-linear system of equations is solved using the Newton’s method in a
scaled space, where a unique solution always is ensured (Nesterov and Todd,
1997; Kuo and Mittelmann, 2004). It has been proven that interior point
algorithms based on scaling has a polynomial time complexity (Tsuchiya,
1999; Monteiro and Tsuchiya, 2000).

The mathematical optimisation problem of finite element limit analy-
sis will generally feature extremely sparse problem matrices. This can be
exploited by state-of-the-art solvers, and the computational time be a poly-
nomial of a low order. In the following chapters, the computational time for
various problems will be analysed and discussed.
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Chapter 3

Finite element limit analysis

3.1 Introduction

A brief introduction to the field of finite element limit analysis was given
in Section 1.3, and the historical development of the method as a whole
was discussed. Like the manual counterpart, numerical limit analysis poses
an optimisation problem, however, the types of problems are different. For
manual limit analysis, the optimisation variables are typically angles of yield
lines or geometric parameters, and the resulting mathematical optimisation
problem are highly non-linear and non-convex (see e.g. the upper bound
model by Joergensen and Hoang, 2013).

For finite element limit analysis, the domain is discretised using finite
elements, hence, the geometry of the problem is given in advance, and the
optimisation variables are the discretised stress and displacement fields. Pro-
vided a convex yield function, the resulting mathematical optimisation prob-
lem will be convex and, therefore, easy to solve in a mathematical sense.
The type of optimisation problem depends on the yield criterion, however,
the yield functions can often be approximated using e.g. linear constraints,
which was a widely used technique before second-order cone programming
and semidefinite programming became established technologies (Olsen, 1998,
1999; Poulsen and Damkilde, 2000).

Equivalently to manual limit analysis discussed in Section 1.2, finite ele-
ment limit analysis can be formulated as either strict lower bound or upper
bound problems which makes it possible to bound the exact limit load in a
rigorous manner. A third formulation commonly called mixed problems can
be considered as something in-between the lower and upper bound problems.
Mixed formulations provide neither a statically admissible stress field nor
a kinematically admissible collapse mode, however, the calculated collapse
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load will be typically closer to the exact limit load than an equivalent lower
or upper bound solution. Mixed finite elements will be discussed in Chapter

6.

3.2 Problem formulation

The scope of the basic lower bound formulation is to maximise the load
acting on a given structure while ensuring a statically admissible and safe
stress field, i.e. a stress field that satisfies the equilibrium conditions and
does not violate the yield functions in any point. The problem variables of
the lower bound problem is the discretised stress field, however, additional
variables usually called auxiliary variables are typically needed in order to
cast the yield function as either a second-order cone or a semidefinite cone.

The scope of the upper bound formulation is to minimise the load act-
ing on a given structure while ensuring a kinematically admissible collapse
mode. The primary variables of the upper bound problem are the discretised
displacement field as well as the plastic multipliers.

Triangular elements with linear stress fields and quadratic displacement
fields are generally favoured (Sloan, 1988, 1989; Makrodimopoulos and Mar-
tin, 2006). The stress fields of such elements are defined by stress vectors in
the vertexes, and the state of stress in any point within the element can be
stated as a linear combination of the stress vectors. Linear stress fields in
combination with triangular elements means that it is only necessary to check
the yield function in the vertexes to ensure a statically admissible stress field
of the element. Moreover, for lower bound elements, traction continuity can
likewise be ensure by enforcing the conditions near the vertexes of a given
element boundary.

Example: Bar with quadratic displacement field

In order to illustrate some of the principles of finite element limit analysis, a
simple example is presented. We now consider a bar element with a quadratic
displacement field and a linear stress field, see Figure 3.1. The upper bound
formulation of the bar element will now be derived. The quadratic displace-
ment field and corresponding strain field are discretised and denoted w and
€, respectively. Similarly, the stress field and external loading are discretised
and denoted & and 15, respectively.

U Py
~ N €1 R 01 ~
U= (uzf, €_|:€:|7 0'_|:0:|, P = P2
2 2
us Py
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o . . . o

Uy, €1 u3 Uz, €2 Py ooy PSE o2 P
% > | % — |
-1 K 1 &y 0 @ i
3 2 2 2

Figure 3.1: a) The discretised displacements and strains for the bar, b) the
discretised stresses and external loads.

The displacement in a point x can be stated as
u=N,u = [232 —s, 28245, —4s®+ 1} U

where s = x/l is a length coordinate. The relationship between the displace-
ments and strains is given as

_Ou _

€8$

(VN,)u = Bu
where V is a differential operator and B is given as
B=VN,==>[4s—1, 4s+1, —8s]

The linear stress field can be expressed in terms of linear shape functions
and the discretised stress field:

o=N,6=[1-s 1+5s|o

The work equation (1.5) for the bar can now be stated as follows using
discretised quantities:

W'P = / elod = / W"BTN,6dQ (3.1)
Q Q

All the discretised quantities are independent from the coordinates of the
considered domain, hence, we obtain

. 1/2
w'P=u" { / BTNJdQ} oc=1u" / BN, dz
Q

—1/2

(Ad)
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where A is the cross sectional area of the bar. Eliminating 47 and defining
BT for the bar as

) 12 ~5/6 —1/6
BT:/ B'N,dr = 1/6  5/6 |,
iz 4/6 —4/6

we arrive at the following relation between the stress field (or normal forces)
and external forces:

P =5/6 =1/67
P=|P|=| 1/6 5/6 {Ao_l]:BTﬁ (3.2)
P 4/6 —4/6 ?

where 7 is the discretised normal force vector. Equation (3.2) has the shape
of equilibrium equations which relates the stresses (or section forces) to the
external loads, however, (3.2) does not ensure a statically admissible stress
field. The equations are derived from the relation between the displace-
ments and the strains, hence, (3.2) ensures a kinematically admissible col-
lapse mode.

For lower bound solutions, it is often more convenient to establish BT
directly from the necessary requirements to equilibrium for the considered
domain. For the bar shown in Figure 3.1, the three necessary relations be-
tween the external loads and stresses can easily be established:

P1 = —AO'1
PQ = AO’Q
P3 = A(O’l — 0'2)

or equivalently in matrix form:

P —1 "

A g A

P=|R|=| 0 1 {A 1} =B"n (3.3)
Py 1 -1 72

The set of equations (3.3) ensures equilibrium, but not a kinematically ad-
missible collapse mode.
General lower bound formulation

The procedure described for the bar example is general in some ways. For
the general case, we also define the discretised quantities, i.e. the discre-
tised displacement field u, the discretised external load P, the discretised
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stress field &, and the discretised strain field €. Shape functions define the
relationship between the continuous and discretised fields:

oc=N,o, =N, u=N,u (3.4)

The stress and strain fields will often use the same shape functions, i.e.
N, = N.. The strain field is defined as the derivative of the displacement

field: 9 ON
u W s

where B is the strain-interpolation matrix. The work equation (1.5) now
reads

a’P = / e’ odQ) (3.6)
Q)

where € and o are continuous quantities and functions of the coordinates of
the domain 2. The continuous quantities in (3.6) can be replaced by shape
functions and the discretised quantities according to (3.4) and (3.5):

WP = /Q (Bit)! (N,6)d (3.7)

The quantities w and & are not functions of the coordinates of domains,
hence, (3.7) can be restated as

W'P=q" { / BTNUdQ] & (3.8)
Q
Elimitating the displacements ©” from the equation and defining B as
BT = / B'N,dQ,
Q
we obtain the discretised equilibrium equations:
P=RB"¢ (3.9)
As shown for the bar, (3.9) does not necessarily ensure equilibrium despite
the name of the system of equations. Whether or not equilibrium is ensured
depends on BT

The discretised stress field o approximates the exact stress field and fulfils
the yield functions in the chosen check points,

f(6:)<0,i=1,2,....m (3.10)
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where m is the number of check points, and &; is a subset of the discretised
stress field 6. The total load P is assumed to comprise a constant part pg
and a scalable part pA where A is the load factor, which is sought to be
maximised while ensuring a statically admissible stress field. The resulting
optimisation problem can now be stated as

maximise A
subject to BTé& = pA + po (3.11)
f(6:) <0, i=1,2,....m

which combines (3.9) and (3.10). Provided that BT is defined such that
equilibrium is ensured, the solution to (3.11) will be a lower bound solution
since the discretised stress field o will be statically admissible and safe.

General upper bound formulation

For the upper bound formulation, the yield function f is linearised around a
point & which satisfies f(&) < 0. This gives

(Vi) o <k (3.12)
with

k=(Vf(e) &
which follows from the associated flow rule (1.3) and the assumed convexity of
the yield function. k will in the general case depend on the stress o, however,

for commonly used yield functions, e.g. the Mohr-Coulomb criterion, &k will
be a constant. The associated flow rule gives the following relation:

of(o)
P do
where )\, > 0 are the plastic multiplier. The linearised yield function is now
introduced, and we obtain

e=A =MV f(o),

e=)\Vf(o),

where V f(&) is a constant vector. The discretised version of the flow rule
can be derived from the internal work, which can be stated as:

Wi = / oTedQ — / o7 (A, V (&) dO (3.13)
Q Q
Defining the discretised plastic multipliers using shape functions,

A = NoA,,
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and introducing the discretised quantities into the integral of (3.13) gives
the following relation ship between the discretised displacements and plastic
multipliers:

/Q (N, )" (Ba)dQ = /Q (N,&)" (Vf(&)NA)A\p> a0 (3.14)

The discretised quantities are independent of the coordinates of the domain,
hence, (3.14) can be restated as

&7 [ / NZBdQ] =067 { / NIv f(&)NAdQ} A (3.15)
Q Q

The stress field can be eliminated from the equation and we arrive at the
discretised flow rule,

~

Bu = F(6)),, (3.16)

where B and F(&) is given as
B = / NZBdQ
Q
and
F(&) = / NIV f(6)N,dQ
Q

An expression for the load factor, which is sought to be minimised, can be
derived in a similar manner. An upper bound to the internal work can now
be stated using the linearised yield function:

/ AV F(E) odQ < / A\pkdQ (3.17)
Q Q
Introducing the discretised plastic multipliers A and shape functions gives
Wit = / ApkdQ = / ENGAAQ = [k / NAdQ} A, = kTN (3.18)
Q Q Q

which also defined k implicitly. The work done by external loads, pA + Po,
is given as

Wexe = 4" (A + Do) (3.19)
Equating the internal work (3.18) and the external work (3.19) gives an
expression of the load factor A:

.7\ N
kT A,—u'py

A ~
ulp

(3.20)
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which can be reduced to a linear expression by scaling the denominator, i.e.

w”p = 1. The optimal upper bound solution is the lowest load which satisfies

u’'p =1 as well as (3.16):
minimise l%zjp —a’p,
subject to B = F(6)A,
u'p=1
A, >0

(3.21)

The approach of (3.21) is rather impractical, and - as already discussed - up-
per bound problems can be implemented using the same formulation as for
lower bound problems (see also Krabbenhoft et al., 2005; Makrodimopou-
los and Martin, 2007). The upper bound formulation (3.21) has the dual
problem,

maximise A

subject to BT6 = pA + po

(F(&))T &<k

which is a linearised version of the lower bound formulation (3.11). & and
A are the Lagrange variables associated with the flow rule condition and the
scaling (ulp = 1), respectively. The inequalities,

(F(a))T& <k

represent the discretised linearised yield function, which can be replaced by
the original, non-linear function to obtain

maximise A
subject to BTé = p\ + py
f(6:)<0, i=1,2....m

Again, the equilibrium matrix B” determines whether or not the particular
problem is a lower bound, upper bound, or mixed problem. As discussed in
Chapter 2, the primal and dual problems are solved simultaneously. This
means that a stress field is determined when solving the upper bound prob-
lem, but the stress field is most likely not statically admissible. Similarly, a
collapse mode is determined when solving the lower bound problem, however,
the collapse mode is most likely not kinematically admissible. Nevertheless,
the upper bound stress field and lower bound collapse mode hold some infor-
mation and can be used to analyse the behaviour of the considered structure.

In the following sections and chapters, the discretised quantities are re-
ferred to without the hat for convenience, e.g. o will refer to the discretised
stress field.
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Optimality conditions for finite element limit analysis

The formulation of finite element limit analysis (3.21) represent a convex
optimisation problem, thus, the first-order optimality conditions (KKT con-
ditions) will be sufficient to prove optimality for the problem. The problem
(3.21) can be rewritten as

A
.22
subject to BT — p] [01 = Py (3:22)

maximise [OT 1} {o}

A
—f(e:) >0, i=12....m

The Lagrangian to the problem (3.22) is given as

Lo, A u,)) =[0" 1] m —u’ ([BT —p] m —Po) +§;A§f)f(m>
(3.23)

where wu is the discretised displacement field and the Lagrange variables as-
sociated with the equality constraints of the optimisation problem (3.22).
The notation )\g) denotes the ith element in the plastic multiplier vector A,
which is the Lagrange variables associated with the inequality constraints.
The KKT conditions can now be stated as follows:

VoL =—-Bu+A,Vf(o)=0 (3.24a)
VaL=1-plu=0 (3.24b)
Vul=B'c —p\—p; =0 (3.24c)
VaL=—f(le;)>0, i=12,....m (3.24d)
AD>0 i=12,...,m (3.24e€)
Afle)=0, i=1,2...,m (3.24f)

The KKT conditions (3.24) include the equality constraints of the lower and

upper bound problems (using the general, non-linear yield function), hence,
any solution (o‘*, A5 ut, }\;) which satisfies (3.24) will fulfil the primal and
dual problems of finite element limit analysis. Moreover, the link between
the primal and dual problems, (3.24f), is recognised as the complementarity
condition introduced in Section 1.2, see Equation (1.4).
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Lower bound material optimisation

Material optimisation can be considered as a special case of the lower bound
problem. The scope is not to maximise the external load but rather to
minimise the weighted cost of the materials for a given load case. The yield
function now takes an additional input, namely the vector ¢ which contains
the material parameters:

f(0'2,¢> S O, 1= 1,2,...,m
The resulting optimisation problem can be stated as

maximise w7’ ¢
subject to BTo = p, (3.25)
f(o-lvqs)soa i:1727"‘7m

where w is the weight vector which depends on the cost of the given material
and the particular areas or volumes associated with the material parameter.
Material optimisation has a considerable potential in regards to design and
analysis of new structures, however, the work presented in this thesis is pri-
marily concerned with the lower bound load optimisation problem (3.11).

Multiple load cases

Structures have to be designed to withstand a number of different load cases
prescribed by the standards, e.g. wind from different directions combined
with snow, dead load, and imposed loads. When assuming a linear elastic
material, the multiple load cases can be handled with a marginally additional
computational effort, however, this is not the case if plasticity is considered
and the stiffness of the system depends on the stress field.

A given structure is subjected to N load cases each described by the load
vectors pjy and p', i = 1,2,..., N. The lower bound problem (3.11) can be
expanded to obtain

maximise A\

BT ol p! Pl
BT o? 2 2
subject to ) = p A+ p.o
BT| |oV N N (3.26)
f(O'Zl)SO, 2_17 ) ,
flef) <0, i=12....m
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The stress fields o* are independent and only the critical load case affects
the load factor, hence, the combined optimisation problem (3.26) can be split
into N problems and the critical load factor can be determined as the lowest
load factor:

)\:min()\l,...,)\N)

It is generally more efficient to solve many small problems rather than one
large problem, hence, it is advantageous to split the combined problem (3.26)
into N smaller problems.

In the case of material optimisation, the stress fields are linked together
by the material parameter vector ¢ via the yield functions. The resulting
optimisation problem is given as

maximise w7’ ¢

BT o! P
BT o2 D2
subject to ) = 0
B”| |o¥ pY (3.27)

fleN, ) <0, i=1,2,....,m

where the external load cases are given by the vectors p§. The problem (3.27)
cannot be split into smaller problems since the stress fields are not indepen-
dent, and the combined problem has to be solved. Specialised solvers may
be able to exploit the structure of the problem (3.27), however, to the best
knowledge of the author papers on such algorithms have not been published.

3.3 Commonly used yield criteria

In this section, the commonly used yield criteria for structural engineering
and their conic formulation will be presented. The conic formulations of many
yield functions are presented by Bisbos and Pardalos (2007). Krabbenhgft
et al. (2007), Krabbenhgft et al. (2008) and Makrodimopoulos and Martin
(2008) present the conic formulation of the Mohr-Coulomb criterion, which
is commonly used for soil. As discussed in Section 1.2, yield functions are
generally non-linear but convex and can be stated as

fle) <0
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where f is the yield function and o is the given stress state. In most cases,
some auxiliary variables are necessary to recast the yield function in a format
which fit the chosen scheme of optimisation.

The Mohr-Coulomb criterion

The Mohr-Coulomb criterion can be used to describes materials prone to
sliding failure. This includes soils, rock, and concrete. The basic material
constants are the cohesion ¢ and the internal angle of friction 6 or the friction
coefficient 4 = tanf. For some materials, the sliding failure criterion is
combined with a criterion for separation failure which bounds the tensile
stresses by the tensile strength f;. For concrete, the uniaxial compressive
strength f. is often used, which can be expressed in terms of the cohesion
and a friction parameter k:
fe=2c Vi

with )
k= <\/1+u2+u>

where p is the friction coefficient and 6 is the internal angle of friction. For
normal strength concrete, k& = 4 corresponding to 4 = 3/4 and 6 ~ 37°
is commonly used. The Mohr-Coulomb criterion is typically formulated in
terms of the principal stresses. In three-dimensions, the criterion reads

o1 < fi (3.28a)
k‘O’l — 03 S fc (328]:))

where o1 < f; constitutes the separation criterion and ko, — o3 < f. the
sliding criterion. o7 and o3 are the largest and smallest principal stresses,
respectively.

The yield envelope has a rather simple form illustrated in Figure 3.2. The
criterion (3.28) is based on the principal stresses, which are the eigenvalues
of the stress tensor, hence, (3.28) can be modelled exactly using semidefinite
cones, which makes it possible to impose constraints on the eigenvalues of
symmetric matrices (Krabbenhoft et al., 2008; Makrodimopoulos and Mar-
tin, 2008; Larsen, 2010). The formulation F > 0 indicates that the lowest
eigenvalue of F must be non-negative, while —F > 0 indicates that the largest
eigenvalue of F' must be non-positive.

Introducing the concrete stress tensor o, which has the eigenvalues oy >
09 > 03, the separation criterion (3.28a) can then be rewritten as
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03 02 01 .7

Figure 3.2: The Mohr-Coulomb yield envelope including separation crite-
rion. Mohr’s circle for a triazial stress state is shown inside the envelope.

where I is the identity matrix. The sliding criterion (3.28b) uses two principal
stresses, hence, it is necessary to introduce an auxiliary variable a4 to obtain

—oy+a; =0
LT = (3.30)
03 — k oy + fc Z 0
Using the concrete stress tensor o, (3.30) can be rewritten as
—o.+aI >0 (3.31a)
o+ (fe—ka)I>=0 (3.31b)

The equations (3.29) and (3.31) comprise three linear matrix inequalities,
however, they can be reduced to two by introducing an additional variable
s which fulfils:

ag < fi and as < o
The Mohr-Coulomb criterion can now be stated as:

—o.+al =0
o.+ (fe—ka)I=0
ag —ay <0
az— f; <0

(3.32)
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The Mohr-Coulomb criterion for plane stress

For plane stress, the principal stresses are given as o7 > 09. The Mohr-
Coulomb criterion (3.28) now reads

o1 < i
koy—oy < fe (3.33)
—02 S fc

where the principal stresses o1 and oy are calculated as

o Oy + 0O o o 2
1 x Y z — Vy
= -4 2 3.34
n ot J(E5) e, (3:34)

The expression (3.34) comprises the square root of the sum of two squares,
hence, the Mohr-Coulomb criterion for plane stress can be formulated for
second-order cone programming (Makrodimopoulos and Martin, 2006; Krabbenhgft
et al., 2007; Nielsen, 2014). Introducing three auxiliary variables

O+ 0 Oy — O
pm == Y ogg= . Lo >[o2+ 72, (3.35)

the principal stresses (3.34) can now be written as

01 S —DPm + 2
—02 < P+
and the Mohr-Coulomb criterion (3.33) can be stated as
—Pm + @ < fi

(L=k)pm+(k+1) o< fe (3.36)
Pmt o < fe

The rewritten Mohr-Coulomb criterion (3.36) fits the format of second-order
cone programming as the definition of ¢ (3.35) has the shape of a quadratic
cone.

The von Mises criterion

The von Mises criterion is commonly used for metals and is based on the
second stress invariant J,. It can be considered as a special case of the
Drucker-Prager criterion with an internal angle of friction of zero. In terms
of J,, the von Mises criterion can be stated as

V3 < f, (3.37)
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where f, is the yield strength. J; is given as

(02 — Uy)z (o — UZ)Q (0. — Ux)2

Jo =
2 6 * 6 + 6

+ sz + Ty2z + 72, (3.38)

hence, the yield function (3.37) comprise the square root of a sum of squares,
and the criterion can be cast for second-order cone programming (Bisbos and
Pardalos, 2007). Introducing six auxiliary variables,

Oy — Oy oy — 0, 0, — 0y
a1 = , Qo = , Q3= )
V2

V2 V2
Qy = \/ngya Q5 = \/§7—yz; Qg = \/§sz,

into (3.38), the yield criterion (3.37) can then be stated as

Vol tadtadtaltaltal<y, (3.39)

which has the shape of quadratic cone. In principal stress space, the yield
surface has the shape of a circular tube along the hydrostatic axis.

The von Mises criterion for plane stress

In plane stress, the second stress invariant .J; is reduced to

_ 2 2
ELﬂi+ﬁ+%+ﬁ (3.40)

Jo =
2 6 6 v

Three unique stress components exist in plane stress, hence, three auxiliary
variables are sufficient to represent the criterion as a quadratic cone, however,
their definitions are not as straight forward as the general, three-dimensional
case. Defining

V3 1
ap = 7(0—:5 - Uy)a Qo = E(Ux +0y)> a3 = \/gTzz:ya

the yield criterion (3.37) can now be stated as

vait+ai+ai<f, (3.41)

which again has the shape of a quadratic cone. In principal stress space, the
plane stress version of the von Mises criterion has the shape of an ellipse,
which is a conic section, see Figure 3.3.
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Figure 3.3: The von Mises yield envelope for plane stress illustrated in
principal stress space.

The yield functions presented in this section can be considered as material
yield functions. The framework of finite element limit analysis makes it pos-
sible to formulate advanced yield functions which e.g. consider the behaviour
of composite materials. In the following chapters, so-called submodel yield
functions will be introduced which comprise semi-analytical mechanical mod-
els. The stress field and forces of the considered submodel are then checked
against the appropriate material yield function, e.g. the Mohr-Coulomb cri-
terion for concrete.
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Chapter 4

Modelling precast structures

4.1 Modelling shear panels

Many of the methods and the general concept of modern precast concrete
were developed in the 1950s and 60s. The calculation method and design
equations have evolved to some extent, and in the serviceability limit state
numerical analysis, such as linear elastic finite element analysis, is commonly
used in practice. More advanced numerical methods are, however, rarely
used in the ultimate limit state for practical design. Instead, methods based
on manual limit analysis are favoured and many have been automated using
spreadsheets.

Many of the components of the precast concrete structures are rather
simple, e.g. simply supported beams. These components can be treated in-
dependently and designed analytically in both the serviceability limit state
and the ultimate limit state, and effects such as cracking, yielding, and an-
chor slip of pre- and post-tensioned strands can be accounted for in a simple
manner. For shear walls, however, it is necessary to consider the wall includ-
ing shear joints as a whole. Analytical methods are still used, but it is in an
approximative manner. Lower bound methods, e.g. the stringer method, are
typically favoured for design.

Precast concrete structures are typically designed with shear walls as
the main load carrying component. Beams and columns are of course to
some degree responsible for distributing vertical forces, e.g. gravity loads.
However, little is gained from a full rigid-plastic analysis due to their rather
simple behaviour and support conditions.

The shear walls ensure the lateral stability of the structure, however, shear
walls as structural components are rather complex. Various methods have
been developed for manual design of shear walls (Nielsen, 1971; Nielsen and
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Hoang, 2010; Muttoni et al., 1997, 2015). The stringer method is commonly
used in practice in Denmark as it provides a rigorous lower bound and makes
it possible to design for a specific shear capacity of the considered panels.

4.1.1 Plane stress lower bound element

Design and analysis of shear walls can be handled efficiently within the frame-
work of finite element limit analysis. Shear walls are considered to be in plane
stress, thus, plane stress finite elements will be the obvious choice for numer-
ical modelling of such structures.

Several researchers have worked with plane stress and plane strain ele-
ments within the field of finite element limit analysis. Sloan (1988, 1989)
presented lower bound and upper bound plane strain elements, however, the
equilibrium equations are identical for plane strain and plane stress elements.
From a design perspective, lower bound elements are generally more desir-
able as they ensure a safe design (within the assumption of rigid-plasticity).
Analysis by upper bound elements determines an unsafe design, but it can be
used to bound the exact limit load. Mixed elements which will be discussed
in Section 6 provide neither. However, the capacity obtained using a mixed
formulation will generally be closer to the exact limit load than both the
upper and lower bound solutions.

Poulsen and Damkilde (2000) presented a triangular lower bound plane
stress element using a linearised yield criterion due to the limitation of linear
programming. The element uses a linear stress field, hence, it is sufficient
to check the stresses in the corners to ensure a lower bound solution. Lower
bound elements require traction continuity along every element boundary,
however, this may lead to linear dependencies which are undesirable as they
may cause numerical instability for the solver. Makrodimopoulos and Mar-
tin (2006) discuss this issue in details for lower bound plane strain elements
and provide guidelines for avoiding linear dependencies for both internal and
boundary nodes. Nielsen (2014) suggests a subdivision of the triangular el-
ement to avoid linear dependencies and to increase the accuracy: A centre
node is added to the triangular element which is divided into three subele-
ments, each with a linear stress variation. Several of the additional stress
variables and equations can be eliminated, hence, the number of equations
and variables only increase marginally.

In this section, the plane stress element by Poulsen and Damkilde (2000)
is presented. The method for element enhancement by subdivision (Nielsen,
2014) will be presented as well. Next, the formulation of a generalised lower
bound plane stress element for 3D analysis of structures will be given, and a
yield criterion for reinforced concrete based on the Mohr-Coulomb criterion
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is presented. Finally, four examples are analysed and the convergence rates
and computational times will be discussed.

A plane stress state is described by three stress variables, namely o,
oy, and 7,,. As mentioned, the lower bound element uses a linear stress
field, thus, a total of 9 stress variables are required. The stress variables are
shown in Figure 4.1 together with the tractions given in local coordinates of
the element boundary, which must be in equilibrium with adjacent elements.
The stress variables of an element is given as:

oh] Oxi
Oq = |Oo2|, and o, = |0y (4.1)
03 Tryi

where o; is the stress state in the ¢th corner node.

Figure 4.1: Stress vectors and tractions in local coordinate systems of the
plane stress element (Poulsen and Damkilde, 2000).

The stresses are given in global coordinates and for the traction equilib-
rium along the element boundaries transformations are needed. Due to the
linear stress field of the element, traction continuity is enforced at both ends
of a boundary. We define the following geometric quantities:

a; =rp — x5, bi=yp—y;, Li=/aj +0b}

where i, 7, and k are permutations of 1, 2, and 3. We also define the stress-
to-traction array

1(b; 0 —a
P =—1|" ' 4.2
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In global coordinates, the tractions of side i near node j can now be stated
as t! = Plo;. Introducing a transformation matrix E; for side ,

Ei=l|:bi ai:|’

li —Qa; bz
the tractions in local coordinates at side ¢ is given as
(i _ pTpTly. — PT .
t; =E,P,o; =P, 0

with
1

2 2 o
b; a: 2azbz] (4.3)

Pl — ETPT — J
! v l? aibi —aibl- bz2 — a?
Using (4.3), the tractions in local coordinates related to node i can now be
stated as

i

i DT
qu Pj
QI?)U P{
Gr.r

where j and k are the two sides which meet in node 1.

The nodal forces g, and g,, shown in the centre of the element in Figure
4.1, ensure internal equilibrium within the element. The element is subjected
to surface loads, v, and 7, acting on the entire surface area of the element.
This gives rise to two partial differential equations:

+ Y =
Ox 0 (4.5)
% aTxy + =0
ay a /yy -

Introducing linear shape functions, the stress in a point (z,y) can be stated

as
3

o(x,y) = > _ Ni(z,y)o; (4.6)

i=1
with ; d
il — ;Y i

Ni(z,y) = ————F—, 4.7

(2,) = 2508 (4.7)

where d; = —x;y; + x,y; and A is the surface area of the element. Using the

shape functions (4.7), the differential equations (4.5) can be restated as

Az Vo Lsr a1 or
=A =— P P!l Plleg, 4.8
{Qy} [’Yy] 2 [ ! 2 3} l (48
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where o, is the element stress vector, see (4.1), and P7 is defined as

bi 0 —al}

T — 1,7 — [
0 —Q; bz

The element equilibrium matrix BY, comprise the contributions from the
traction continuity (4.4) as well as internal equilibrium (4.8):

P3
P7 )
T
IA)dT (o481
qe = Pl - g2 = Bgdez (4-9)
]?1 g3
P
1~ 1~ 1~
5P 5P oPi]

The basic plane stress element by Poulsen and Damkilde (2000) contributes
to a total of 14 equilibrium equations on the global level and requires 9 stress
variables.

4.1.2 Element enhancement by subdivision

The formulation presented here is based on the work of Nielsen (2014) and
also presented in Paper I (Herfelt et al., 2016). The basic plane stress triangle
is divided into three subelements, each with a linear stress variation. This
subdivision will of course increase the accuracy of the element, however,
it will also ensure that no linear dependencies are present. Utilising local
coordinate systems for the stress variables, several of variables and equations
can be eliminated, hence, the subdivision only increases the problem size
marginally.

A centre node divides the element into three subelements as seen in Fig-
ure 4.2. The enhanced element requires four stress nodes, three located at
the corners as well as one located in the centre. Two subelements meet in
each corner and in the global coordinate system, two times three variables
are needed to describe the two plane stress states near the corner. Utilis-
ing a local coordinate system, however, the number of stress variables can
be reduced to four, and the traction continuity in the particular corner will
always be fulfilled, while the normal stress in the local t-direction can be dis-
continuous, see Figure 4.2. The stress vector of the ith corner, o, therefore
contains four stress variables

c_ -+
g, = [Uni Tnti Uti Uti )

Z I’
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Subel. 3

Figure 4.2: The three subelements of the plane stress element as well as
local coordinate systems for the corner stresses.

where superscripts — and + indicate that the normal stress is associated with
the subelement clockwise and counter-clockwise from the corner, respectively.
For the centre node we have

S

o] = [am oy Txy} ,

which is defined in global coordinates. The enhanced element requires a total
of 15 stress variables. The element equilibrium matrix (4.9) is given in global
coordinates, hence, transformations are necessary for the enhanced element:

)L

Ol =

where

o contains 27 stress variables in global coordinates, which are used to estab-
lish the equilibrium equations on the global level according to the equations
presented in Section 4.1.1 and Poulsen and Damkilde (2000). The matrix
T € R'¥*!2 transforms the stresses from the local coordinates of the corner
to the global coordinates, while T'g € R?*? defines the other sets of stresses
in the centre. Given the unit normal vector n = [n, n,]” to the boundary
connecting the ith corner node and the centre node, the transformation of
the corner stresses can be stated as:

Oy ng nz —2n;ny On
_ 2 2 +
oy | = | n; n; 2nny | |03 (4.11)
2 2
Tay NaMy  —NgNy Ny — Ny | [Tt
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At the centre node S,

Equation (4.11) defines the contributions to T¢.
equilibrium across the subelement boundaries gives the following equations:

T (o5 — 07) =0,
T3 (o) — 03) =0, (4.12)
T5 (o5 —03) =0,
where T} is given as
Ty _ M 0 n,
! 0 ny, n,

where ¢ is the corner associated with the particular subelement boundary
T. . :
and n = [nx ny] is the aforementioned unit normal to the boundary. The

relation (4.12) can be rewritten as a linear system:

-TY 0 T 1 [0}
Ty -T3Y 0 gy | =0 (4.13)
S

0 T —T¥]| |of

Rearranging the terms gives

0 T e [T
x (of x S
x x O3
The two matrices, T; and Ts3, are now defined as
—T7 0 T
T1 = Tgy , T23 = —Tgy 0 ;
0 Ty -T5Y

and the stresses near the centre node can now be obtained from the following

equation:
s
o
als = 1 o} = Tgo? (4.15)
2 7 it 1 — +8Y91 :
S 23 -1
O3

Equation (4.15) also defines T'g, one of the matrices needed for the transfor-

mation from local to global coordinates, see (4.10).
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4.1.3 Generalised lower bound element

For three-dimensional concrete structures, carrying external loading as in-
plane forces rather than moments is more efficient. Modern buildings are
usually designed with this in mind using shear walls as the main load carrying
component for lateral loading. Moreover, most walls and slabs are simply
supported with respect to bending action, hence, no plastic redistribution of
forces can occur. The moment capacity of shear walls is therefore to some
degree irrelevant for the overall distribution of forces in the building, and
sufficient capacity for combined bending and in-plane action can be ensured
by a detailed analysis at a later point in the design process.

In this section, the formulation of a generalisation of the plane stress lower
bound element presented in Section 4.1.1 is given. The element is enhanced
by subdivision, see Section 4.1.2, which increases accuracy of the element and
removes linear dependencies for a marginally larger computational effort.

For the three-dimensional element, a local coordinate system is needed.
The element itself is defined by three corner nodes, and associated with each

.. T . . .
node 7 is a stress vector o; = [am oy Tmy] given in the local coordinates
of the element.

V13

€z

€z

xT

Figure 4.3: Geometry and local coordinate system of the generalised plane
stress element.

The local coordinate system of a given element is defined by the three
basis vectors seen in Figure 4.3:

V12 V12 X V13
e, =—— e,=——""_ e, =€, Xe 4.16
T onl & Tonxo] @& (419
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where v;; is a vector going from node 7 to node j given in the global coor-
dinates. The local coordinates of the three nodes @; of the element can now
be calculated as

xr; = :ET_Xi7

where X is the global coordinates of node i, and E = [ex e, ez} is the
transformation matrix. For each side 7, a unit normal vector is defined in the
local coordinate system:

Similarly to the two-dimensional element, traction continuity is required for
the three-dimensional element to ensure a lower bound solution. Figure 4.1
illustrates this for the two-dimensional case where the global coordinate sys-
tem is used. For the present element, the local coordinate system is used,
and the tractions are then afterwards transformed to global coordinates us-
ing the transformation matrix E. We define the stress-to-traction array for
the three-dimensional element as

(4.17)

and

where [; is the length of side 7. The matrix PT transforms the stresses given
in local coordinates to the tractions of element side 7, still in local coordinates
of the element. Traction equilibrium is enforced in global coordinates, and
the generalised nodal forces can be stated as

—qz’g{
Ty
d.| _1[ET ][B!

e N S 4.18
1 %o 2{ E7| |PT|7 (4.18)
Ty
4. |

where E is the element transformation matrix, and j and k are the two
element boundaries which meet in node i. Equation (4.18) appears almost
identical to (4.4) with the exception of the transformation, which is necessary
for the three-dimensional element.
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The three-dimensional plane stress element is subjected to surface loads
given in local coordinates. This leads to the same equations as presented in
Section 4.1.1 in Equation (4.8):

1 oo

Q;ZA[%ﬂ::_[p{ P PIo, (4.19)
Ty 2

where A is the surface area of the given element and +, and -, are the

surface loads. The element equilibrium matrix in global coordinates can now
be stated as follows by combining (4.18) and (4.19):

[EPT
EPT
EP]
1 EP7 o1 .
qel = 5 ! E}:)T Oy | = Beldel (420)
EP% 73
| Pl P} P] |

which appears similar to the element equilibrium matrix of the two-dimensional
element (4.9) with the exception of the transformations. As mentioned pre-
viously, the element enhancement by division into three subelements intro-
duced in Section 4.1.2 is also used for the generalised three-dimensional ele-
ment.

4.1.4 Yield criterion for plane stress
Reinforced concrete yield criterion

The stresses on the element level o is the so-called total stresses which
comprise the stresses carried by the reinforcement and concrete, respectively.
The reinforcement is assumed to be constituted by an orthogonal mesh of
rebars oriented in an angle ¢ with respect to the local coordinate system (in
which the stresses are defined).

Figure 4.4 shows an element with an orthogonal reinforcement mesh in-
cluding the local coordinate system and the orientation of the reinforcement.
The stresses are transformed to the coordinate system of the reinforcement
and split into concrete and reinforcement stresses accordingly:

2 s 2cs Oy Ozm Ogs
2 A =2s | |oy| = |oym| + |Tys (4.21)
—cs s A —$H |7y Taym 0
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Z<@
z T

Figure 4.4: Orthogonal reinforcement oriented in an angle ¢ to the local
coordinate system.

where ¢ = cos ¢ and s = sin ¢. Subscript m indicates concrete stresses (ma-
trix material) and subscript s indicate reinforcement stresses (steel). Equa-
tion (4.21) uses equivalent reinforcement stresses, ;5, which are defined as

Asi

61'5 = Ois
t

where Ag; is the reinforcement area per unit length in the ith direction and ¢
is the out-of-plane thickness of the concrete. As seen in (4.21), it is assumed
that the reinforcement only carries axial forces (Nielsen and Hoang, 2010).
A simple, linear yield criterion can then be used:

~ 3 As:p
OSO’ISSfyx: n fy 199
) A, (4.22)
0<0ys < fyy = tfy

where fy is the equivalent reinforcement strength which is implicitly defined
in (4.22). As seen in (4.22), the compressive strength of the reinforcement is
neglected and the reinforcement stresses must be non-negative.

The concrete is treated as a Mohr-Coulomb material with a tension cut-
off. For plane stress, the criterion is given as follows in principal stresses:

o1 < fi
koy — o2 < fe (4.23)

—02 S fc
where f; is the uniaxial tensile strength of the concrete, f. is the uniaxial
compressive strength, and k is a friction parameter. The criterion is linear

in principal stresses, but non-linear in terms of 04, Oym, and 7pym,. The
criterion (4.23) can be cast as a single conic constraint and a couple of linear
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constraints, hence, the criterion fits the format of second-order cone pro-
gramming. The exact formulation for second-order cone programming of the
Mohr-Coulomb criterion for plane stress has been given in Section 3.3 and
will not be repeated here.

Von Mises yield criterion

The von Mises yield criterion is commonly used for metals and is based on
the second stress invariant, J,. The criterion can be stated as:

V3L <, (4.24)

where f, is the uniaxial yield strength of the material. For plane stress, J,
is given as

(00 — Uy)Q UZ O 2
e o

6 6 6 Y

and by introducing three auxiliary variables, (4.24) can be formulated as a
single conic constraint. The details are given in Section 3.3.

Jy =

4.1.5 Examples

In this section, four examples using the two-dimensional and the three-
dimensional plane stress elements are presented. The convergence rate and
computational time will be analysed for the different examples. The meshes
for examples 3 and 4 are generated using GiD v12 (Ribé et al., 1998).

Example 1: Deep beam with shear supports

The first examples is a deep reinforced concrete beam subjected to a uni-
formly distributed load acting on the top boundary. The deep beam is sup-
ported at the left and right boundaries by shear supports as seen in Figure
4.5.

The analytical solution to the deep beam problem is well-known (Nielsen
and Hoang, 2010) and can be obtained using homogeneous stress triangles
(Nielsen, 1971) and the mesh on the left side in Figure 4.5. The exact limit
load is given as

4O N2 f,
e O 4.25
FEaraey e s (4.25)
The mechanical reinforcement ratio ® is defined as
b = As fy
tf.
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¢
IR

L/2

Figure 4.5: Deep beam with shear supports including mesh for the analytical
solution (left) and for the convergence analysis (right).

where A, was the cross sectional area of the reinforcement per unit length.
Using h =2 m, L =6 m, f. =20 MPa, and ® = 0.075, the exact limit load
is p* = 0.6202 MPa. The symmetry is exploited for the model, and a lower
bound to the exact limit load is calculated using the structured mesh shown
on the right-hand side of Figure 4.5.

Table 4.1: Limit load, error, and computational time for the deep beam
problem.

nel  p [MPa] Error [%] Time [s]

64 0.5555  10.42 0.15
256  0.6053 2.40 0.68
1,024 0.6177 0.39 3.57
4,096 0.6191 0.17 16.18
16,384 0.6193 0.13 67.36

Table 4.1 shows that the structured mesh approaches the exact limit load
p* from below as the number of elements nel increases. The computational
time appears to be roughly proportional to the problem size (or at least a low
order polynomial complexity), which will be discussed later in this section.

Example 2: Circular disk with hole

The second example is a circular concrete disk with a concentric hole loaded
by radial pressure. The geometry, mesh, and loading are shown in Figure
4.6. The geometry of the disk is defined by the radius of the hole, a, and the
radius of the disk, R.

A structured mesh is used for the modelling, and only one quarter of
the disk is modelled as seen in Figure 4.6 utilising the symmetry. The only
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Figure 4.6: Circular disk with a concentric hole loaded by radical pressure
p. Mesh discretisation is shown in the lower right quarter.

supports used for the model is symmetry supports. Due to the curved edges
of the disk, the mesh approximates the actual geometry of the disk, and the
accuracy of the approximation will increase with the mesh density. The exact
analytical solution to the circular disk problem is given as

p*=<1>fc(§—1)§fc

according to Nielsen and Hoang (2010). R is chosen as 3 m, a as 1 m, f, as
30 MPa, and ® as 0.100, hence, the exact limit load is p* = 6 MPa.

Table 4.2: Limit load, error, and computational time for the circular disk
problem.

nel  p [MPa] Error [%] Time [s]

64 5.6086  6.62 0.15
256 5.8842  1.93 0.67
1,024 5.9675  0.54 2.07
4,096 5.9901  0.17 9.26
16,384 5.9924  0.13 46.44

Table 4.2 shows that the model approaches the exact limit load from
below, which is to be expected using a lower bound element. The computa-
tional time is slightly lower than for the deep beam example, but the overall
tendency is the same: The computational time is proportional to the problem
size to a lower order of power.
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Example 3: Cantilever I-beam

A cantilever steel I-beam is subjected to a uniformly distributed load acting
in the centreline on the top of the web. The beam is modelled using the gen-
eralised, three-dimensional plane stress element introduced in Section 4.1.3.
The material is modelled using the von Mises criterion with a yield strength
of f, = 250 MPa. The beam has a length of 3 metres. The web has a height
of 300 mm and a thickness of 10 mm, while the flanges have a width of 300
mm and a thickness of 10 mm. The plastic moment capacity of the I-beam
is calculated to be 281 kNm, which corresponds to a limit load of p* = 62.5
kN /m.

p
§§}¢¢¢¢¢¢¢¢¢¢¢
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Figure 4.7: a) Support condition and loading, b) medium mesh density of
the I-beam using 948 elements.

Four different meshes are analysed whereas the medium density mesh is
shown in Figure 4.7(b). The beam is supported in all three directions at the
left end as shown in Figure 4.7(a). With a thickness of just 10 mm, the effect
of local bending in the web and flanges will be negligible, and the external
load will be carried almost exclusively via in-plane forces. Using a plane
stress element will therefore provide a decent estimate of the load carrying
capacity despite omitting the local bending in the web and flanges.

The von Mises criterion requires fewer constraints and variables than the
reinforced concrete criterion, hence, the computational time is lower for the
same number of element as seen in Table 4.3. The load capacity is also shown
in Table 4.3 and it is seen that it exceeds the analytical capacity slightly. This
is due to the nature of the von Mises criterion where the stresses can exceed
the yield strength f, provided either compression or tension in two direc-
tions. Figure 4.8 shows the largest and smallest principal stresses near the
supported end of the cantilever, and it can be seen that the stresses exceeds
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Table 4.3: Limit load and computational time for the cantilever I-beam
example.

mesh nel  p [kN/m] Time [s]
Coarse 238 63.24 0.28
Medium 948 64.18 0.95
Fine 3,616 64.90 4.47
Very fine 14,646 65.24 21.38

fy in areas where both principal stresses are either positive or negative.

(a) o1 (b) o2

Figure 4.8: Largest and smallest principal stresses, oy and o respectively,
near the support of the I-beam using the fine mesh with 3616 elements.

Example 4: Four-storey stairwell with door openings

The fourth and final example is a four-storey stairwell of reinforced concrete.
The stairwell features four door openings and is subjected to a shear force
acting on the top the wall with the door openings as illustrated in Figure
4.9.

The shear load cause shear and torsion in the structure. The shear walls
have a thickness of 180 mm and are reinforced with two layers of ()8 rebars
per 150 mm in both directions. The shear walls will have a considerable
bending strength which is not taken into account when using the presented
generalised plane stress element. The model will therefore provide a some-
what conservative lower bound of the capacity of the wall. In order to utilise
the local bending of the walls, sufficient connections between the panels are
required. This can be ensured for in-situ cast structures, but not necessarily
for precast concrete structures.
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Figure 4.9: a) Four-storey stairwell subjected to a shear force which in-
duces bending, torsion and shear in the structure. b) Coarse mesh with 864
elements. Dimensions are given in metres.

The reinforcement has a design yield strength of f,; = 458 MPa, and
it is assumed that the reinforcement only carries tension. The concrete has
a uniaxial compressive design strength of f.; = 21.43 MPa and the tensile
strength is taken as zero. The wall is analysed for two different effectiveness
factors v, namely v = 1 and v = 0.7 — f./200 = 0.55 where f. is the
characteristic concrete strength (f. = 30 MPa). The effective design concrete
strength is given as v f.4.

Table 4.4: Limit load and computational time for the stairwell example.

p [kN/m]
mesh nel v=1 v=055 Time [s]
Coarse 864 85.27  85.06 2.15

Medium 3,564 88.62  87.80  14.78
Fine 11,379 89.25  88.46  56.53

Table 4.4 shows that the coarse mesh gives a reasonable estimate despite
only using 864 elements. The fine mesh gives less than 5 % additional capac-
ity even though it uses more than 13 times the number of elements. It is also
observed that the effectiveness factor v hardly affects the capacity in this
example, since the reinforcement is governing the behaviour of the stairwell:
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Figure 4.10: Failure mode (a) and smallest principal stresses (b) of the
statrwell example using the fine mesh and v = 1.

Less than one percent difference is found between using v = 1 and v = 0.55.

Figure 4.4 shows the failure mode and smallest principal stress for the
shear wall with the door openings. The failure mode is interpreted from
the dual solution, i.e. the solution to the corresponding kinematic problem.
The stairwell fails in a bending failure as illustrated in Figure 4.4(a). Local
failure also occurs near the top of the door openings in the bottom storey.
Figure 4.4(b) shows that compression struts are formed between the door
openings. The slender columns to the left of the door openings carry consid-
erable stresses, and the largest compressive stresses approach the compressive
strength of the concrete.

Computational time

The computational times for the four examples are plotted as a function of
the number of elements in Figure 4.11. It is observed that all curves are
approximately linear in the double logarithmic coordinate system and are
therefore power functions.

It is seen that the computational time is approximately proportional to
the number of elements to the power of 1.1, illustrated by the curve denoted
O (n'1). The third example, the cantilever I-beam, had a lower computa-
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Figure 4.11: Computational time for the four examples as a function of
the number of elements.

tional time, however, the slope is still the same as the other examples.

4.2 Modelling in-situ cast joints

Joints cast on the construction site are necessary to connect the precast
concrete elements. The boundaries of the precast panels (with the exception
of the bottom) are typically reinforced with loop reinforcement, i.e. U-bar
loops. The vertical interfaces of the precast panels are often indented, and
these types of joints are commonly referred to as keyed joints.

A four-storey precast shear wall is shown in Figure 4.13. The wall is
subjected to external loads and the in-situ cast joints are crucial to transfer
the loads to the foundations of the shear wall. The strut-and-tie and stringer
methods are commonly used in practice to assess the capacity of shear walls
and joints. A strut of a given width crossing a joint will subject the joint and
interfaces to shear and confinement, which in practice is checked against the
design criterion of the standard. If the confinement is insufficient, transverse
reinforcement can be added to increase the shear capacity of the joint.

As discussed in Section 1.1.1, the construction techniques for in-situ cast
joints lead to several issues and impose rather high requirements on the
ductility of the steel used for the U-bar loops. Moreover, the U-bars are
straightened through a narrow gap as seen in Figure 4.13, and it cannot be
guaranteed that the U-bars are placed closely together in practice.

During the 1970s and 80s, several papers were published on the topic
of shear capacity of keyed joints: Fauchart and Cortini (1972), Hansen and
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Figure 4.12: Four-storey shear wall constructed from precast panels con-

nected by in-situ cast joints.
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(a) In-situ cast joint connecting two (b) Horizontal section A-A
precast panels

Figure 4.13: a) Precast concrete panels connected by in-situ cast joints. b)
Horizontal section of a keyed joint reinforced with U-bar loops and a locking
bar in the centre.

Olesen (1976), and Rizkalla et al. (1989) present experimental results for
various different geometries and material parameters. Moreover, Hansen and
Olesen tested joints with different reinforcement layouts. Cholewicki (1971)
also presents experimental results and discuss the deformation capacity of
such joints, while Bhatt (1973) and Bljuger (1976) discuss analytical and
semi-analytical models for keyed joints.

Attempts to establish simple mechanical models based on limit analysis
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Figure 4.14: (a) Simplified failure mechanism (Jensen, 1975; Christof-
fersen, 1997) and (b, c) strut-and-tie models (Christoffersen, 1997; Nielsen
and Hoang, 2010) for analytical modelling of shear capacity of keyed joints.

for the ultimate limit state design of in-situ cast joints have been published:
This includes both upper bound solutions based on the yield line theory
(Jensen, 1975; Christoffersen, 1997) and lower bound methods based on strut-
and-tie models (Christoffersen, 1997; Nielsen and Hoang, 2010; fib bulletin 43,
2008), see Figure 4.14. Jorgensen (2014) presented several analytical upper
bound solutions to a similar type of joints, namely wire loop connections.

In spite of the extensive work to establish a rational mechanical model
for the behaviour of in-situ cast joints, the standards still use simple design
formulas derived from experimental data (see e.g. Eurocode 2, European
Committee for Standardization, 2008, discussed in Section 1.1.1). Moreover,
neither the models based on limit analysis nor the current standards consider
the reinforcement layout or the effects it can have on the capacity and failure
mode of the joint. Hansen and Olesen (1976) observed that the reinforce-
ment layout severely altered the failure mode of the specimens and decreased
the capacity as well. Depending on the joint and reinforcement layout, the
current standards may overestimate the capacity as the complex stress field
within the joint is not accounted for.

4.3 Detailed modelling of joints

In order to assess the behaviour of keyed shear joints for different reinforce-
ment layouts, a detailed plane stress model based on finite element limit
analysis is developed. The work presented in this section is also presented in
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Paper I (Herfelt et al., 2016).

Lower bound limit analysis

The method of finite element limit analysis was deliberately chosen over con-
ventional incremental non-linear finite element analysis for several reasons:
First and foremost, the chosen approach allows the results to be placed in the
same context as the existing analytical models based on limit analysis. Sec-
ondly, finite element limit analysis is extremely efficient from a computational
point of view as discussed in Section 1.3 and shown in Section 4.1.5: Large
problems with millions of variables can be solved in a matter of minutes on a
standard PC. Moreover, interior point methods discussed in Section 2.5 are
stable and numerical instability is rare. Finally, this detailed analysis should
be seen as the first, small step towards developing a general framework based
on finite element limit analysis for precast concrete structures.

The general formulation of lower bound finite element limit analysis was
presented in Section 3.2 and is repeated below:

maximise A
subject to BTo = p)\ + py (4.26)
floe) <0, i=1,2,....m

where o is the stress vector, and B7 is the global equilibrium matrix. The
load comprises a constant part py and a scalable part p\ where A is the load
factor sought to be maximised. The inequalities f(o;) < 0 ensure that the
stress in point ¢ satisfies the yield criterion described by the function f.

4.3.1 Keyed joints

We consider a keyed joint reinforced with U-bar loops in the transverse di-
rection and a locking bar in the longitudinal direction. The U-bar loops
are placed with a mutual distance u as indicated in Figure 4.15, thus, it
is necessary to mobilise the surrounding concrete in order to activate the
reinforcement.

The geometry of the keyed interface is defined by hq, hs, and d, while the
reinforcement layout is defined by o and uw. The width of the joint is given
by b and the out-of-plane thickness by ¢.

The detailed model will use the enhanced plane stress element presented
by Poulsen and Damkilde (2000) and Nielsen (2014) as well as in Section
4.1.1 and 4.1.2. The joint mortar and surrounding precast panels will be
modelled as unreinforced concrete using the plane stress element. Due to the
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Figure 4.15: FElevation and cross section of the basic keyed joint reinforced
with U-bar loops.

size of the model, the reinforcement will be modelled discretely instead of
smeared using a one-dimensional bar element (Poulsen and Dambkilde, 2000).
The bar element only provides dissipation along its axis and dowel action
is neglected. All shear forces and confinement has to be transferred via the
interface between the joint and the precast panels, hence, a suitable finite
element is needed to assess the behaviour and capacity of the interface.

A one-dimensional interface element with a width of zero is introduced.
The element has to be compatible with the plane stress element presented
in Section 4.1.1, thus, linear variation of stresses is required. Two stress
components can be present in the interface, namely a shear stress and a
normal stress, and traction continuity between the interface element and
adjacent plane stress elements must be satisfied, see Figure 4.16.

Plane stress el

+
On2, T2 Io1 q+2
n Interface elemen > N + 2
\/:rnl, T1 qul./V. qT_Q
t 1 T qr1 .
[eg
Plane stress el. 4

(a) (b)
Figure 4.16: a) Local coordinate system and stress variables of the interface

element, b) generalised nodal forces.

The four stress variables and eight generalised nodal forces are illustrated
in Figure 4.16. The stresses are simply transferred directly through the
interface, which simplifies the equations greatly together with the fact that
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the stresses are given in the local coordinate system. The local equilibrium
can be stated as:

| 1 0 0 0

qjl 0 -1 0 0

a 0 0 1 0] [ou

i

q= Z:_j = _01 8 8 01 JT; — Blo, (4.27)

= 0 1 0 0f]|mn

0o 0 0 -1 0

0 0 0 0 1

where B, is the element equilibrium matrix. Nielsen and Hoang (2010)
describe a suitable yield criterion for interfaces between joints and precast
concrete, which corresponds to the plane stress Mohr-Coulomb criterion with
a tension cut-off and one free normal stress, o;.

]

ft n

Figure 4.17: Yield envelope for the interface element.

Figure 4.17 shows the yield criterion described by Nielsen and Hoang
(2010). The modified Mohr-Coulomb criterion and its formulation for second-
order cone programming are presented in Section 3.3 and will not be repeated
here. While the criterion described by Nielsen and Hoang (2010) is slightly
different, the formulation is identical. In principal stresses, the criterion can
be stated as

o1 < fi

4.28
1{70'1 — 09 < 20\/% ( )

where o, and o9 are the largest and smallest principal stresses, respectively.
The properties of the interface are given by f;, the uniaxial tensile strength,
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¢, the cohesion, and k, a friction parameter defined as:

k= (\/;TH+ u>2 (4.29)

where p is the friction coefficient of the interface. The cohesion c is sensitive
to curing conditions. If cracking has not taken place, the cohesion can be
taken as ¢ = 0.55y/f. (Nielsen and Hoang, 2010). In practice, cracking
due to shrinkage will more or less always occur and the cohesion has to be
reduced substantially. For the following analysis, a cohesion in the range of
0 to 0.5 MPa will be used. The friction coefficient depends on the type of
interface, and for smooth interfaces, a friction coefficient of y© = 0.75 can
be used according to Dahl (1994) and Nielsen and Hoang (2010). Moreover,
the separation strength of the interface f; is chosen as zero for all interface
elements.

4.3.2 Model

The detailed numerical model will be compared with experimental data from
Hansen and Olesen (1976) and Fauchart and Cortini (1972). Moreover, the
model and the experimental data will be compared to the current design for-
mulas of the Eurocode 2. Hansen and Olesen tested 16 specimens in total:
Six were reinforced with U-bar loops and the remaining 10 were subjected
to external confinement. Fauchart and Cortini tested 10 specimens, all rein-
forced with U-bar loops.

Table 4.5: Geometry for the specimens by Hansen and Olesen (1976) and
Fauchart and Cortini (1972). All parameters are given in millimetres.

hi hy d b 1 0 l

Hansen and Olesen (1976) 40 40 6 50 50 30 1200
Fauchart and Cortini (1972) 167 83 20 145 90 115 1500

The geometric parameters of the two sets of specimens are listed in Ta-
ble 4.5, see also Figure 4.15. The specimens by Hansen and Olesen (1976)
featured short keys with a small key depth with a total of 14 full keys, while
the specimens by Fauchart and Cortini (1972) had longer and deeper keys
and a total of 5 full keys. Figure 4.18(a) shows the model including loading
and support conditions, while the meshes used for the model are displayed
in 4.18(b)-(e). The loading ensures that the centre line of the joint is loaded
in pure shear, and due to the anti-symmetric loading no forces are actually
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Figure 4.18: a) Sketch of the numerical model including boundary condi-
tions and loading; b) mesh for the specimens by Fauchart and Cortini (8,064
elements); ¢) zoom of the mesh seen in b) showing the keyed interface, two
pairs of U-bars (thick vertical lines), and two locking bars (thick, straight
horizontal lines), d) half of the mesh for the specimens by Hansen and Ole-
sen (20,024 elements); e) zoom of the mesh seen in d) showing the keyed
interface, a locking bar (thick horizontal line), and a pair of U-bars (thick
vertical lines).
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transferred to the supports, which are only used to restrict the model against
rigid-body movement.

The concrete of the joint is modelled using the Mohr-Coulomb criterion
for plane stress, see Section 3.3. Near the U-bar loops, the joint will nec-
essarily experience triaxial stress, hence, the assumption of plane stress is
conservative in those regions. Due to the poor behaviour of concrete loaded
in tension, a tensile strength of f; = 0 is assumed. The choice of effectiveness
factor v is discussed in Section 1.2: For lower bound models featuring direct
strut action an effectiveness factor of ¥ = 1 has been used by Nielsen and
Hoang (2010). Jorgensen (2014) adopted an effectiveness factor smaller than
unity, however, the models by Jgrgensen are upper bound models.

4.3.3 Comparison and analysis

The experimental results of Hansen and Olesen (1976) and Fauchart and Cor-
tini (1972) are compared to the detailed model based on finite element limit
analysis and the Eurocode 2. First and foremost, we define the reinforcement

ratio as
o SAut,
Acfe
where A, is the cross sectional area of the U-bar loops, f, is the yield
strength, and A. = t[ is the cross sectional area of the concrete. The Eu-
rocode design formulas were presented in Section 1.1 and are repeated below.
The shear capacity of keyed joints can be calculated as

= { CftAkey/Ac + ,U(ch
%Vchkey/Ac

, (4.30)

(4.31)

where Ag,, is the area of the keys, cf; is an expression for the cohesion of
the joint, and f; can be taken as 0.21f02/3 according to the Eurocode 2. For
keyed interfaces, an friction coefficient of © = 0.9 and a cohesion paramter
¢ = 0.5 can be used. It is worth noting that p = 0.9 is higher than the
value recommended by Dahl (1994) and Nielsen and Hoang (2010). For the
Eurocode 2 design formula, the effectiveness factor

Je
200

Vpoa = 0.7 — (4.32)
is used, where f. should be in MPa. It is important to emphasise that the
mean values of the material parameters are used for the comparison.

Figure 4.19 shows that the presented numerical model predicts a satis-
factory estimate of the shear capacity for a wide range of experiments. It

Department of Civil Engineering - Technical University of Denmark 73



4.3 Detailed modelling of joints Modelling precast structures

0.30

0.25 -

[
x

0.20

015 [ Xy

Ttest/fc
x

T
s
b

0.10

0.05 -

| | | | J

0.0 1
8.00 0.05 0.10 0.15 0.20 0.25 0.30

7_model/fc

Figure 4.19: Comparison of normalised shear capacity of the 24 experi-
ments (Hansen and Olesen, 1976; Fauchart and Cortini, 1972) and the nu-

merical model.

is observed that the model on average predicts a capacity slightly below the
experimental results, however, for a single specimen (no. 29, indicated by
a circle in Figure 4.19) the model overestimates the shear capacity consid-
erably. It is worth noting that specimen 29 is the only specimen where the
Eurocode 2 overestimates the capacity, see Figure 4.20(a) and Tabel 4.6.
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Figure 4.20: Comparison of the Eurocode design formulas with (a) experi-
mental results and (b) the presented numerical model.
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Figure 4.20(a) shows that the Eurocode generally underestimates the
shear capacity of the joints, in some cases by almost 60 %, see Table 4.6.
The errors shown in Tables 4.6 and 4.7 are computed as

Tmodel TEC2

-1

—1, and ege =
Ttest Ttest

€model =

The average error is —4.3 % for the presented model and —37.9 % for the
Eurocode design formulas. Figure 4.20(b) shows that the presented model
predicts a shear capacity considerably larger than the Eurocode. It is also ob-
served that only little scatter is seen in Figure 4.20(b) for 7/f. < 0.1. Table
4.6 and 4.7 shows all results in addition to the material data and geometry.
Specimens 01, 02, 03, 04, 05, 12, 13, 14, 18, and 29 by Hansen and Olesen
(1976) listed in Table 4.6, did not have any transverse reinforcement, and
external confinement pressure was added instead. Table 4.6 lists a reinforce-
ment ratio equivalent to the external confinement. It is seen that specimen
29 is the only externally confined specimen with an equivalent reinforcement
ratio above 0.10, however, the specimen yielded a shear capacity similar to
the capacities of specimens 12 and 13, which have equivalent reinforcement
ratios of 0.43 and 0.95, respectively.

The reinforcement layout of specimens 24 and 26 by Hansen and Olesen
(1976) makes them particular interesting: They both feature a suboptimal
reinforcement layout, i.e. a large value of u, and the presented model seems
to capture the behaviour well in comparison to the Eurocode 2. Specimen
25 is identical to specimen 26 with the exception of the reinforcement layout.
The determined stress fields and collapse modes of the two specimens are
displayed in Figure 4.21 and 4.22.

(a)

Figure 4.21: a) Collapse mode and b) lowest principal stress for specimen
25 by Hansen and Olesen (1976).

The thick blue lines in Figure 4.21(a) and 4.22(a) indicates the interface
between the precast panels and the joint mortar. The red lines represent the
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Table 4.6: Data and results of experiments by Hansen and Olesen (1976),
the numerical model, and Furocode 2.

fe o u  Test Numerical Eurocode 2
No. [MPa] [ mm 7/f. 7/f. Error [%] 7/f. Error %]
01 29  0.013 - 0.064 0.053 -17.2 0.029 -55.0
02 32 0.030 - 0.095 0.079 -16.8 0.044 -54.2
03 32 0.065 - 0.105 0.102 -2.9 0.066 -37.1
04 16 0.061 - 0.087 0.107 23.0 0.076 -13.0
05 53 0.018 - 0.068 0.064 -5.9 0.030 -55.6
12 25 0.043 - 0.140 0.092 -34.3 0.057 -59.9
13 23 0.095 - 0.146 0.133 -8.9 0.104 -28.8
14 25 0.039 - 0.099 0.088 -11.1 0.053 -46.4
18 2r  0.049 - 0.073 0.097 32.9 0.062 -15.6
29 17 0188 - 0.137 0.203 48.2 0.150 9.5

23 31 0.025 10 0.080 0.083 3.8 0.040 -50.5
24 26 0.030 150 0.072 0.068 5.6 0.045 -37.3
25 24 0.076 10 0.161 0.131 -18.6 0.087 -45.9
26 24 0.076 70 0.124 0.128 3.2 0.087 -29.8
27 15 0.139 10 0.213 0.189 -11.3 0.147 -31.0
28 13 0235 10 0.286 0.230 -19.6 0.150 -47.6

Table 4.7: Data and results of experiments by Fauchart and Cortini (1972),
the numerical model, and Furocode 2.

fe o u  Test Numerical Eurocode 2
No. [MPa] [-] mm 7/f. 7/f. FError|[%] 7/f. Error [%]

) 20 0.049 10 0.106 0.088 -17.0 0.057 -46.3
6 20 0.049 10 0.085 0.088 3.5 0.057 -33.0
7 20 0.096 10 0.120 0.126 5.0 0.099 -17.3
8
9

20 0.246 10 0.197 0.206 4.6 0.100 -49.4
20 0.047 10 0.104 0.086 -17.3 0.055 -47.0
10 20 0.096 10 0.148 0.126 -14.9 0.099 -32.9
11 20 0.096 10 0.148 0.126 -14.9 0.099 -32.9
12 20 0.191 10 0.208 0.186 -10.6 0.100 -52.2
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Figure 4.22: a) Collapse mode and b) lowest principal stress for specimen
26 by Hansen and Olesen (1976).

reinforcement, i.e. the loop reinforcement and locking bar. The deformed
shape of the reinforcement is determined by interpolating the location of the
nodes in the deformed mesh. The gray lines in Figure 4.21(b) and 4.22(b)
represents the reinforcement.

Figure 4.21(a) shows failure of the interface of specimen 25, whereas Fig-
ure 4.22(a) shows that the primary failure mechanism is a diagonal yield zone
through the core of the joint. This correlates well with what Hansen and Ole-
sen (1976) reported, namely that specimen 23, 25, and 27 failed by shearing
off the keys, while for specimens 24 and 26 the core of the joint was almost
completely destroyed. From Figure 4.21(b) and 4.22(b) it is clear that the
reinforcement layout heavily affects the stress field within the joint. Figure
4.21(b) displays clear, distinct struts, whereas Figure 4.22(b) shows that the
compression struts are disrupted by reinforcement layout. For specimen 26,
localised strut action are necessary to mobilise the loop reinforcement, which
of course affects the entire stress field. It is worth noting that the collapse
mode seen in Figure 4.21(a) as well as the stress field seen in Figure 4.21(b)
are similar to the simplified analytical models shown in Figure 4.14.

Figure 4.23 shows the shear capacity for the different specimens as a func-
tion of the reinforcement ratio (or equivalent reinforcement ratio for Figure
4.23(b)). The curves are computed by varying the yield strength of the re-
inforcement. All specimens by Fauchart and Cortini (1972) have the same
geometry and concrete strength, see Table 4.7, hence, they are all plotted
together, and it is seen Figure 4.23(a) that the presented numerical model
provides an excellent estimate of the shear capacity of these specimens.

The results of the specimens with external confinement by Hansen and
Olesen (1976) are somewhat scattered as seen in Figure 4.23(b), but the nu-
merical model provides a decent estimate nevertheless (with the exception
of specimen 29 as discussed earlier). Figure 4.23(c) and (d) show that the
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Figure 4.23: Fxperimental for the specimens by Fauchart and Cortini
(1972) and Hansen and Olesen (1976) and capacity curves computed using
the presented numerical model.

experimental results fall close to the computed capacity curves for the spec-
imens. A substantial difference is observed between the curves of specimens
23 and 24, as well as specimens 25 and 26, respectively, and the effect of the
reinforcement layout can be seen clearly.

Despite the fact that little to no cohesion was assumed for the interface of
the numerical model, a pseudo cohesion seems to be present in Figure 4.23(a)
and (b), if the linear part of the curves is extended to intersect the (7/f,)-
axis. This is similar to the cohesion shown in Figure 4.17. The pseudo
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cohesion seems to take a value of approximately 5 % of the compressive
strength, however, this value will most likely depend on the reinforcement
layout amongst other parameters. This pseudo cohesion seems to be a result
of the keyed interface, where local failure at the corners of the keys occur.

Computational effort

The presented model requires several thousand plane stress elements in addi-
tion to the interface elements and bar elements. Solving the resulting math-
ematical optimisation problem (4.26) requires a considerable computational
effort. The detailed model for the specimens by Fauchart and Cortini (1972)
uses more than 8 000 finite elements, while the model for the specimens by
Hansen and Olesen (1976) uses 20,000 finite elements. The sparsity of the
problem (4.26) will increase with the number of elements, and for larger prob-
lems the system matrix will be extremely sparse. The sparsity is exploited
in the solver (MOSEK ApS, 2015).

Table 4.8: Number of elements, problem size, and computational time for
the numerical model.

Hansen and Fauchart and
Olesen (1976)  Cortini (1972)

Plane stress el. 19,040 7,520
Interface el. 596 236
Bar elements. 388 308
Variables 1,364,509 539,709
Linear constraints 1,305,890 516,428
Conic constraints 134,472 53,112
Computational time 94.14 s 37.10 s

Table 4.8 shows the problem sizes and computational time for the two
meshes seen in Figure 4.18. The model for the specimens by Hansen and
Olesen (1976) uses more elements due to the number of keys, and the re-
sulting optimisation problem has more than 1.3 million variables and linear
constraints. Moreover, 134,472 conic constraints are required to model the
yield functions of the plane stress elements and interface elements. Table
4.8 shows that the computational time is approximately proportional to the
problem size, similar to the analysis in Section 4.1.5, and even large problem
can be solved in a matter of minutes.
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4.3.4 Summary

The presented model was validated by comparison to the experimental data
and satisfactory correlation was found: The numerical model predicted a
decent estimate of the shear capacity approximately 4 % below the exper-
imental result on average. The design formulas of the Eurocode 2, on the
other hand, underestimate the shear capacity by 38 % on average despite the
use of mean strength values for the materials.

The numerical model accounts for the effect of the reinforcement layout,
which was shown to be quite substantial for some of the experiments by
Hansen and Olesen. Moreover, the model computes the optimal, statically
admissible stress field from the lower bound model and corresponding failure
mechanism can be interpreted from the solution to the corresponding dual
problem. All in all, the model provides unique insights into the ultimate
limit state behaviour of keyed joints.

The findings can be used to optimise the joint geometry, i.e. comput-
ing the optimal depth of the keys. Such optimisation is relevant for precast
concrete manufactures which will benefit from the optimisation through the
mass production of the optimised panels. For consulting engineers designing
entire buildings, however, the level of detail of the presented model is far to
high. Moreover, modelling larger structures using the presented model would
result in enormous computational problems which would require computa-
tional resources not available to consulting engineering companies.

4.4 Joints in two dimensions

The scope of the present work is to develop a framework for finite element
limit analysis of precast concrete structures. The detailed model presented
in Section 4.3 and Paper I (Herfelt et al., 2016) is able to assess the complex
stress field within the joint and capture the local failure mechanisms, however,
for practical design of precast concrete structures it is simply not feasible to
use that level of detail. The four-storey wall seen in Figure 4.12 comprises
a total of 12 panels and more than 50 metres of in-situ cast joints in total,
hence, it would require millions of elements to obtain the same level of detail
as the model presented in Section 4.3.

In this section, a multiscale finite element for modelling of in-situ cast
joints is presented (see also Paper II, Herfelt et al., 2017a). The multiscale
element comprises a macro joint element, which interacts on the element level,
and a so-called submodel criterion which is used to assess the behaviour of
the joint on the sub-element level. Like the plane stress elements, the joint
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element will be a lower bound element, and it will be compatible with the
aforementioned plane stress elements presented by Poulsen and Damkilde
(2000) and in Section 4.1. The scope is to be able to model entire wall
systems, e.g. the four-storey wall seen in Figure 4.12, using a limited number
of the joint elements. The element of course also requires an adequate yield
function which can capture the mechanisms identified by the detailed model
in Section 4.3. For this purpose a submodel yield criterion is developed, i.e.
a simple mechanical submodel is used on the sub-element level to obtain the
relevant stress field within the joint and enforce the material yield criterion
on the submodel level.

Plane stress is still assumed, and the presented joint element and sub-
model yield criterion will fit the format of second-order cone programming.
The developed macro element and submodel will be compared to the detailed
numerical model as well as the experimental results by Hansen and Olesen
(1976) and Fauchart and Cortini (1972).

4.4.1 Macro joint element

A lower bound element is developed, and the general problem formulation
will be identical to the one presented in Section 3.2:

maximise A
subject to BTo = p\ + py (4.33)
fle) <0, i=1,2,...,m

In this case, however, the yield function f(o;) is the so-called submodel yield
criterion, i.e. the notation f(o;) represents both several additional equilib-
rium equations which are enforced on the submodel level, and the material
yield criterion which take the submodel stress fields as input. Expanding the
yield function in (4.33) gives

maximise A

subject to BT o =p A+ p
CsB + Coa+ C vy = C (4.34)
E,3 +E,a+E,v < E,
Y € Qk,, t=1,2,....m

where C,, C,, and C, are the matrices associated with the equality con-
straints for the yield function, and E,, E,, and E, are the matrices asso-
ciated with the inequality constraints. The vectors, Cy and Ey, typically
contain material strength parameters or similar.
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Two different vectors are used for the auxiliary variables for the yield
function, namely a and =, where « is used to establish the second-order
constraints, v; € Q.. 7y is a subset of v associated with the 7th check point
and Qy, represents a conic set of size k;, see Section 2.3.

On the element level, the equilibrium equations and yield functions can
be stated as

Bzzo-el = {el

Clioy + Cliay + Clim; = C,  i=1,2,...,my
Edio, + Edio, + By, < B, i=1,2,...,mg
~i € O, i=1,2,...,ma

(4.35)

The vector g,; contains the contributions to the equilibrium equations on the
global level, o.; contains the stress variables of the given element, and B, is
the element equilibrium matrix. The matrices C® and E define the yield
function for the m,; check points of the element.

We now consider a unit section of a joint. The unit section has exactly
one pair of U-bar loops and is defined by the length s, see Figure 4.24. The
unit joint section will comprise more than one key if the loop reinforcement
pairs are placed with a considerably distance, i.e. if s is large, see Figure
4.24(Db).

The horizontal black line in the centre of the joint represents the locking
bar, while the vertical lines represent the transverse reinforcement, i.e. U-
bar loops. The unit joint sections seen in Figure 4.24 are defined by the
aforementioned length s, the width b, and the out-of-plane thickness ¢. The
loop reinforcement of the unit section is assumed to be placed with a mutual
distance u, see Figure 4.24. It has already been shown in Section 4.3 that this
value, u, affects the capacity as well as the failure mode of the joint, and it
is therefore crucial to establish a model capable of modelling this behaviour.

The joint element only models the behaviour of the core of the concrete,
i.e. the localised effects that take place inside the joint. The behaviour of the
interfaces will be modelled using the interface element presented in Section
4.3, and the values adopted for the cohesion and friction for the comparison
to the detailed numerical model and experimental results will be discussed
later.

The macro finite element is formulated in the following. The length and
orientation of the macro joint element is defined by the two end nodes seen
in Figure 4.25(a). The joint element will dictate the distribution and transfer
of stresses through the joint. The element will be formulated for interaction
with the plane stress element which has a linear stress field. Due to the
requirement of traction continuity, the joint element will necessarily also
have a linear variation of stresses.
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Figure 4.24: Unit section forming the basis of the joint model.

T Plane stress el.

Plane stress el.

(a) (b)

Figure 4.25: a) Geometry of the macro joint element including local coor-
dinate system and stress variables. b) Nodal forces of the joint element and
compatibility with the plane stress element.
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One key feature of the joint element is the ability to establish compression
in the longitudinal direction via shear from adjacent panels. This means that
the shear stress can vary in the top and bottom halves of the element and
a four shear stress variables are necessary to describe two linear variations.
The transverse normal stress is assumed to be transferred directly through
the joint, hence, two variables are sufficient. The linear variation of shear
stresses leads to a quadratic variation in the normal stress in the longitudinal
direction (t-direction), thus, three variables are needed. In total, nine stress
variables are used for the joint element:

_ T

O = [anl Ona Ty To T Ty Ou O th] (4.36)
The macro element contributes to 12 equilibrium equations, four for each of
the two adjacent plane stress elements ensures traction continuity, and four
equations to ensure equilibrium in the longitudinal direction. The equilib-
rium equation on the element level can be stated as

T
qel = Belo-ela

where g; contains the 12 nodal forces, and B, is the local equilibrium matrix.
Due to the fact that the stress variables are given in local coordinates, no
transformations are needed. The quantities g and B are explicitly given
in (4.37):

f¢y] [t 0 0 0 0 0 0 0 0
ah 0O 0 -t 0 0 0 0 0 VN
0 0 t 0 0 0 0 0 0 0 Inl
s 00 0 —t 0 0 0 0 0 i’f
ot In ~t 0 0 0 0 0 0 0 0 T}

B @ 00 0 0 ¢t 0 0 0 0 2 .
[q ] “le | Tl 0 =t 0 0 0 0 o0 0 0 1| =Baoa
an 0 00 0 0 0 ¢t 0 0 0 T2

| |00 0 0 0 0 bt 0 o ||

aNa O 0 0 0 0 0 0 —bt 0 g2

o1 0 0 t 0 —t 0 bt bt _gbt | L0

L g ] L O 0 0 ¢t 0 —t -3 35 4b
(4.37)
and

q+
9e = |G
an

where g denotes the four nodal forces associated with the positive side of
the joint, g~ denotes the four nodal forces associated with the negative side,
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see Figure 4.25(b), and gy denotes the four equations that ensure equilibrium
in the longitudinal direction. Each point along the joint element has a stress
state defined by four stress variables, namely o,, o;, 7, and 7, which is
passed on to the submodel yield criterion and checked using the submodel
yield criteiron.

4.4.2 Submodel for two-dimensional behaviour

The scope of the submodel yield criterion is to capture the behaviour and
the critical mechanisms within the joint identified by the detailed model in
Section 4.3. The submodel is based on the aforementioned unit joint section
illustrated in Figure 4.24, which is subjected to shear as well as axial forces
in two directions.

The general idea of the submodel yield criterion is to divide the seemingly
complex problem into smaller parts. This is illustrated in Figure 4.26 where
three rather simple stringer models are introduced. A modified version of
the stringer models is used where confinement stresses acting on the rectan-
gular panels replace the function of the smeared reinforcement, which is not
available in the zones considered. For a general description of the stringer
method, the reader is referred to Keern (1979) and Damkilde et al. (1994).
Each of the three models imposes constraints on the stress field in the joint
and represents a basic state of stresses. The three basic stress states are then
added together to obtain the actual stress state of the combined problem,
which is then checked against the appropriate material yield criteria for the
joint mortar and reinforcement, respectively.

Plane stress is assumed for the submodel yield criterion similarly to the
detailed model presented in Section 4.3. The geometry of the loop reinforce-
ment will necessarily lead to a triaxial stress state within the joint, however,
the out-of-plane mechanisms are neglected and plane stress is assumed to
obtain a safe lower bound solution. Due to this assumption, the model may
underestimate the capacity in some cases.

The first stringer model, see Figure 4.26(b), activates the reinforcement,
which is required in order to transfer tension across the joint or to estab-
lish confinement pressure on the joint. From the stringer model, it can be
seen that tension in the loop reinforcement necessarily will induce shear in
the centre row of panels. From the moment equilibrium of the model, the
following relations can be derived:

Vv u T U T
_L_tr _ __1>_ 4.38
721 ot sot 722 <s ot ( )

where T' is the tension force in the U-bar loops. From the antisymmetry of
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Figure 4.26: Unit joint section and the three stringer models: The be-
haviour of the unit joint section is governed by three stringer models, each
describing a key mechanism, namely transverse tension, shear, and compres-

sion, respectively.
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the stringer model, it can be concluded that 757 = 793. The stringer force V'
seen in Figure 4.26(b) will be balanced out by an adjacent joint element.

The stringer model for transfer of shear stresses is shown in Figure 4.26(c).
The horizontal boundaries of the model may be subjected to shear of differ-
ent magnitudes, which leads to a linear varying normal force in the central
stringer, i.e. the locking bar. The shear in the two panels of the stringer
model will be equal to the applied shear stresses, 7" and 77:

=T, T3=T , (4.39)
Horizontal equilibrium for the central stringer gives the following equation:
Fﬁr - F}; = St(Tl — Tg) (440)

The shear panels 1 and 3 seen in Figure 4.26(c) overlap the three shear panels
of the first stringer model, Figure 4.26(b). The resulting shear stresses can
simply be computed by adding the appropriate stresses.

Contrary to the ordinary stringer method, the panels are not reinforced
and all reinforcement is modelled discretely as stringers. Instead, confinement
pressure is added, which may originate from externally applied loads or from
stresses developed to create internal equilibrium with the tensile forces of
the reinforcement. The stringer model shown in Figure 4.26(d) describes the
transfer of compression through the joint. Equilibrium is required for the
horizontal boundaries of the unit joint section: The transverse normal stress
o, is balanced by the stringer forces of the two previous stringer models, T'
and V', as well as the confinement pressure o,;:

S—U

sto, =T -V — t(op1 + Ong) — utopg (4.41)

Equilibrium is likewise required for the horizontal boundaries of the unit joint
section:

b—o
Tt (U;i —l—a,fg) —oto},

_ _ b—o, , = _
Ft = F‘lt - 2Ft - Tt (Utl +0t3) - OtO-tQ

Ft+ = Fl:r —2F —
(4.42)

The shear stress in the panels will be symmetric about the vertical centre line
of the unit join section, hence, the confinement pressure in the n-direction
will be symmetric as well, i.e. 0,1 = 0,3. For simplicity, the same is assumed
for the confinement in the longitudinal direction, i.e. 0;; = o3, which may
lead to a lower shear capacity when 7 # 77,
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Yield criteria on the submodel level

The normal stress in the t-direction will vary linearly when 7+ # 77, hence,
to ensure a statically admissible and safe stress field on the submodel level,
the stresses have to be checked in several locations. Given a position in the
joint, the resulting stress state can be established from the shear stresses
of the two first stringer models and the normal stresses of the last stringer
model, see Figure 4.26. The number of stress states to be checked can be
reduced by exploiting the symmetry of the model, and a total of eight stress
states is sufficient for the panels to ensure a safe stress field. The submodel
comprises two different types of stringers, namely reinforcement stringers
and compression stringers. The reinforcement stringers are, as the name
indicates, stringers where reinforcement is present, hence, they can carry
tension. Compression stringers, on the other hand, cannot carry tension
since no reinforcement is present and confinement is required to keep the
stringer in compression.

We assume that the reinforcement stringers only carry tension, and the
tensile force is limited by the yield strength of the reinforcement. The yield
condition can be stated as

0< T < Asufyu
0<FE;<Agufy (4.43)
0< F}; < Aslfyl

where Ag, and Ay seen in (4.43) are the cross sectional areas of the U-bar
loops and locking bar, respectively, while f,,, and f,; are the yield strengths.

The horizontal stringers shown in the stringer model for transverse ten-
sion, Figure 4.26(b), are the aforementioned compression stringers. The con-
finement force F; shown in 4.26(b) and 4.27 ensures that the stringer is loaded
in compression.

S*’U,j S—Uu
7Ft+7'21t 5

—F, — 11t >

Figure 4.27: Stringer force distribution of the unreinforced compression
stringers subjected to shear stress from adjacent panels as well as confining
forces at the ends.
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Figure 4.27 shows the stringer force distribution, and the criterion for the
compression stringers can be stated as a linear inequality:

S—Uu
—Ft+7'21t

<0 (4.44)

Finally, the Mohr-Coulomb criterion for plane stress is used for the shear
panels of the submodel. The exact formulation of the criterion using second-
order cone programming is given in Section 3.3, where it was shown that
the criterion can be formulated for second-order cone programming using a
single conic constraint. In principal stresses, the criterion can be stated as:

o1 < [
koy — o9 < f. (4.45)
—02 S fc

where o7 and o, are the largest and smallest principal stresses, respectively.
fi and f. are the uniaxial tensile and compression strengths of the joint
mortar, and k is a friction parameter usually taken as 4 for normal strength
concrete corresponding to an internal angle of friction of approximately 37°.

4.4.3 Validation and comparison

In the following section, the developed multiscale joint element is analysed.
The results are compared to the detailed model presented in Section 4.3 as
well as the experimental results by Hansen and Olesen (1976) and Fauchart
and Cortini (1972). The scope of this analysis is to maximise the applied
shear load for a given joint configuration. The shear load is applied on both
sides of the joint, see ¢}, ¢, ¢, and ¢, in Figure 4.25(b). No normal
forces are introduced via the external loading, see Figure 4.28.

Figure 4.28: Model for the analysis including supports and loading: The
dashed lines indicates the interface elements representing the interface be-
tween the precast panels and the in-situ cast joint.

In practice, the keys near the ends of the joint is used to establish a com-
pressive force in the longitudinal direction, which increase the shear capacity
considerably. To simulate this behaviour using just a single joint element,
both ends are modelled as supported, i.e. equilibrium is not required for
the generalised nodal forces qy; and gy, see Figure 4.25(b). The specimens
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tested by Hansen and Olesen (1976) and Fauchart and Cortini (1972) and
the detailed model are of course subject to such boundary effects, and the
analysis using the presented joint element may therefore overestimate the
capacity slightly due to this choice of supports.

Two interfaces are indicated in Figure 4.28 (dashed lines), which are
used to represent the interface between the precast panels and the in-situ
cast joints. The yield envelope of the interface element is defined by two
parameters, namely the cohesion and the friction coefficient. For the analysis,
these parameters will be fitted to the curve of the detailed model. It was
observed in Section 4.3.3 that the keys add pseudo cohesion to the interface
in the order of approximately 5 % of the compressive strength, however, the
magnitude of this pseudo cohesion depends on the geometry of the keys as
well as the reinforcement layout. A friction coefficient of 1 = 0.6 is used for
all specimens by Hansen and Olesen (1976), while p = 0.75 is used for the
specimens by Fauchart and Cortini (1972). The cohesion for the interface
elements varies between 5 % and 11 % of the concrete strength of the given
specimen and is listed in Table 4.9.

Table 4.9: Fitted values of the cohesion and friction coefficient for the in-
terface elements used for the analysis.

Hansen and Olesen c L
Specimens [fe] ]
23 7% 0.6
24 6% 0.6
25, 26 8% 0.6
27, 28 11% 0.6
01, 02, 03, 04, 05, 6% 0.6

12, 13, 14, 18, 29

Fauchart and Cortini c Ju
Specimens [fe] ]
All 5% 0.75

Similarly to the detailed model, an efficiency factor of v = 1 has been
used, i.e. the compressive strength is not reduced. This is due to the fact
that the detailed model showed that the primary load carrying mechanisms
is direct strut action with a deep strut inclination. A brief discussion on the
efficiency factor was given in Section 1.2.
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The normalised shear capacity of the joints will be plotted as a function
of the mechanical reinforcement ratio which was defined as:

. Z Asufyu
=0

where A. = tl is the cross sectional area of the concrete with ¢ being the
thickness of the joint and [ is the the total length of the considered joint.

Hansen and Olesen (1976) investigated the behaviour of keyed joints with
different reinforcement layouts, and some of the specimens features a consid-
erable distance between the U-bar loops, i.e. a large value of u, see Figure
4.24 and 4.26. Hansen and Olesen reported that the specimens with a large
value of u gave a lower shear capacity and that the joints were completely
destroyed upon failure. As shown in Section 4.3.3, the detailed model in
captured this behaviour to a satisfactory degree.

170150 9970
(a) Specimen 24 (b) Specimen 26

Figure 4.29: The two specimens with a considerable distance between the U-
bars tested by Hansen and Olesen (Hansen and Olesen, 1976), measurements
i millimetres.

The geometry of the specimens are given in Table 4.5. Figure 4.29 shows
the two specimens which featured large values of u, while the U-bar loops were
placed with a distance of 10 mm for the remaining specimens by Hansen and
Olesen. For specimen 24 and 26, the shear capacity is illustrated as a function
of the reinforcement degree in Figure 4.30 together with experimental results
and the results of the detailed model. Figure 4.31 and Table 4.10 and 4.11
shows the results for all specimens.

Figure 4.30 shows that a single joint element using the submodel yield
criterion can capture the same behaviour as the detailed model. The first,
non-linear part of the curve is governed by the interface elements, which can
represent the behaviour of the keyed interface with a reasonably accuracy
by fitting the cohesion and friction coefficient of the interface element to the
detailed model.

The submodel criterion governs the horizontal limit for the capacity. It is
observed that the submodel provides an excellent estimate of the plateau, i.e.
the upper limit for the shear capacity. The submodel criterion overestimates
the capacity of specimen 24 slightly for lower reinforcement ratios, however,
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Figure 4.30: Results obtained by a single joint element with the submodel
yield criterion compared to the results of the detailed model using several

thousand elements. Experimental results for specimens 24 (a) and 26 (b) by
Hansen and Olesen (1976).

the capacity of the detailed model increase as with the reinforcement ratio
and surpass the capacity of the submodel criterion.
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Figure 4.31: Comparison of the results obtained using a single joint element
with the submodel yield criterion with (a) the detailed numerical model and

(b) experimental results (Hansen and Olesen, 1976; Fauchart and Cortini,
1972).
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Table 4.10: Data and results of experiments by Hansen and Olesen (1976),
the detailed numerical model, and the presented joint element with the sub-
model yield criterion.

fe ) v  Experimental Detailed Joint element
Specimen [MPa] [[]  mm T/ fe T/ fe 7/ fe
01 29 0.013 - 0.064 0.053 0.054
02 32 0.030 - 0.095 0.079 0.079
03 32 0.055 - 0.105 0.102 0.101
04 16 0.061 - 0.087 0.107 0.106
05 53 0.018 - 0.068 0.064 0.063
12 25 0.043 - 0.140 0.092 0.092
13 23 0.095 - 0.146 0.133 0.131
14 25 0.039 - 0.099 0.088 0.089
18 27 0.049 - 0.073 0.097 0.097
29 17 0.188 - 0.137 0.203 0.201
23 31 0.025 10 0.080 0.083 0.075
24 26 0.030 150 0.072 0.068 0.074
25 24 0.076 10 0.161 0.131 0.126
26 24 0.076 70 0.124 0.128 0.126
27 15 0.139 10 0.213 0.189 0.193
28 13 0.235 10 0.286 0.230 0.242

Table 4.11: Data and results of experiments by Fauchart and Cortini
(1972), the detailed numerical model, and presented joint element with the
submodel yield criterion.

fe P 2u  Experimental Detailed Joint element
Specimen [MPa] [] mm 7/ fe 7/ fe 7/ fe
5 20 0.049 10 0.106 0.088 0.087
6 20 0.049 10 0.085 0.088 0.087
7 20 0.096 10 0.120 0.126 0.112
8 20 0.246 10 0.197 0.206 0.235
9 20 0.047 10 0.104 0.086 0.085
10 20 0.096 10 0.148 0.126 0.122
11 20 0.096 10 0.148 0.126 0.122
12 20 0.191 10 0.208 0.186 0.193

Figure 4.31(a) shows an excellent agreement between the results of the
joint element and the detailed model. The joint element overestimates the
capacity for a few cases compared to the detailed model, namely for speci-
mens with high reinforcement ratios, see Table 4.10 and 4.11. The choice of
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supports for the joint element might be the reason for this. Figure 4.31(b)
shows that the single joint element with the submodel yield criterion predicts
a satisfactory estimate of the shear capacity compared to the experimental
results.

Computational effort

The multiscale joint element comprising the macro finite element and sub-
model criterion has shown to be able to capture the behaviour of keyed joints
with various reinforcement layouts to a satisfactory degree, and compared to
the detailed model it provides excellent results. The multiscale joint element
leads to a considerably smaller optimisation problem which can be solved
in a fraction of a second compared to the detailed model, which required
either 37.10 seconds or 94.14 seconds on average depending on the specimen
analysed by detailed model, see Table 4.8.

Table 4.12: Number of equilibrium elements, problem size, and computa-
tional time for a single joint element and the detailed model.

Joint element Detailed model

Equilibrium elements 3 20,024
Variables 302 1,364,509
Linear constraints 388 1,305,890
Conic constraints 44 134,472
Computational time 0.022 s 94.14 s

The computational times shown for the joint element in Table 4.12 is the
average of 10 runs. From Table 4.12, it is evident that the proposed joint
element is superior for practical modelling and analysis of entire precast
concrete structures.

4.4.4 Summary

For practical design and analysis of precast concrete structures within the
framework of limit analysis, an adequate equilibrium element representing
the in-situ cast joints is needed. The formulation of a multiscale joint ele-
ment is given. The multiscale element comprises a macro finite element and
a submodel yield criterion, which functions on the stress level and makes it
possible to account for various local effects within the joint itself. The sub-
model criterion represents a simple mechanical model based on the stringer
method, and the material yield criteria are then applied on the resulting
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stress state of this mechanical model. The submodel yield criterion was for-
mulated using second-order conic constraints, hence, the multiscale element
fits the format of second-order cone programming, see Section 2.3.

The multiscale joint element is validated by comparison to the detailed
numerical model presented in Section 4.3 and experimental results by Hansen
and Olesen (1976) and Fauchart and Cortini (1972). Satisfactory agreement
was found between the multiscale joint element and the experimental re-
sults, and excellent agreement was found between the joint element and the
detailed model. The fact that the joint element only poses a rather small
mathematical optimisation problem compared to the detailed model makes
it more relevant for practical applications. It can be concluded that the de-
veloped multiscale joint element makes it possible to assess the capacity of
real size precast concrete structures while accounting for the local behaviour
of the in-situ cast joints. This will be demonstrated in Chapter 5.

4.5 Joints in three dimensions

Many types of in-situ cast joints typically used in precast concrete structures
transfer shear stress from one plane to another, see Figure 4.32. As discussed
in Section 4.2, several papers on the behaviour of shear joints were published
in the 1970s and 80s (see e.g. Fauchart and Cortini, 1972; Hansen and Olesen,
1976), however, no experimental studies on the behaviour of joints in three-
dimensions have been published. The simplified, empirical expression of the
Eurocode 2 (European Committee for Standardization, 2008) only considers
the capacity of the interface. The actual stress field within the joint is not
considered.

Both joints shown in Figure 4.32 are commonly used in precast concrete
structures, and they both experience triaxial stress since they transfer shear
from one plane to another. Many types of joints feature loop reinforcement
and for design and analysis, it is assumed that the U-bar loops are placed
closely together, however, this is not always the case as discussed, and the
capacity of the joint is reduced as a consequence. The joint model presented
in this section and in Paper IV (Herfelt et al., 2017b) will account for this
behaviour similar to the two-dimensional joint model, namely by use of a
mechanical submodel.

The multiscale joint element comprises a macro joint element and a sub-
model yield criterion, see Figure 4.33. The macro joint element is a lower
bound element, hence, traction continuity is required between the joint el-
ement and adjacent 3D plane stress elements. The stresses on the element
level are transferred to the submodel level, where a mechanical model is used
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(a) (b)

Figure 4.32: a) Vertical section of slab-to-panel joint reinforced with U-bar
loops and embedded rebars. b) Horizontal section of panel-to-panel T-joint
reinforced with U-bar loops extruding from all three panels.

Plane stress elements
Corbel mechanism

— In-situ joints \

e |7

O

R Y Y

(a) (b) ()

Figure 4.33: The general concept of the 3D joint model shown visualised
two dimensions: a) Precast concrete structure on the structural level, b) Joint
element and plane stress elements on the element level, ¢) corbel mechanisms
and load path on the submodel level.
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to determine the local stress field within the joint.

4.5.1 Lower bound macro element

First, a lower bound macro joint element is introduced. The mathematical
optimisation problem on the structural level can be stated as the general
lower bound formulation (3.11). The yield criterion of the element is in this
case a submodel criterion, which is formulated for semidefinite programming
due to the triaxial stress state in the core of the joint. On the element level,
the equilibrium equations and yield criterion can be stated as follows:

Bgael = (el
Cgl’iael + Czl’iai + Cil’i’)’i = Cgl’i, 1=1,2
Eoq + Efa; + By < By, i=1,2 (4.46)

Flio; +F)Y =0, j=1,2,... ma
")/ZEle, l:1727"'7q61

The element equilibrium matrix B, ensures equilibrium of the element. The
element is designed to be compatible with the generalised plane stress ele-
ment presented in Section 4.1.3 and a linear varying stress field is therefore
assumed. Moreover, the normal stresses in the longitudinal direction of the
joint is not considered, hence, to ensure a lower bound, it is sufficient to
enforce the submodel yield criterion in the two ends of the macro element.

The matrices C5, C&*, and C¢* define the equality constraints of the
two submodels, while ES™, E¢, and E" define the inequality constraints.
The variables o and ~ are associated with the yield function, whereas ~ is
used to define the second-order constraints, and c is used to define the linear
matrix inequalities together with the symmetric matrices F¢7 and F5*. The
scalar mg; is the number of linear matrix inequalities for the submodels while
er is the number of second-order constraints. The matrices will only be given
implicitly in the following.

The submodel criterion assumes that the adjacent plane stress elements
are oriented in right angles. Despite this assumption, the present model will
cover the vast majority of joints in precast structures, e.g. the two joints
shown in Figure 4.32. The formulation of the macro finite element, however,
is general and does not assume any specific orientation and is applicable to
any configuration and any number of adjacent plane stress elements.

The macro element comprises a number of strips, one for each adjacent
plane stress element, see Figure 4.34. As mentioned, for the macro element to
be compatible with the 3D plane stress element, linear stress field are required
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Figure 4.34: Sketch of a joint element with three adjacent plane stress
elements: Local coordinate systems for the three joint strips are shown.

for the strips, which are assumed to be in plane stress. The stress field in
a strip is given in local coordinates and comprise two unique components,
namely o, and 7,,. The element stress vector is given as

(a1
O, = : (4.47)
ON

where IV is the number of strips and o; denotes the stress vector of the ith
strip,

O'yl
01 Tyl
o, = { : } _ | (4.48)
02 Oy2
Try2

The strips balance the tractions of the adjacent elements as well as internally
within the element. Figure 4.34 shows local coordinate systems for each strip,
which is defined based on the plane of the adjacent triangular element. The
local z-axis is in the longitudinal direction of the joint going from node 1
to node 2, while the local y-axis lies in the plane of the adjacent triangular
element. The basis of the local coordinate system of strip ¢ can be defined
based on the vectors vi2, going from node 1 to 2, and vy,,, going from node
1 to the third node of the adjacent element, see Figure 4.34:

V12 V12 X Uiy,

||’012||27 €, = €y = € X €44 (449)

€y =

||’U12 X Vin, 9
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The transformation matrix for strip ¢ can then be stated as E; = [em €y ezi} .
The traction continuity is enforced in global coordinates, and the contribu-
tions for strip ¢ at node j can be stated as:

0 tl
qij = Ez tzl 0 |:O-yj} - ]-Slro-ij; ] = 17 2 (450)
0 o] Lt

where g;; is the generalised nodal forces, [ is the length of the macro element,
and t; is the thickness of strip i. Equation (4.50) also defines P7 implicitly.
Traction continuity is enforced in both ends of the element due to the linear
stress field.

Traction continuity between the N strips of the macro element is also
required. This is likewise enforced in both ends of the element:

~Ploy;— —Ployn; =0, j=12 (4.51)

where 7 is the node number. Equilibrium on the element level for a macro
joint element with N adjacent plane stress element can be stated as:

PT
Py

(B
qe = L . = BeTzo'el (4.52)
Py
BT BT
-PT .. —P%_

where BJ, is the element equilibrium matrix, see also (4.46). The size of the
element equilibrium matrix depends on the number of adjacent plane stress
elements, V.

4.5.2 Submodel for 3D behaviour

Identically to the two-dimensional case, a unit section of the joint is consid-
ered. The unit section has the shape of a rectangular box and is reinforced
with U-bar loops from up to four faces. The placement of the U-bars are
defined by u, u,1, and u,; according to Figure 4.35. The geometry of the
unit joint section is given by the length, s, the widths, ¢, and ¢.. The overlap
of the U-bars is given by o, and o.
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Figure 4.35: Unit joint section forming the basis of the submodel yield
criterion: a) three-dimensional representation of the geometry including U-
bar loops, b) two-dimensional sketch of the U-bar placement.

As indicated in Figure 4.35, the distances between the U-bars in the y and
the z-directions, respectively, are assumed to be identical, i.e. u = uy1 + w2
and u = u,; + u,e. This greatly reduce the number of possible combinations
of stress fields for the submodel.

In practice, joints are always reinforced in the longitudinal direction with
a so-called locking bar. The present model, however, does not consider the
behaviour in the longitudinal direction and the locking bar will therefore not
affect the model. The stresses of the strips are given in local coordinates,
thus, a common coordinate system is needed. The coordinate system of strip
number 1 is chosen, and the stresses of the remaining strips are transformed
accordingly:

S;; = ETE,S,EIE, (4.53)

where E; is the transformation matrix of strip 7, and S;; is the stress tensor
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of strip ¢ at node j. For example, for strip 1 at node 2 - which is always
chosen for the common coordinate system - we have

0 Tryl2 0
Sip = Teyl2  Oyl2 0

0 0 O

Most of the components in S;; will only contain two stress components, o,
and 7., or o, and 7., depending on the orientation of the considered strip.
The shear stress component of S will be used for the corbel presented in
the following, while the normal stress component of S is assumed to be
transferred directly through the joint and is simply added to the final stress
filed of the submodel.

Corbel mechanisms for local shear transfer

The purpose of the submodel is to transfer shear from one plane to another,
e.g. from 7., to 7,. A model based on concrete corbels is proposed. The
corbels utilises the U-bar loops to transform a shear stress (from S, see
Equation 4.53) acting on the face of the unit section to a normal stress in
the core of the joint.

Figure 4.36: a) Sketch of two corbel mechanisms working in two-
dimensions. b) Two-dimensional visualisation of a corbel model in the vz-
plane transforming a shear stress T,, to a normal stress o,. Positive direc-
tions of forces and stresses are shown. The panels indicated by gray has a
out-of-plane thickness of o,.

The corbel model illustrated in Figure 4.36 comprises a rectangular shear
panel and a triangle in uniaxial stress. Two stringers are shown in the figure,
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whereas the rightmost represent the transverse reinforcement, i.e. the U-bar
loops, and leftmost is a compression stringer without any reinforcement. The
tensile force in the reinforcement 1" balances the stress o, as well as V. For
a single corbel, see Fig. 4.36(b), we have the following variables:

. , . . . T
a; = {ggp, o 78 T T V@] (4.54)
or T
ai= o, o, ), T, 1, v (4.55)

depending on the orientation of the corbel. From the corbel model, a sys-
tem of linear equations can be derived which ensures equilibrium for the
considered corbel:

(0,0, 0 —lo, 0 0 0] [s]
0 —lo, 0 0 —1 -1 |o.
0 —loy, 0,0y 0 0 O T
t. —o. =0 (4.56)
0 0 - o, 0 0 —1||T1,
tz - Uz
00 —= %0, 1 -1 0| |D
0 0 —0,0, -1 0 0] |V]

The first three equations of (4.56) ensure vertical, horizontal, and moment
equilibrium of the corbel model, while the last three equations ensure equi-
librium for the stringers. The stresses o, and o, will practically always be
negative.

Figure 4.37: Four corbel models surrounding a single U-bar: The length is
fixed at s/2 for the two largest, while the length of the two smallest depends
on the position of the U-bar in the unit joint section. Dashed lines indicate
the load path through the triangular corbels. Some of the corbels overlap and
their stress fields are added to obtain the actual stress state.
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The corbels have a predefined length [, see Figure 4.36. The optimal value
of | depends on the reinforcement and loading, and to ensure a reasonable
model four corbels are used for each of the four boundaries, hence, the com-
plete submodel may use up to 16 corbels. This is illustrated in Figure 4.37
which shows four corbels and a single U-bar. The corbels shown in the figure
overlap to some degree. Moreover, corbels associated with the other U-bars
in the submodel overlap these as well, hence, to obtain the actual stress state
of the submodel, the stress states of the appropriate corbels are added.

' T Transfer box
0. -

Figure 4.38: Shear transfer from one plane to another via two corbels. The
central transfer box will experience uniaxial compression in the x-direction.

Several corbels are needed to transfer shear stress from one plane to an-
other, since each corbel only can transfer a shear stress to a normal stress in
the centre of the joint. Combining several corbels enables the desired transfer
of shear stresses and the process is illustrated schematically in Figure 4.38.

2 3 1% 12
=AVA: AV
) i e B m

) :\/: 7 13:\/:15
S
Figure 4.39: Interaction of the 16 corbels and four transfer boxes illustrated
schematically: The triangles represent a corbel mechanism, while the rectan-

gles represent the transfer boxes. Fach set of arrows represent an equilibrium
equation. The size and locations of corbels are not to scale.

Figure 4.39 illustrates the transfer of normal stresses o, in the centre
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of the joint. Each set of arrows represents an equilibrium equation and is
located at the position of an U-bar loop. The four equilibrium equations are
given as

o0 4ottt =0,

Jj7) _ 0-;(38) + 0';1 o 0_22 — 07

ag(cl) + 09 -0
0&5) + 03(66) -0
(4.57)

03(69) +(79(310) _ 03(611) _ U:(Em) +o?— o =0,

05;13) 4 0;14) _ 09(315) _ 0;16) ol ot =,

where o\ is the stress in the z-direction associated with the ith corbel, see
Figure 4.36. The first four corbels are associated with the first U-bar loop,
the next four with the second U-bar loop and so on, see Figure 4.39 for the
numbering, and ¢% is the normal stress of the jth transfer box. Two corbels
associated with the same U-bar loop, e.g. the two corbels on the left-hand
side in Figure 4.37, can work together, each transferring a fraction of the
total shear force on the particular face of the submodel.

The stress fields of the up to 16 corbels are combined to obtain the actual
stress field in the unit joint section. As mentioned, the corbels overlap to
some degree, and - depending on the values of u, u, and u.; - up to ten
triaxial stress states might be present within the core of the joint. The shear
stress 7,, will always be zero in the local coordinate system of the particular
strip and also in the coordinate system of strip 1. The triaxial stress states
inside the joint can therefore be described by three normal stresses and two
shear stresses.

The triaxial stress states in the centre of the unit joint section must
satisfy the Mohr-Coulomb criterion presented in Section 3.3. As discussed,
semidefinite programming is required to represent the general Mohr-Coulomb
criterion for triaxial stress. The rectangular panels shown in Figure 4.36
will experience plane stress and must satisfy the Mohr-Coulomb criterion for
plane stress, which can be formulated exactly using second-order constraints,
see Section 3.3 for the formulation.

The U-bar loops are loaded in tension, and the tensile force must be lower
than or equal to the yield strength. Moreover, the compressive strength of
the reinforcement is neglected, hence, the yield condition is given as

0<T < f,Au (4.58)

where Ay, is the cross sectional area of the U-bar and f,, is the yield strength.
The compressive stringer shown in Figure 4.36 must be in compression,
i.e. V must be non-negative:
V<0
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The macro element and submodel yield criterion are implemented in Matlab
with the commercial solver MOSEK (see MOSEK ApS, 2015).

4.5.3 Analysis and parameter study
Behaviour in two-dimensions

The three-dimensional multiscale joint element is compared to the two-dimensional
joint element presented in Section 4.4. The 3D submodel is designed for the
shear transfer in three-dimensions, but the corbel models are capable of han-
dling the two-dimensional case as well. It is, however, expected that the
three-dimensional submodel underestimates the capacity. The following pa-
rameters are used for the comparison:

fe =30 MPa, f, =0, t, =1, =200 mm, o, = 0, = 50 mm

A single element for each of the two joint models is used for the comparison,
while no interface elements are used. The value of u, i.e. the distance between
the U-bar pairs, and the reinforcement degree ® are varied. We define the
reinforcement degree as

Aty

 stfe

where A,, is the cross sectional area of a single U-bar. The normalised
capacities are illustrated in Figure 4.40 and 4.41 for two different values of
s, namely 200 and 400 mm.

Figure 4.40 shows that the three-dimensional joint element predicts a
lower capacity than the two-dimensional element. Moreover, the corbels
mean that the capacity varies linearly with the reinforcement degree until
the compressive concrete stress reach the compressive strength, f.. The slope
of the first, linear part of the capacity curve increases when s increases from
200 to 400 mm.

For the 2D joint element, it is observed that u/s = 0.90 gives a higher
capacity than u/s = 0.5 for all reinforcement degrees. This makes sense,
physically, since the U-bars are closer together for u/s = 0.90 than for u/s =
0.50. The corbel mechanisms, however, do not capture this, and u/s = 0.50
gives a slightly higher capacity than u/s = 0.90. It is observed that the curves
for u/s = 0.50 for the two submodels are nearly identical for s = 400, which
indicates that the corbel mechanism becomes favourable for u/s ~ 0.50 in
combination with larger values of s, even for the two-dimensional case.

Figure 4.41 shows the same tendencies as Figure 4.40: The three-dimensional
element generally predicts a lower capacity for most values of u. Figure
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Figure 4.40: Shear capacity for the two submodels as a function of the rein-
forcement ratio. The solid lines indicate the three-dimensional joint element,
while dashed lines indicate the two-dimensional one.
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Figure 4.41: Shear capacity for the two submodels as a function of uw. The
solid lines indicate the three-dimensional joint element, while dashed lines

indicate the
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two-dimensional one.

Department of Civil Engineering - Technical University of Denmark



Modelling precast structures 4.5 Joints in three dimensions

4.41(b) clearly visualise that the corbel mechanisms become favoured for
larger values of s with u/s = 0.50.

As shown in Figure 4.41, the three-dimensional element severely under-
estimates the shear capacity for joins with close to optimal reinforcement
layout, i.e. u/s ~ 0 and u/s = 1, especially for larger reinforcement ratios.
It can be concluded that the developed three-dimensional multiscale element
predicts a safe estimate of the capacity and the model is mostly applicable
to joints with severely suboptimal reinforcement layouts.

Corner joint subject to shear

The three-dimensional macro element and submodel are designed to model
the transfer of shear stresses from one plane to another. A corner joint
subjected to pure shear is analysed using the multiscale element. Unfortu-
nately, no experimental results for three-dimensional U-bar joints have been
published to the best knowledge of the author. The results are therefore
compared to the design formula of the Eurocode 2, which only considers
a criterion for the interface and a simple upper bound on the shear stress,
but nevertheless is the basis of practical design of joints in three dimensions

currently.

Panel 1

€T
Tz
-

Figure 4.42: Corner joint connecting two reinforced concrete panels subject
to pure shear analysed using a single joint element.

S

Panel 2
Ty

Figure 4.42 shows a in-situ cast corner joint connecting two precast panels
subjected to pure shear. According to the Eurocode 2, see also Section 1.1.1,
the shear capacity can be evaluated as

Akey
A

Akey
A

T=cf; (4.59)

1
+ppfy < §Vfc

where Ay, and A, are the area of the keys and the total area, respectively.
A keyed interface is assumed, hence, ¢ = 0.5 and g = 0.9 can be used. p is
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defined as

An effectiveness factor of v = 0.7 — f./200 (f. in MPa) is used for the
comparison as well as the following parameters:

ft =0 MPa, t, =t, =50 mm, o, = o, =40 mm

For the Eurocode formula (4.59), f; = 0.211‘};2/3 and Age,/A. = 0.5 are used.
The multiscale joint element is analysed using varying values of u with u/2 =
Uyl = Uz, see Figure 4.35. Three U-bar loops commonly used in practice is
used for the analysis.
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Figure 4.43: Characteristic shear capacity of the corner joint with f. =
20 MPa and different values of s: The results of the multiscale joint ele-
ment are represented using solid lines, while the capacity predicted using the
FEurocode 2 is shown with dashed lines.

The shear capacity of the corner joint is illustrated in Figure 4.43 and 4.44.
Similar to the two-dimensional case, considerable variations in the capacity is
seen for varying values of u. The figures also show that the concrete strength
affects the heavily reinforced joints, which is to be expected.

The shear capacity estimated with the Eurocode 2 design formula is sur-
prisingly similar to the joint element despite the fact that no consideration
to the actual stress state of the joint is given. For low values s, the Eurocode
might underestimate the capacity significantly, while it might overestimate
it for larger values of s depending on u. Based on the two-dimensional case
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s = 400 mm s = 200 mm s = 100 mm
8.0 8.0 8.0
6.0 6.0 \_/~
=
& fr———=a=scoosooo--
2 40} 4.0
~
E __________________
2.0 D e e e
| | |

| |
9800 025 050 0.5 100 %800 035 050 075 Too 0.0 0.25 0.50 0.75 1.00
u/s u/s u/s

| — ©5, f, = 235 MPa, — O7, f, = 235 MPa, — 06, f, = 500 MPa |

Figure 4.44: Characteristic shear capacity of the corner joint with f. =
35 MPa and different values of s: The results of the multiscale joint ele-
ment are represented using solid lines, while the capacity predicted using the
FEurocode 2 is shown with dashed lines.

it was concluded that the accuracy of the three-dimensional joint model was
highest for large values s, hence, it is somewhat worrisome that the Eurocode
overestimates the capacity for larger values of s. In any case, based on the
analysis of the corner joint it can be concluded that it is necessary to consider
the actual mechanisms and stress field within the joint for design.
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Chapter 5

Applications

5.1 Introduction

The structural design of buildings has to meet several different, and some-
times opposing, requirements. The geometry of the structure is often decided
by the architects who do not necessarily consider optimal structural perfor-
mance as a key requirement. For the serviceability limit state, i.e. everyday
use of the building, it is necessary to consider e.g. vibrations, deflections,
acoustics, and crack widths. The behaviour of the structure in the serviceabil-
ity limit state can be the critical case, and the aforementioned considerations
might govern the final design of the structure. Similarly, accidental loads,
e.g. fire loads, have to be considered, which again might govern the design
and the final structural layout.

The present study is only concerned with the requirements at ultimate
limit state, where the scope is to ensure a sufficiently level of safety against
structural collapse, and issues such as crack widths and deflections are not
considered.

The scope of this chapter is to demonstrate the strength and efficiency of
the presented framework and models when used to analyse real life structures.
Precast concrete structures comprise several different components, and the
focus of this thesis is on the precast panels and the in-situ cast joints. As
discussed in Chapter 1, the behaviour of the in-situ cast joints is crucial to
the overall capacity of precast concrete structures. The current practice is to
design the joints as the weaker part of the structure, which makes analysis by
general purpose software, e.g. finite element analysis, difficult and inaccurate.

Based on the findings presented in Section 4.3, a macro joint element and
submodel for two-dimensional modelling of joints were developed (see also
Paper II, Herfelt et al., 2017a). The presented joint element makes it possible
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to model real life precast concrete structure in a framework based on finite
element limit analysis. In this chapter, an example of a four-storey shear wall
with door openings will be analysed using the plane stress elements repre-
senting the precast panels, and the joint element and submodel representing
the in-situ cast joins.

A three-dimensional macro joint element and submodel were developed
and presented in Section 4.5 and Paper IV (Herfelt et al., 2017b). The model
can be seen as a generalisation of the two-dimensional element, however, the
normal forces in the longitudinal direction are not incorporated in the model.
In Section 5.3, an example of a four-storey stairwell subjected to shear and
torsion is analysed, and the influence of the joints will be discussed.

5.2 Two-dimensional precast shear wall

A four-storey shear wall is considered. The wall comprises 12 precast panels
of which three have door openings. The panels are connected on the construc-
tion site using in-situ cast joints. The wall is analysed using the presented
framework, i.e. the plane stress element and two-dimensional joint element,
and the results are compared to the original design of the wall which was
done by manual calculations, i.e. strut-and-tie methodology combined with
the Eurocode expression for the capacity of the joints.

The vertical joints shown in Figure 5.1 have keyed interfaces and are re-
inforced with U-bar loops extruding from the adjacent precast panels. The
interfaces of the horizontal joints, on the other hand, are considered as rough.
The horizontal joints are reinforced with rebar rods extruding from the pre-
cast panel below. As shown in Figure 5.1, a reinforcement stringer is placed
in the left side of the wall to carry the overturning moment induced by the
horizontal forces H; to Hy.

The shear wall is designed for multiple load cases including accidental
loads, however, for the present analysis only the three critical load cases are
considered. All of the three load cases include horizontal wind loads as well
as vertical loads from the dead load of the structure and additional imposed
loads. Table 5.1 lists the loads, where L1, L2, L3, and L4 refer to the four
storeys of the wall, see Figure 5.1. The vertical loads from the stairs are
applied on top of the three door openings. The horizontal loads, H; to Hy,
are treated as scalable, i.e. applied as p\ where \ is the load factor sought
to be maximised. The vertical loads are treated as constant and applied as
the vector pgy in the optimisation problem, see the lower bound formulation,
Equation (3.11) in Section 3.2.

All precast panels and joints have a thickness of 240 mm. The panels are
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Figure 5.1: Geometry of the four-storey shear wall. All measurements are
given in metres.

Table 5.1: Design loads acting on the shear wall.

Vertical loads [kN/m] | Vertical loads, | Horizontal loads [kN]
stairs [kN/m)]
Load case: | L1 12,13 L4 L2, L3 L4 L1 L2/ L3 L4

1 65.2 618 67.6 68.4 70.3 | 45.0 420 73.0
2 334 31.0 31.7 24.2 242 | 45.0 420 73.0
3 742 70.2 74.2 65.9 76.9 | 46.0 46.0 58.0

reinforced with two layers of (8 rebars per 300 mm in both directions (cor-
responding to 335 mm?/ m). The reinforcement has a design yield strength
of fya = 350 MPa, while the concrete has a design compressive strength of
fea = 22 MPa. The tensile strength of the concrete is assumed to be zero,
and the reinforcement is assumed only to carry tension.

The vertical joints have a width of 60 mm, and the horizontal joints have
a width of 200 mm. The joint mortar has a design compressive strength of
22 MPa and the tensile strength is taken as zero for the joints, identical to
the concrete of the precast panels. The reinforcement of the joints is listed
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in Table 5.2. For the horizontal joints, L1 indicates that the joint is located
above level 1.

Table 5.2: Transverse and longitudinal reinforcement of the in-situ cast
joints.

Horizontal joints Vertical joints
Lo, L1 L2, L3, L4 L1 L2 L3,1L4
Top side - - 010 ©10 10
Bottom side | 10 010 010 ©10  ©O10
s [mm] 200 200 150 450 600
Locking bar | 4 25 2 020 - - -

The joint reinforcement listed in Table 5.2 has a design yield strength
of 385 MPa. The parameter s in Table 5.2 refers to the distance between
the pairs of U-bars (or rebar rods for the horizontal joints). The horizontal
joints are reinforced with several rebars in the longitudinal direction, while
no locking bar is used for the vertical keyed joints. For the interface elements
of the model, the friction coefficient for the keyed interfaces of the vertical
joints is taken as p = 0.90, while p = 0.7 is used for the rough interfaces of
the horizontal joints according to the Eurocode 2. The cohesion is taken as
Zero.

The submodel yield criterion presented in Section 4.4 makes it possible
to account for local failure in the core of the joint caused by suboptimal
reinforcement layout. An off-set u is defined and for the present analysis the
worst-case scenario is assumed i.e. u/s = 0.5, see Figure 4.24. This will
affect the shear capacity of the joints in the top storeys substantially due
to the larger value of s, however, it will only affect the joints in the lower
storeys to a minor degree as the U-bar pairs are placed closely together.

The reinforcement stringer shown in Figure 5.1 balances the overturning
moment from the horizontal forces. In the bottom storey, two ()25 rebars
with a design yield strength of 664 MPa are used, and for the remaining
storeys a single ()25 with a design yield strength of 385 MPa is used.

The shear wall is analysed using different meshes to assess the conver-
gence rate and behaviour of the model. The meshes are generated using the
Distmesh package for Matlab (Persson and Strang, 2004). Figure 5.2 shows
that the capacity generally increases with the number of elements and ap-
proach the exact (unknown) limit load from below. An exception to this is
load case 2 with a mesh of 2,646 plane stress elements which yield a slightly
larger load factor than some of the finer meshes. Figure 5.2 also shows that
load case 2 is the critical one: For the finest mesh analysed (16,940 plane
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Figure 5.2: Load factor X for the three load cases as a function of the
number of plane stress elements.

stress elements) a load factor of A = 5.09 was found for load case 1, A = 3.48
for load case 2, and A\ = 6.27 for load case 3.
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(a) Load case 1 (b) Load case 2 (¢) Load case 3

Figure 5.3: Smallest principal stress for the three load cases using 6834
plane stress elements. The stresses are given in MPa, and compression is
negative.

Figure 5.3 shows that the horizontal forces are transferred via strut action
to the supports for all three load cases. The struts are more pronounced for
load cases 1 and 3, which give the largest load factors and, therefore, are
subjected to the largest horizontal loads. The joints affect the stress field to
some degree: This is visible in the top storey where the strut is obstructed
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near the leftmost joint. In the bottom storey, the joints and rebar stringer
also affect the stress field and introduce a wide strut with a moderate stress
level.

(a) Load case 1 (b) Load case 2 (c) Load case 3

Figure 5.4: Collapse mode of the four-storey precast shear wall determined
from the dual solution to the lower bound problem using 6834 plane stress
elements.

The primal and dual problems are solved simultaneously and the dual
solution can be interpreted as the collapse mode of the structure, however,
the collapse mode will not be kinematically admissible. The dual variables,
i.e. the displacement field, are associated with the traction equilibrium,
hence, the displacements are associated with the element boundaries and
not the nodes, which gives a somewhat scattered image in the failure zones.

For load case 1 and 3, it is seen that the failures occur in the bottom level
and feature a diagonal failure zone through the three precast panels. The
rebar stringer is yielding as well, thus, the wall can start to rotate. Moreover,
some sliding and separation are observed near the joints above the bottom
storey. For load case 2, Figure 5.4(b), the wall fails in bending failure: The
horizontal joints have no tensile capacity as the top boundary is unreinforced,
hence, the rebar stringer is responsible for carrying the overturning moment.
The vertical loads, see Table 5.1, are beneficial to the structure and load case
2 features the lowest vertical loads, which ultimately leads to the bending
failure. A ductile failure is expected due to yielding of the rebar stringer.

The stress field and collapse mode provide excellent tools for validating
the calculations. The collapse mode can be used to establish a simple upper
bound solution using the yield line method, hence, the numerical calculations
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can be checked analytically. This is often a major issue for non-linear finite
element models, where the results cannot be checked easily by hand due to
the often complex non-linear material models and black-box nature of the
software.

103 ? ’/
2 10%
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S 10
i '," — Model
o’ -==-O(n'1)
100 Lol | || T T 1110l
102 103 104 10°

Number of elements, n

Figure 5.5: Computational time as a function of the number of plane stress
elements for the two-dimensional shear wall problem.

The shear wall problem is analysed for varying mesh densities and the
computational time required for solving the optimisation problem on a desk-
top PC with an Intel Xeon CPU W3565 with 8 CPUs and 3.2 GHz clock
frequency is illustrated in Figure 5.5. For the finest mesh, the resulting
optimisation problem has 1,384,026 variables, 1,384,947 linear constraints,
and 144,980 second-order constraints, however, it is solved in about three
minutes.

As shown in Figure 5.5, the computational time is approximately pro-
portional to the problem size to the power of 1.1, which is identical to the
findings in Section 4.1.5. The structure of the optimisation problem and spar-
sity of the problem matrices make the computational time scale well with the
problem size, and large problems can be solved efficiently on a standard PC.

5.3 Three-dimensional precast stairwell

The four-storey stairwell analysed in Section 4.1.5 is now considered as a
precast concrete structure. The four walls are assumed to be monolithic
and connected by vertical in-situ cast corner joints. The wall panels are
modelled using the generalised plane stress element (see Paper 111, Herfelt
et al., 2017¢) and the corner joints are modelled using the three-dimensional
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multiscale joint elements presented in Section 4.5 and in Paper IV (Herfelt
et al., 2017b). The following analysis is likewise presented in Paper IV.
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Figure 5.6: Precast concrete stairwell subjected to shear and torsion: a)
Sketch of the structure with loading and positions of the joints, b) coarse
mesh with 864 plane stress elements, c) fine mesh with 11,379 plane stress
elements. All dimensions are given in metres.

The precast concrete stairwell as well as the imposed line load, the posi-
tions of the joints, and the dimensions are shown in Figure 5.6 together with
the two meshes used for the analysis, which are generated using GiD v12
(Ribé et al., 1998). The door openings have a height of 2.10 metres and a
width of 0.90 metres. The precast panels have a thickness of 180 mm and are
reinforced with two layers of 8 rebars per 150 mm in both directions which
has a design yield strength of f,; = 458 MPa. The concrete has a design
compressive strength of f.; = 21.4 MPa and the tensile strength is taken
as zero. For the present analysis, two different values of the effectiveness
factor are considered, namely v = 1 and v = 0.7 — f./200 = 0.55 (where the
characteristic compressive strength f. is in MPa). The interfaces in-between
the precast panels and the joints are not considered for the present analysis.

The joints have the same width as the precast panels, ie. t, = 1, =
180 mm. The overlap of the U-bar loops in the core of the joint is assumed
to be 50 mm, i.e. 0, = o, = 50 mm. The U-bar pairs are placed every 300
mm, hence, s = 300 mm is used. For the joint mortar, f.; = 21.4 MPa and
fi = 0 are used as well. Considering a single U-bar, the reinforcement ratio
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of the joint is given as

_ Audy
stf,

where Ay, is the cross sectional area of a single U-bar. The reinforcement
ratio for the joint is varied and the results for v = 1 are illustrated in Figure
5.7 for the coarse and the fine meshes with 864 and 11,379 plane stress
elements, respectively. The precast stairwell is analysed using two different
values of u in order to assess the influence of the reinforcement layout on the
overall capacity.
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Figure 5.7: Load carrying capacity of the precast concrete stairwell as a
function of the reinforcement ratio of the joints for two different values of u
and v =1.

Figure 5.7 shows that the capacity depends heavily on the joint reinforce-
ment for lower reinforcement ratios, however, at ® ~ 0.004 the curves reach
a plateau close to the capacity of the monolithic stairwell. The joints with
the lowest value of u/s perform better and reach this plateau at lower levels
of reinforcement. Assuming a design strength of 214 MPa, a reinforcement
degree of ® = 0.004 corresponds to @5 U-bar loop per 544 mm, which is far
below what is typically used in practice.

Figure 5.8 shows the same behaviour as observed in Figure 5.7 despite
the reduced concrete strength. For the fine mesh, see Figure 5.8(b), it is
seen that the slope of the curve for u/s = 0.1 decreases at ® ~ 0.002. An
effectiveness factor of v = 0.55 reduces the capacity by less than 5 per cent
since the reinforcement is the main limiting factor of the structure and the
compressive stresses can be redistributed.
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(a) Coarse mesh
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Figure 5.8: Load carrying capacity of the precast concrete stairwell as a
function of the reinforcement ratio of the joints for two different values of u

and v = 0.55.
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Figure 5.9: Comparison of the smallest principal stress for the wall with
the door openings using the finest mesh. For the joints, u/s = 0.5 is used.
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Figure 5.9 shows that compression struts are formed in-between the door
openings to transfer the load from the top to the supports at the bottom.
Comparing Figure 5.9(a) and (b) to Figure 5.9(c) shows that the joints push
the structure towards a more evenly distribution of stresses. Due to the low
capacity of the joints for & = 0.001, Figure 5.9(a), bending is observed for
the slender panel next to the bottom door opening: The compressive stress
from the strut cannot be transferred to the adjacent wall, hence, the slender
panel has to transfer the forces to the foundations via bending.
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Figure 5.10: Shear stress distribution over the height of the structure in the
joints at the slender wall with the door openings for different reinforcement
degrees ® wusing the fine mesh. The ratio u/s = 0.5 is used for the joints.
The wall structure is shown in the centre.

Figure 5.10 shows that for ® = 0.001 the joints on either side of the wall
with the door openings are fully utilised. For & = 0.004, only the joint near
the door openings is fully utilised, but the other joint (right-hand side of
the figure) is still loaded quite evenly. In order to activate the U-bar rein-
forcement over the entire height of the structure simultaneously, significant
ductility is needed.

For & = 0.007 and 0.010, it is observed that the shear distribution be-
comes more uneven and a shear reserve is present in the joints. The effect
of the door openings and the struts is clearly seen on the curves to the left
in Figure 5.10, and to some degree on the curves to the right which display
an almost wave-like pattern. The bottom parts of the joints are fully utilised
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for ® = 0.007 and 0.010, hence, the requirement to the ductility of the joints
is considerably lower, and the structure is more robust.

The analysis has shown that the generalised plane stress element and the
multiscale joint element are capable of modelling real life structures in three-
dimensions. For lower levels of reinforcement, joints decrease the capacity
of the structure significantly, however, provided sufficient reinforcement, the
overall capacity becomes hardly unaffected by the joints. The stress field is,
however, affected by the joints for all analysed reinforcement ratios, and the
joints push the structure towards more evenly distributed stress fields. The
computational time of the precast concrete stairwell with joints using the fine
mesh was approximately 65 seconds, which is a marginal increase compared
to the monolithic stairwell problem presented in Section 4.1.5.
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Chapter 6

Auxiliary work

6.1 Introduction

This section presents several finite elements, which are not considered part
of the core of the present thesis, but they are nevertheless important and
can be relevant for future work. The primary work of the Ph.D. project
presented in Section 4 and 5 is based on the lower bound method: The
plane stress triangles and the developed joint elements are all lower bound
elements, which will yield a statically admissible and safe stress field.

While lower bound solutions generally are considered the most useful for
practical design and applications, upper bound solutions as well as so-called
mixed solutions also have merit. In some cases, the lower bound solution may
be far from the exact limit load, hence, an upper bound solution provide some
intelligence on the level of approximation. A stress field and collapse mode
is determined from both the lower bound problem and the upper bound
problem.

For the lower bound problem, the stress field will be statically admissible
and safe, while the determined collapse mode will (most likely) not be kine-
matically admissible. Contrarily, the stress field of the upper bound problem
will not be statically admissible, but the collapse mode will be kinematically
admissible.

Mixed formulations are something in-between the lower and upper bound
solutions. Such formulations cannot be used to establish rigorous bounds
for the given problem. The solution to the mixed problem, however, will
typically be closer to the exact limit load. The mixed formulations presented
in this chapter can be considered as relazed lower bounds, where the rigorous
traction continuity is relaxed and the tractions are distributed to the nodes
according to the displacement field. In the case of the solid elements, the
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mixed formulation results in a numerically stable and well-scaled problem
compared to the lower bound problem. Moreover, the lower bound plane
stress element might have linear dependencies, but this appears not to be an
issue with the proposed mixed element (see Makrodimopoulos and Martin
(2006) for a description of linear dependencies in two-dimensional problems).

6.2 Mixed plane stress element

The mixed element presented in this section is a relaxed version of the lower
bound element presented by Poulsen and Damkilde (2000) and in Section
4.1.1. The element is developed by Krabbenhgft (2016) and will be used for
the mixed shell element. The traction continuity along the element bound-
aries are relaxed by distributing the stresses to the three nodes of the given
element side according to the quadratic displacement field of the element.

Figure 6.1: Geometry of the six-node mized element: Unit normal vectors
to the three sides and stress variables are shown.

The element stress vector comprise the three stress vectors of the corners,
which each describe a plane stress state:

g1 Ozi
O, — |02, with g, = Oyi
(] Tayi

As shown in Figure 6.1, we have a unit normal vector for each side:

i
n
Y

The tractions on side ¢ opposite node i are defined in global coordinates and

124 Department of Civil Engineering - Technical University of Denmark



Auxiliary work 6.2 Mixed plane stress element

are given as

ti,(s) 1 T 1 T

ti(s)=|7* =(=-—-s|P; ——|P;o; 6.1
) [t;@] (3-9) s (s-g)Pror )

where 4, 7, and k are permutations of 1, 2, and 3. The scalar s is a length

coordinate ranging from —1/2 to 1/2. The matrices P gives the tractions

from the stress vector and are defined as for side i:

pr_ [ 0 m,

! 0 n, n

The element has a linear stress field, hence, the displacement field is quadratic.

The tractions along each element side is distributed to the three nodes of the

side by use of the quadratic shape functions, see Figure 6.2.

NG(S) :

Figure 6.2: Traction, t3(s), and shape functions, Ni(s), Na(s), and Ng(s),
for side 3 of an element.

Figure 6.2 shows an element side with three nodes, 1, 2, and 6. The
tractions are linear along the boundary as the figure shows, and the resulting
nodal forces in each of the three nodes can be calculated as

1/2

q;- =1 N;(s)ti(s)ds (6.2)

—-1/2
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where j refers to the node number and 7 to the side number, and [; is the
length of side i. The middle node of the particular side gets the majority of
the tractions according to (6.2). Using the example of side 3 of an element
shown in Figure 6.2, we obtain

P p7 P p
3 3 3 3 3 3 3
= —/01, = ——09, = —01+ — 09,
9, 6 7! q; 6 72 qe 3 71 3 72
where .
Pl =P

The corner nodes, i.e. nodes 1, 2, and 3, receive contributions from the
two adjacent sides, e.g. sides 2 and 3 both contribute to node 1. Similar
to the lower bound plane stress element presented in Section 4.1, internal
equilibrium is enforced for the element, which gives the following equilibrium
equations:

4 M _Lpr pr p1a, (6.3)

Tyl 2

where 7, and 7, are surface loads imposed on the surface area of the ele-
ment in the x and y-directions, respectively, and A is the surface area of the
element. The element equilibrium matrix can be written as follows:

P} +PY 0 0
0 P;+P{ 0
) 0 0 P +P]
Bgzza 0 2PT 2P] (6.4)
2P7 0 2P7
2PT 2PT 0
| 3PT 3PT 3PT |

The element requires a total of 14 equilibrium equations. The element is
implemented in a finite element limit analysis framework using the Mohr-
Coulomb criterion for plane stress presented in Section 3.3.

Comparison to the lower bound element

The deep beam with shear support presented in Section 4.1.5 is analysed
using the plane stress mixed element. We recall the analytical solution from
Nielsen and Hoang (2010):

4P h? A
p*:—fcgfm (I):S_fy

(14 @) L? tf. (65)
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Using the same parameters as in Section 4.1.5, namely h = 2 m, L = 6 m,
fe =20 MPa, and ® = 0.075, the exact limit load is p* = 0.6202 MPa. An
identical structured mesh is used for the mixed element, see Figure 6.3.

3
IR

L)2

Figure 6.3: Deep beam with shear supports including mesh for the analytical
solution (left) and for the convergence analysis (right).

Table 6.1: Limit load and error for the deep beam problem using the lower
bound and mixed elements.

Lower bound Mixed
nel  p[MPa] Error (%] p[MPa] Error [%]
64 0.5555 10.42 0.5890 5.02
256 0.6053 2.40 0.6124 1.25
1,024 0.6177 0.39 0.6189  0.20
4,096 0.6191 0.17 0.6196  0.08
16,384 0.6193 0.13 0.6198  0.05

Table 6.1 shows that the mixed element generally gives a limit load closer
to the exact limit load. The error is approximately halved compared to the
lower bound element, and the fine mesh with 16,384 elements give an error
of just 0.05 %. It is observed that the mixed element approaches the exact
limit from below, however, this might not always be the case.

6.3 Mixed shell element

The mixed shell element combines the in-plane behaviour of the mixed plane
stress element with a plate bending element (Krabbenhgft, 2016). Based
on the unit normal vectors n; seen in Figure 6.1, we define the following
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geometric quantities:

pr ["3 0 ”@]

‘ 0 ny, n,
o[

Ny

a;; — Pin,; (6.6)
b, = P;n;
ci; = lila;;
P, =P

where [; is the length of side 7 opposite of node i. The vectors a’; and b give
the tractions in local coordinates which is used to ensure moment continuity
similarly to the lower bound plane stress element presented in Section 4.1.1
which required traction continuity.

6.3.1 Plate bending

We now consider a triangular element with a linear moment field and a
quadratic displacement field. The element has six displacement nodes (cor-
ners and centre of the element sides) and six rotation nodes (two for each
side near the corners). The geometry is illustrated in Figure 6.4.

1 10

0 Moment node

® Displacment node

O Rotation node

Figure 6.4: Plate bending element: Location of the displacement nodes and
rotation nodes (Krabbenhgft, 2016).

The moment nodes indicated in Figure 6.4 describe the linear moment
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field. The element moment vector is given as

my m?

My = |Mmy|, with m,; = m,
i

msg mxy

The equilibrium equations for the element can be stated as

2] -

Mext

where BT are the equations associated with the displacement nodes and B}’
are the equations associated with the rotation nodes, see Figure 6.4. The vec-
tors eyt and mey are the externally applied transverse forces and moments,
respectively. The matrix B! comprise contributions from the concentrated
nodal forces in the corners and the Kirchhoff shear forces:

B! =B + B! + B/

where B are the contributions from the concentrated nodal forces, Bl +B{
are the contributions from the Kirchhoff shear forces.

Concentrated nodal forces acting in the corners of the element are given
as the difference in the twisting moments along the two sides that meet in a
given corner. The twisting moment along side ¢ is given as

m: =bl'm

where m is the moment in a given point. The contributions to the displace-
ment nodes from the twisting moment are therefore given as

v ]  [b] — &Y 0 0 |
T9 0 bg-b%1 0 -
T T
B P | A I
rs 0 0 0 s
] |0 0 0

where r; are the forces in the displacement nodes.
The Kirchhoff forces acting along each side of the element are given by
the sum of the shear forces and the derivative of the twisting moment:

dmi

V=g
q+ds

(6.9)
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where s € [0,/;] is a local coordinate along side ¢ of the element. The shear
forces along the element sides are given as

g =mn;q=n] (V'm) (6.10)

where V7 is a differential operator. The derivative of the linear moment field
can be found in a similar manner as for the plane stress element in Section
4.1.1 using linear shape functions:

3
1
T T
qgq=V'm 214;:1l22mZ
and (6.10) can be rewritten as
1 < 1<
T, T T _ T

g =mn;q=-n; <2A ;:1 LP, ml) =51 ;:1 lia;;m; (6.11)

The shear forces along the element sides g¢; are distributed to the six dis-
placement nodes according to the chosen quadratic displacement field, and
their contributions to the displacement nodes are given as

ro T T T
q1 —C1 —Cp —C3
T T T
q2 —Cip —Cyp —C3 m
as 1 _ClTs _C2T3 _‘3?3 ' BT 12
= A | 4e” ael 4ol my| =B, m (6.12)
44 Ciy Co C3; ms
T T T
a5 dcjy  deyy Aoy
T T T
| 96 | dcy; deyy dess

The gradient of the twisting moments along element side ¢ is given as

p dmi _ bl (my — m;)
‘ ds ll

where ¢, j, and k are permutations of 1, 2, and 3. The contribution from

the twisting moment is likewise distributed to the six displacement nodes

according to the chosen quadratic displacement field:

4] b7 — b7 b7 bl

o b bl bl b |

t 1| —bT b" bl — 7 !

ti - 4ng > 4b1T1 ms| = B'm (6.13)
s —4bT 0 a7 | H™

|6 | 4b] —4b} 0 |
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The equations (6.8), (6.12), and (6.13) give the contributions to the displace-
ment nodes.
Finally, the moment along element side ¢ is given as

ml, = a}m (6.14)

where m is the moment in a given point. To ensure bending moment con-
tinuity for the linear moment field, this equation is enforced twice for each
element side in the rotation nodes illustrated in Figure 6.4. This gives the
final matrix for the equilibrium matrix (6.7):

0 al; 0
0 0 al.
Bl = 2 6.15
o —al, 0 0 (6.15)
al, 0 0
| 0 —aj O

6.3.2 Combining in-plane and bending actions

The plane stress and the plate bending elements are combined to obtain a
mixed shell element. The plane stress element governs the in-plane behaviour
of the element while the plate bending element governs the out-of-plane be-
haviour. Both elements have six displacement nodes and the generalised
nodal forces in a local two-dimensional coordinate system can be computed
using the presented equilibrium equations for the two elements.

The equilibrium matrix for the plane stress element is now denoted ny
and the contributions to displacement node j from the stress vector associ-

ated with corner ¢, o;, is denoted nyij, ie.:

Iglﬂ

zy31

131“

zy21

B

zyll
T _
B, =
T T T
I3zy16 13:cy26 I3xy36

Similarly, the contributions to displacement node j from the moment vector

associated with corner i, m;, is denoted BZ;]-, ie.:

T T T
Igzll I3221 ISZSI
T _
B, =
T T T
13z16 I3226 13z36
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The contributions to displacement node j from the stress and moment vectors
associated with corner j can now be stated as:

T
yzij 0 Bzij

and the full matrix can be stated as

BT

ryz31

BT

xyz21

BT

zyzll

TYyz

BT.

Y236

BT. BT.

zyz16 Y226

The stress and moment variables are collected in a single vector

(o]
my
(o]
my
g3

m3

and the combined equilibrium equations in local coordinates can now be
written as

Pext = BL,.X (6.16)

The local coordinate system of the shell element is now established in the
same manner as for the generalised plane stress element presented in Section
4.1.3.
The vectors v, and vi3 given in global coordinates, see Figure 6.5, are
used to define the basis vectors of the local coordinate system:
V12 V12 X V13

€r = 7 €, = T €, =¢€, Xe;
V12| |[v12 X vi3]]

and the transformation matrix is given as E = [ew e, ez}. The local nodal
coordinates are computed as

x; = E'X,;

where X; are the global coordinates for node i. The equilibrium equations
can now be transformed to the global coordinates using the block-diagonal
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Figure 6.5: Definition of the local coordinate system for the shell element.

transformation matrix D given as

Equilibrium for the shell element in global coordinates can be written as

B%,,=DB] . (6.17)
The moment continuity is still enforced for the shell element, see (6.15),
hence, we obtain the following system of equations:

{ Geat } _ {B§yz] X (6.18)

Myt B9

The internal equilibrium equation for the plane stress element (6.3) is also
carried over and enforced in local coordinates for the shell element.

6.3.3 Yield criteria for shells

The subject of yield criteria for shells is rather complicated, especially when
considering a complex composite material like reinforced concrete. The stress
state in a given point in a shell element is defined by three in-plane stresses
and three section moments. Some attempts at establishing an adequate yield
criterion for shells within the framework of finite element limit analysis has
been done, and Larsen (2010) presented a layer-based yield function which
also considered the transverse shear stresses. The criterion was formulated
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for semidefinite programming since the inclusion of the transverse shear stress
leads to a triaxial stress in the material.

Simplified yield functions can of course be used, however, the section
moments give rise to varying levels of stresses throughout the thickness of
the shell which complicates matters. A suitable yield function for shells needs
to account for this.

Simplified criteria

The section moments and in-plane stresses can either be treated completely
separately or combined in a linear manner to ensure a solution which is always
safe. Whether or not these criteria provide a good estimate of the exact yield
envelope depends on the material. For instance, for steel shells (assuming no
instability) the combined criterion will provide a decent approximation.

First, we define two yield functions for in-plane action and slab bending,
respectively:

fo(a,8,) <0

£ (m, 8,) <0 (6.19)

where f, is the yield function for in-plane action, and f,, is the yield function
for slab bending. The vectors S, and S,, denotes the material parameters
associated with the two yield functions. The criterion (6.19) can be consid-
ered as the simplest yield criterion for shells where the in-plane stresses and
section moments are handled completely separately. Introducing an auxiliary
variable (, the two yield functions are combined linearly:

fo (0'7 CSU) <0
fn(m,(1=()S,,) <0 (6.20)
¢ €0, 1]

This formulation means that if e.g. { = 40 % of the capacity is used carrying
the in-plane stresses (f,), 1 —( = 60 % of the capacity remains for the section
moments. A set of in-plane stresses and section moments satisfying (6.20) is
safe compared to the exact yield envelope.

Using the Mohr-Coulomb criterion for plane stress with a tension cut-
off, S, represents the uniaxial compressive strength f,. as well as the tensile
strength f;, and the criterion can be stated as follows in principal stresses:

o1 < (fi
kO'l — 029 S Cfc (621)

%) S Cfc
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For reinforced concrete slabs, Johansen’s criterion is commonly used (see e.g.
Johansen, 1962; Nielsen and Hoang, 2010). Reducing the moment capacities
by (1 — (), the criterion can be stated as:

— (1 =¢)my —my) (1= Q) my, —my) +m?, <0

— (1= Omyy +m,) (1= myy +m,) +m?, <0 (6.22)

where m,, m,, and m,, are the moment about the z-axis, the y-axis, and the
twisting moment, respectively. The positive moment capacities are denoted
m;,r, while m,, denotes the negative moment capacities. All capacities are
reduced by a factor of (1 — (). Introducing four auxiliary variables,

1

alzﬁ((l—@m;—mx) >0, agz%((l—g)m;ry—my) >0,
agz%((l—C)mpx—me) >0, mz%((l—()mpy%—my) >0,

the criterion (6.22) can be rewritten as

2y > m?
= Ty (6.23)

2
230y > My,

which has the shape of two rotated quadratic cones, see Section 2.3.

Layer-based criterion

A layer-based approach will make it possible to approximate the actual yield
envelope of the shell. The approach is similar to the one presented by Larsen
(2010), however, in this case the transverse shear stress is not considered.
This means that the problem can be formulated for second-order cone pro-
gramming rather than semidefinite programming. Moreover, the reinforce-
ment is treated as separate layers which give a more accurate description of
the composite material.

We consider a plane shell of reinforced concrete seen in Figure 6.6. The
shell is reinforced in the top and bottom in both the x and the y-directions.
The location of the reinforcement in the cross section is given by d; for the
top and d, for the bottom. The shell is divided into n layers, where ¢; defines
the thickness of the ith layer, and z; defines the distance from the centre of
the 7th layer to the centre of the shell. The shell has a total thickness of
t = > t; as shown in Figure 6.6.

The shell cross section is subjected to in-plane forces, N,, N, and V,, as
well as moments m,, m,, and m,,, which are all carried by the stresses in
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\ 3

3

L

Figure 6.6: Reinforced concrete shell split into five layers. Origin of the
local coordinate system is located in the centre of the shell.

the n layers. Each layer is assumed to be in plane stress, i.e. the stress state
is defined by o,, 0,, and 7,,. The relation between the section forces and
stresses is given as

Nz = 0,t = Astzo-stx + Asbxasbm + Z Ogil (624&)
=1
Ny = O'yt = Astyasty -+ Asbyasby + Z inti (624b)
=1
Viy = Toyt = ZTxyiti (6.24c¢)
=1

where Ay and Ay, are the reinforcement areas per unit length in the top and
bottom of the shell, respectively. Likewise, o and o, are the reinforcement
stresses in the top and bottom. As seen in (6.24c), it is assumed that the
shear is solely carried by the concrete and the reinforcement only carries axial
forces. The relation between the section moments and layer stresses are given
as follows:

t t =
my = Astxo—sta: (dt - 5) + Asbxasbx (5 - db) + Z Uz‘ztzzz (625&)
=1
t t &
My = AstyOsty <dt — 5) + Ay O sty (5 — db> + Z oyitizi (6.25Db)
i=1

My = Z Tmyitizi (6250)
i=1
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where z; and t; are constants defined based on the layers, thus, (6.25) rep-
resents a set of linear equations, which fit the format of the optimisation
problem.

Each layer is treated as an unreinforced concrete panel loaded in plane
stress. Tension in the discrete reinforcement enables confinement in the con-
crete layers within the limits of the equations (6.24). The stress state in
a given layer must satisfy the Mohr-Coulomb criterion for plane stress, see
Section 3.3. The reinforcement is assumed to only carry tension, hence, the
criterion for the four reinforcement stresses can be stated as

0< 05, < f y
0<ow: < fy
0<o sty < f y
0 <oay < fy
where f, is the uniaxial yield strength of the reinforcement.
An external moment Am? and axial force AN? is applied and the layer-

based criterion for shells used to compute the yield envelope. For the analysis,
the layers are distributed evenly and the following parameters are used:

fe=30MPa, f, =0, k=4, t =300 mm, d, =d; =30 mm
fy = 500 MPa, Ay, =500 mm?/m, Ag, = 1000 mm?/m,
Agy =200 mm?/m, Agy = 1500 mm?*/m

The load factor A is sought to be maximised to obtain the yield envelope.

500 300 -
250 -
— — 200 |
= = 00
Z, Z,
= 0 =4,
8 8
g £ 100|
—250 |-
7500 | | | 0 | | | |
—10 -5 0 2 100 200 300 400 500
N, [MN] t [mm]
’—n:2—n:3 n=4 n:5—n=6‘

(a) (b)
Figure 6.7: a) Yield envelope for the shell illustrated for N, and m, with
t =300 mm. b) Moment capacity for varying t for the shell with N, = 0.
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Figure 6.7(a) shows the yield envelope for the layer-based yield criterion
for shells together with the exact criterion for concrete beams. It is observed
that the number of layers affects the accuracy of the layer-based criterion to
some degree: Using two layers gives a rather crude approximation consisting
of four straight line segments, however, the difference between the yield en-
velope for n = 5 and 6 is marginal. Figure 6.7(b) shows the moment capacity
as a function of the thickness of the shell, ¢. The moment capacity generally
increase with the number of layers, which is to be expected .

6.3.4 Examples

Two examples will be presented, namely the cantilever steel beam and the
four-storey stairwell, both analysed in Section 4.1.5 using the lower bound
plane stress element. The different yield criteria will be analysed using the
presented shell element and the results will be compared to the results of
the generalised plane stress element to assess the contribution of the plate
bending component.

The layer-based criterion has also been implemented using the von Mises
criterion, however, as discussed in the previous section it is expected that
the simplified shell criteria provide decent estimates of the capacity for steel.

Cantilever steel I-beam

The cantilever steel I-beam was presented in Section 4.1.5 using the gener-
alised plane stress element. The model here is identical: The beam is sup-
ported at the left end and subjected to a uniformly distributed load acting
in the centreline on the top of the web.

VAvAYAUY
= KA VAVAVAVAVAA
S Y
03 = s S
e S A A v AAVATE = 3
I’ﬁﬂe"ﬁ%{ﬁwl#{%X#X#X#X%AV!!&-_é:fé:fé:«f—f““" ) 25
7 A
03 0.5

0 o

Figure 6.8: Medium mesh density of the I-beam using 948 elements.

The material is modelled using the layer-based criterion with the von
Mises criterion for the individual layers, and the yield strength is chosen as
fy = 250 MPa. The web has a height of 300 mm while the flanges has a
width of 300 mm. The elements have a thickness 10 mm and the beam has
length of 3 metres. The beam is analysed using four different mesh densities.
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Table 6.2: Computed line load p in kN/m for the generalised plane stress
element and the shell element using the layer-based yield criterion. Compu-
tational time in seconds is listed as well.

Mesh: Coarse Medium Fine Very fine
Number of elements: 238 948 3,616 14,646
Plane stress 63.24  64.18 64.90 65.24

t [s] 0.28 0.95 4.47  21.38

Shell: Layer (n =2) 65.07  64.87 65.41  65.54

t[s]

0.80 2.86 14.72  80.82

Shell: Layer (n =3) 65.08  64.87 65.41  65.55

t [s]

0.33 1.71 18.23 104.66

Table 6.2 shows that the shell element gives slightly larger limit loads
which is to be expected. Moreover, it is seen that the number of layers used
for the yield criterion hardly affects the limit load in this case due to the
in-plane behaviour being dominant.

The computational time of the shell element is significantly larger due to
the additional equations for the moment continuity and the complex yield
function. It is also observed that the number of layers increase the com-
putational time for the fine and very fine mesh, which again is due to the
additional constraints.

0.3

VAYAVAVAvavaviva
VA AV AV A AAYAYAYA VY. sas AV
RO AN ISR
VAVaVa YAVAVAVaVaVavy O AYAYAVAVAYAVAVa gy VAVAY
T s
QAN OOCENED

0.5

Figure 6.9: Collapse mode of the cantilever I-beam using the mixed shell
element and the fine mesh (3616 elements).

Figure 6.9 shows the collapse mode of the I-beam. The beam displays a
bending failure near the support which allows the beam to start rotating. The
collapse mode is given by the solution to the dual problem. The solution only
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gives the direction and relative magnitude of the displacements and strains,
and the solution can be scaled for a better visualisation of the failure mode.

The flanges and web of the beam have a 10 mm thickness which cause
some numerical problems when using more than three layers. A low thickness
leads to badly scaled constraints as the term z;t; in (6.25) is proportional to
the square of the thickness. The equations for the in-plane behaviour, on the
other hand, scale linearly with the thickness, hence, the generalised plane
stress element is less prone to badly scaled constraints.

Four-storey stairwell subjected to shear and torsion

This example has been analysed using the generalised plane stress element
in Section 4.1.5 and in Section 5.3, where the joint element for triaxial stress
was used to represent the in-situ cast corner joints. The stairwell will be
analysed using the shell element as well, and the results will be compared to
the results of the generalised plane stress element.

16

Figure 6.10: Four-storey stairwell subjected to a shear force which induces
shear and torsion in the structure. Dimensions are given in metres.

The dimensions of the stairwell are shown in Figure 6.10 and the door
openings have a height of 2.10 metres and a width of 0.90 metres. A shear
load is applied on the top boundary of the wall with the door openings which
induces shear and torsion into the structure. The walls have a thickness of
180 mm and are reinforced with two layers of )8 rebars per 150 mm, which
both have cover layers of 25 mm concrete.

The reinforcement has a design yield strength of 458 MPa. The concrete
has a design compressive strength of 21.43 MPa and the tensile strength is
taken as zero. The stairwell is analysed using the simplified yield criteria as
well as the layer based criterion, and the results are listed in Table 6.3.
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Table 6.3: Limit shear load p in kN/m for the stairwell example: Compari-
son of the generalised plane stress element and the shell element with various
yield criteria. Results marked with * indicate that the solver stalled and was
unable to reach a solution.

Mesh: Coarse Medium  Fine

Number of elements: 864 3,564 11,379
Plane stress 85.27 88.62 89.25
t [s] 2.15 14.78 56.53
Shell: Combined 99.97  100.36 99.29
t [s] 3.96 26.75 99.31

Shell: Separate 104.08  102.31 99.93
t[s] 2.85 12.03 50.11
Shell: Layer (n =4) 101.87* 100.31* 99.52*
t [s] 7.49 39.65 153.27
Shell: Layer (n =5) 102.34*  98.89* 99.00*
t [s] 7.80 42.32 154.50

In contrary to the cantilever beam example, the shells of the stairwell
example have a considerable moment capacity. It is therefore expected that
the shell element yields a larger limit load than the plane stress element,
which disregards the moment capacity completely. Table 6.3 shows that the
shell element gives a capacity of 99 kN/m to 104 kN/m depending on the
mesh and yield criterion.

The simplified yield criterion (6.20) combines the in-plane behaviour and
plate bending in a linear manner and will give a lower bound to the limit
load. The separate criterion (6.19), on the other hand, gives a higher capacity,
but the capacity decreases for the finer meshes. Layer-based yield criterion
appears to give results in-between the combined and the separate criteria,
however, the layer-based yield criterion cause some numerical issues and the
solver stalls before reaching optimality. The quality of the solutions marked
with * will therefore vary considerably.

The layer-based criterion require the most constraints, hence, it is ex-
pected that the computational time will be larger. Compared to the plane
stress element, the layer-based criterion requires almost three times the com-
putational time. It is remarkable, however, that the computational time of
the separate yield criteria is smaller than the plane stress element for the
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medium and fine meshes despite the additional equations for the plate bend-
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Figure 6.11

From Figure 6.11, it is observed that all walls are activated and con-

tributes to the overall resistance of the stairwell.

The stairwell fails in a

combination of shear and bending. The wall with the door openings will
necessarily experience the largest displacements as the load is acting on the

top boundary.

6.4 Mixed solid element

ion and capacity of precast concrete structures,

two-dimensional elements, e.g. plane stress elements or shells, are usually
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used in the field of geotechnical engineering (see e.g. Krabbenhoft et al., 2005;
Krabbenhgft et al., 2008; Makrodimopoulos and Martin, 2008).

Similar to how triangular elements are preferred for two-dimensional prob-
lems, tetrahedral elements are generally preferred for three-dimensional. A
linear stress field is commonly used and the stresses are checked at the
four vertexes of the tetrahedron. Lyamin and Sloan (2002a) presented a
lower bound tetrahedron and two approximation of the Mohr-Coulomb cri-
terion, namely a linearisation and a non-linear, smooth version. Upper bound
tetrahedral elements were presented by Yu et al. (1994), Lyamin and Sloan
(2002b), and Krabbenhoft et al. (2005), again using the Mohr-Coulomb crite-
rion. Larsen (2010) also presented a version of the lower bound tetrahedron
as well as the semidefinite formulation of the Mohr-Coulomb criterion for
reinforced concrete.

6.4.1 Equilibrium

This section presents a novel mixed tetrahedron, which is based on the same
relaxation of the traction continuity as the plane stress element presented
in Section 6.2. Two yield criteria will be presented, namely a criterion for
reinforced concrete based on the Mohr-Coulomb criterion (see Larsen, 2010)
and the Drucker-Prager criterion, which is commonly used for soils.

Figure 6.12: (a) Geometry of the elements including the geometric nodes.
(b) The 10 displacement nodes representing the quadratic displacement field.

The geometry of the element is defined by the four corner nodes, see
Figure 6.12(a). Associated with each corner node is a stress vector which
comprises the six unique stress variables,

T
g; = [Ux Oy Oz Tay Taux 7-yZ:| )
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where j is the node number. The element stress vector is given as

Ol =

In the following, face i of an element refers to the face opposite node 7. For

each face, a normal vector is calculated from the vectors v seen in Figure
6.12(a):

’fl = 2A1n = V42 X V43

n = QAQ’I’L = Vy3 X Vg1 (6 26)
’fI, = 2A3n = Vg1 X Uy '
’fl = 2A4n = V13 X V12

where A; is the surface area of face i, and n; are unit normal vectors implicitly
defined in (6.26). The stress-to-traction matrix can be stated as

ni 0 0 nly ni 0
P'=10 n, 0 ni 0 nl (6.27)
0 0 n. 0 nl n}
and ‘ o
A0 0 Al AL 0
Pl =24Pl =0 @) 0 a, 0 @l
0 0 @ 0 A oAl

The tractions on face i at node j can be calculated as P o}, where o; is the
stress vector associated with node j.

The mixed element has a linear stress field and, therefore, a quadratic
displacement field. The element is a relaxed version of the lower bound
tetrahedron (see Lyamin and Sloan, 2002a; Larsen, 2010). Similarly to the
mixed plane stress element presented in Section 6.2, the strict traction con-
tinuity has been relaxed by distributing the tractions to the six nodes of a
face according to the quadratic displacement field. The contribution to the
nodal force in node j from face ¢ can be calculated using the same approach
as in Equation (6.2):

g = / NG (Em) t (6,) OmdE (6.28)
A;
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where ¢ and 7 are area coordinates, N (£,7) is the quadratic shape function
for node j for face i, and t; (£, n) are the tractions on face i. The shape
functions and integration are similar to the plane case. The tractions on
each face contributes to six nodes, and the contributions are summed to
obtain the element equilibrium matrix for the mixed element.

The element may be subject to volume loads V+;, where V' is the volume
of the element. This gives rise to three differential equations,

i Toy TZ + 7,V =0,

ox dy 0
0Ty  Ooy, 0Ty,

= 2
o + By + 3, +7,V =0, (6.29)

0Ty 01y,  Oo,
zV = 07
ox + dy + 0z 7
which can be reduced by use of the linear shape functions, similarly to the
internal equilibrium equations in Section 4.1.1, to obtain:

1 iy T ]_ i T ]. il T 1 iy T ’Yx
~Pioy+-Pyos+ -P3os+ -Pyo, = -V |,
6 6 6 6
Yz
The element equilibrium matrix can be stated as follows:
[oPT 1 9PT 4 2PT —Pr —PT —PT _PpT _pr_pr ]
—PT _pT oPT + 2PT 4 2PT —PT _PT -PT - PT
B S -pP7 —P7T 2P7 + 2P7 4+ 2P7 -P7 —PY
Py —pPT —-pPT _pP¥ —-pPT _p7 oPT 4 2PT + 2P7
sPT +spPT SPT +8PT 4PT 4PT
1 R R R R R R
e =10 4pT 8PT + 8PT sPT 4 8pT 4pT
sP1 + 8P7 4PT sPT + 8PT 4PT
8PI + sPT 4PT 4PT sPI +’pP7
4PT 8PT + 8P 4PT SPT + 8P7
4PT 4PT 8PT + 8P sPT +8pP7
I 20PT 20P7 20P7T 20PT

(6.30)
The majority of the tractions are distributed to the edge nodes (nodes 5 to
10 in Figure 6.12(b)), and in the case of a constant stress field in the given
element, no nodal forces will be present for the corner nodes, since rows 1
to 4 in the element equilibrium matrix (6.30) sum to zero. The last row of
(6.30) ensures the internal equilibrium of the element.
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6.4.2 Yield criteria

For the solid elements, two general yield criteria for triaxial stress are con-
sidered, namely a criterion for reinforced concrete using the Mohr-Coulomb
criterion, and the Drucker-Prager criterion.

Mohr-Coulomb criterion for reinforced concrete

Similar to the plane stress case in Section 4.1.4, the stresses are divided into
concrete stresses and reinforcement stresses:

o=0.+ 0% (6.31)

where o, is the concrete stresses. It is assumed that the the reinforcement
only carries normal stresses, hence, the equivalent reinforcement stresses o
is defined as

_JSI AS&E
OsyAsy
~ UszAsz
B 0
0
0

where A,; is reinforcement area per unit area in the i-direction. The rein-
forcement is assumed to be smeared, however, if smeared reinforcement is
not a reasonable assumption, 3D bar elements can be used to model the re-
inforcement discretely. The reinforcement stresses are checked against the
uniaxial yield strength f;:

- fyi < Osi < fyi (632)

The concrete stresses must satisfy the Mohr-Coulomb yield criterion with a
tension cut-off presented in Section 3.3. The criterion has a rather simple
form in principal stresses which is repeated below:

o1 < fi

6.33
koy — o3 < f. ( )

where 0, and o3 are the largest and smallest principal stresses, respectively.
The properties of the concrete material are given by the uniaxial tensile
strength f;, the uniaxial compressive strength f., and the friction parame-
ter k. Since the criterion is formulated in principal stresses, which are the
eigenvalues of the stress tensor, the criterion can be formulated exact using
semidefinite programming.
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Drucker-Prager criterion

The Drucker-Prager criterion can be considered as a smooth version of the
Mohr-Coulomb criterion, and is often used in geotechnical engineering. The
criterion is based on the first and second stress invariants, I; and J,, defined
as

L =30, =0, +0y+0,

(02 — Uy)z (oy — 02)2

+
6 6 6
The criterion can be stated as

Jy =

VJs < A= BI (6.34)

where A and B are constants. The criterion (6.34) has the shape of a
quadratic cone and can be represented exact using second-order cone pro-
gramming.

Circumscribe A= M, B = ﬂ,
V3 (3 — sin6) V3 (3 — sin6)
Middle-circumscribe A = M, B = ﬂ, (6.35)
V3 (3 +sin6) V3 (3 +sin6)
Inscribe A 3ccosf B csin 6

V9 — 3sin26’ V9 — 3sin?6

where c¢ is the cohesion of the material and @ is the internal angle of friction.
The choice of A and B depends on if the Drucker-Prager envelope is going
to circumscribe, middle-circumscribe, or inscribe the Mohr-Coulomb yield
envelope as listed in (6.35).

The difference between the three sets of constants varies with the internal
angle of friction, 8. Figure 6.13(b) shows the yield envelope for some typical
values of concrete, and it is observed that the red line which circumscribes
the Mohr-Coulomb yield envelope will give significantly larger capacities in
compression. The blue and black lines will give lower results in case of
uniaxial compression compared to the yield envelope of the Mohr-Coulomb
criterion. If the internal angle of friction is zero degrees, the constant B will
be zero and (6.34) will be identical to the von Mises criterion.

6.4.3 Example

A rebar with a diameter of 25 mm is embedded in a 200 x 200 x 200 mm con-
crete cube. The rebar is modelled as a von Mises material using the Drucker-
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Figure 6.13: Comparison of the Mohr-Coulomb criterion (dashed line) and
the Drucker-Prager criterion for plane stress using different values of A and
B shown in principal stresses.

Prager criterion with a friction angle of # = 0 and f, = 2¢ = 500 MPa,
while the concrete cube is modelled using the Mohr-Coulomb criterion with
fe = 20 MPa and k = 4 corresponding to 6 ~ 37°, while no additional limit
for the tensile strength is considered. For comparison, the concrete is also
modelled using the Drucker-Prager criterion with the three different sets of
constants, A and B, see (6.35), with § = arctan (3/4) ~ 37° and ¢ = 5 MPa
(equivalent to the uniaxial compressive strength of 20 MPa for the Mohr-
Coulomb criterion). No special consideration has been given to the interface
between the rebar and the concrete, and a perfect bond is assumed.

200 mm

/
,;;’
7
Jr— ‘. 200 mm

Figure 6.14: Pull out of the D25 rebar embedded in a concrete cube.

148 Department of Civil Engineering - Technical University of Denmark



Auxiliary work 6.4 Mixed solid element

The rebar is embedded 100 mm into the concrete cube as illustrated in
Figure 6.14 which also shows the load and support conditions. The yield
strength of the rebar is chosen sufficiently large to ensure failure in the con-
crete. The separation criterion is not implemented for the Drucker-Prager
criterion, hence, to be able to compare the two criteria, no tension cut-off
is used for the Mohr-Coulomb criterion. The model is analysed using three
different meshes, one structured and two free.

Table 6.4: Limit load P for the pull out of a rebar embedded in concrete
using different material models and meshes (load given in kN).

Structured Free
Material nel = 2628 nel = 1649 nel = 6422
Mohr-Coulomb 140.8 130.6 137.7
Drucker-Prager
Circumscribes 189.2 183.3 195.9
Middle-circumscribes 104.4 98.0 101.4
Inscribes 101.7 95.3 98.5

Table 6.4 shows that the model approaches the limit load from below as
the free mesh with 1649 elements give the lowest capacity. The structured
mesh yields the largest capacity for the Mohr-Coulomb material as well as
for two versions of the Drucker-Prager criterion. Moreover, a significant
difference is seen between the three versions of the Drucker-Prager criterion,
where the yield envelope circumscribing the Mohr-Coulomb criterion gives
almost double the capacity.

Figure 6.15 shows the failure modes using the Drucker-Prager and Mohr-
Coulomb criteria. A clear difference is observed between the two criteria: The
displacements occur in close proximity to the rebar for the model using the
Drucker-Prager criterion, while a cone shape is seen for the Mohr-Coulomb
criterion which corresponds better to the failure modes observed for experi-
ments.
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(a) Drucker-Prager (inscribing) (b) Mohr-Coulomb

Figure 6.15: Fuailure modes for the pull out of a rebar embedded in concrete
using the fine free mesh with 6422 elements. The colour represents the relative
magnitude of the displacements, and red indicates the largest displacements.
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Chapter 7

Conclusions and future work

Despite an increased preference of clients for architecturally complex struc-
tures and the extensive use of computer-aided drawing software in practice,
concrete structures - and especially precast concrete structures - are often
designed by manual methods or simple numerical tools in the ultimate limit
state. The current practice is to design the joints as the weakest part of the
structure, which makes analysis by general purpose finite element software
difficult and inaccurate. Within the framework of finite element limit anal-
ysis, several finite elements and mechanical models have been developed to
facilitate efficient modelling of precast concrete structures. Summary and
conclusions of the research conducted is given in the following section.

7.1 Conclusions

Identification of the critical mechanisms of shear joints in 2D

The behaviour of joints in precast concrete structures is one of the main
topics of the present thesis. In order to develop an adequate joint model,
identification of the critical mechanisms inside the joint was necessary. For
this purpose, a detailed model based on lower bound finite element limit
analysis was presented in Section 4.3 and Paper 1.

The detailed model was validated by comparison to experimental results,
and satisfactory agreement was found with an average error of just -4.3 per
cent. The model was able to capture the effect of the discontinuous layout
of the U-bars to a reasonable degree. The failure mode was interpreted
from the dual solution to the optimisation problem, i.e. the solution to the
corresponding kinematic problem.

From the the determined stress fields, it can be concluded that direct
strut action is the primary load carrying mechanism of keyed shear joints,
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however, the reinforcement layout affects the struts and a discontinuous lay-
out will disrupt the distinct struts. Local failures near the keys as well as
diagonal failure zones likewise indicate direct strut action. Moreover, it can
be concluded that localised failure zones between the U-bar loops may occur
as a consequence of the discontinuous reinforcement layout.

The detailed model provides a satisfactory estimate of the capacity and
the determined failure mode corresponds to the observed failures of the ex-
periments. The model, however, is rather heavy, computationally speaking,
and a simple mechanical model is needed to facilitate modelling of real size
structures.

Development of a simplified model for shear joints in 2D

Section 4.4 and Paper II presented a multiscale lower bound joint element.
The element uses a mechanical submodel as an advanced yield function,
which makes it possible to account for the local behaviour of the joint -
identified by the detailed model - on the structural level.

The mechanical submodel is based on the stringer method. Three inde-
pendent stringer models formed the basis of the submodel, and by adding the
stress fields of the three stringer models, the resulting stress field in the joint
is obtained, which is then checked against the appropriate yield criterion.

The multiscale joint element was validated by comparison to the detailed
model, and excellent agreement was found. The joint element captures the
same behaviour as the detailed model, including the effect of the discontinu-
ous reinforcement layout. The results of the joint element was also compared
to experimental results, and satisfactory agreement was found here.

The joint element poses a small mathematical optimisation problem which
is solved in a fraction of a second, and it can therefore be concluded that
the presented multiscale joint element enables modelling of real size precast
structures while accounting for the complex behaviour of the in-situ cast
joints.

Extension of the findings to the three-dimensional case

Taking the three-dimensional behaviour of structures into account will nec-
essarily increase the capacity of the considered structure. The findings and
lower bound finite elements presented for the two-dimensional case in the
present thesis were generalised to three dimensions and an adequate multi-
scale joint model for the behaviour of the in-situ cast joints was developed,
see Section 4.5 and Paper IV.
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A lower bound macro joint element was formulated, and the element
is compatible with the three-dimensional plane stress element, presented in
Section 4.1.3 and Paper III. The element uses a mechanical submodel to
account for the local behaviour. The submodel utilises concrete corbels inside
the joint in order to activate the loop reinforcement and to transfer shear from
one structural plane to another. The resulting triaxial stress field of the joint
is checked against the Mohr-Coulomb criterion.

A brief analysis of the three-dimensional and the two-dimensional joint
was conducted to assess the behaviour in two-dimensions. For the three-
dimensional case a parameter study with commonly used reinforcement lay-
outs and concrete strengths was conducted, and the results are compared to
the Eurocode design equation. Surprisingly, the results of the joint model
and Furocode were relatively close even though the Eurocode equation only
considers a criterion for the interface.

It is concluded that the corbel mechanisms produce rather conservative
lower bound for the two-dimensional case, which is to be expected. The
corbels appear to be a reasonable choice of mechanism for transfer of shear
in three-dimensions, and it can be concluded that it is necessary to consider
the three-dimensional stress field of the joint for design and analysis.

Framework for design

Two examples of real size structures were given in Chapter 5. First, a four-
storey shear wall with three door openings was analysed using the lower
bound plane stress element and the two-dimensional joint element and sub-
model. The wall was subjected to design loads prescribed by the Eurocode.
The material and reinforcement parameters have been chosen based on a
conventional design using manual methods.

The model was analysed for varying mesh densities, and the determined
load factors increased slightly with the mesh density which was to be expected
for a lower bound model. The critical load case, load case 2, gave a load factor
3.48, i.e. the shear wall can sustain a horizontal load more than three times
larger than the design load. The two other load cases gave load factors of
5.09 and 6.27, respectively.

It was seen from the stress plots that the forces were transferred via strut
action to the supports of the structure. Moreover, the dual solution was
used to visualise the failure mode of the shear wall. The joints affected the
stress field to some degree, however, their influence on the failure mode was
clear: Separation occurred in some of the horizontal joints of the structure,
combined with a diagonal failure zone in the bottom storey for load cases 1
and 3.
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The second example was concerned with a four-storey precast concrete
stairwell with door openings. The precast panels were modelled using the
3D plane stress element and connected in the corners by in-situ cast joints
modelled by the developed 3D joint element. The stairwell was subjected to
shear and torsion and analysed for varying joint reinforcement degrees.

For low reinforcement degrees in the joints, the entire joint from the
foundations to the top of the structure was fully utilised, which will lead
to some extreme requirements to the ductility of the joints and panels. At
higher levels of reinforcement, the model yielded a capacity only a few per
cent lower than the capacity of the monolithic structure. The robustness of
the structure increased at the higher levels of joint reinforcement, as only a
small portion of the joint was utilised fully which lowered the requirement to
the ductility of the joints and panels.

From the two examples, it can be concluded that the joints play a vital
roll in the overall behaviour of precast concrete structures and that the pre-
sented models and elements are capable of modelling real size structures in
an efficient manner. Finally, it is concluded that the presented framework
based on finite element limit analysis has significant potential to enable fast
and efficient design of precast concrete structures in the near future.

7.2 Future work

The recommendations for future work can be split into two groups: Ex-
perimental work on joints and precast structures, and model development
to extend and mature the presented framework. This section will highlight
some of the areas where further research is needed and attempt to give rec-
ommendations.

Experimental work

The developed joint elements attempt to describe the influence of reinforce-
ment layout. An optimal layout cannot be ensured by the current practice,
however, nearly all published experiments uses a reinforcement layout where
the U-bar loops are placed closely together:

e Additional experimental work on joints in two-dimensions with subop-
timal reinforcement layout is needed. Only few experiments consider
this phenomenon, but a clear influence has been reported (see Hansen
and Olesen, 1976).

e For the three-dimensional case, basic investigations of the mechanisms
of shear transfer in the three-dimensional case are needed. To the best
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knowledge of the author, no experiments on corner joints have been
published, hence, analytical and numerical models cannot be validated.
For practical use of the developed three-dimensional joint model, such
validation by comparison to experiments is needed.

e A new design of the classical, two-dimensional U-bar joint is presently
being developed at the Technical University of Denmark (Sgrensen
et al., 2016). The results are promising, and findings can hopefully
be extended to the design and behaviour of joints in three-dimensions,
where ductility of joints is crucial for the robustness.

e Manual methods based on limit analysis have been used in practice for
decades. The numerical framework presented here, however, enables
structural optimisation on a completely different level, and the struc-
tural design can easily be pushed to the limit. This is shown in the
example in Section 5.3, where all joints are fully utilised over the entire
height of the building when using a low reinforcement degree. This
poses some requirements to the ductility of the entire structure - not
just locally - and to the best knowledge of the author, no experimental
work on the interaction and ductility of large precast structures have

been published.

Model development

The present framework presented a novel concept within the field of finite
element limit analysis, namely the multiscale elements. The concept enables
modelling of local phenomena for the individual elements to be accounted
for on the structural model level.

e An extension of the submodel for the three-dimensional joint element
is needed. The presented corbel model handles the two-dimensional
case as well, but the obtained results are rather conservative compared
to the results of the two-dimensional submodel. The framework of the
submodel makes it possible to add additional models, and the resulting
stress field should be updated accordingly.

e Adequate submodels for e.g. beams can be developed to account for
local behaviour. The Eurocode prescribes several loads and moments
based on tolerances that need to be treated locally for the individual
structural components. Such effects can be included within the sub-
model concept and can therefore be accounted for on the global model
level.
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e Structures are designed for a multitude of load cases. For load optimi-

sation, the load cases can be handled individually, however, for material
optimisation, it is not the case. A general purpose optimisation solver
has been used for the work presented in this thesis, however, to be able
to treat multiple load cases efficiently, specialised solvers should be
developed. The mathematical optimisation problem of finite element
limit analysis with multiple load cases will have a distinct structure,
which likely can be exploited by specialised solvers

Mixed elements were discussed in Chapter 6. The elements do not pro-
vide rigorous bounds to the exact limit load, but they are more accurate
compared to lower and upper bound elements and often more stable in
a numerical sense. The presented joint elements could be extended to
mixed formulations to be able to provide increased accuracy.

Last but not least, material optimisation has a considerable potential
for practical applications. The presented framework is only concerned
with load optimisation, however, the framework can be extended to
cover material optimisation as well.

Department of Civil Engineering - Technical University of Denmark



Bibliography

Alizadeh, F. and Goldfarb, D. (2003). Second-order cone programming.
Mathematical programming, 95(1):3-51.

Anderheggen, E. and Knopfel, H. (1972). Finite element limit analysis us-
ing linear programming. International Journal of Solids and Structures,
8:1413-1431.

Andersen, K. D. and Christiansen, E. (1995). Limit analysis with the dual
affine scaling algorithm. Journal of computational and Applied Mathemat-
ics, 59(2):233-243.

Andersen, K. D., Christiansen, E., Conn, A. R., and Overton, M. L. (2000).
An efficient primal-dual interior-point method for minimizing a sum of
euclidean norms. SIAM Journal on Scientific Computing, 22(1):243-262.

Antoniou, A. and Lu, W.-S. (2007). Practical optimization: algorithms and
engineering applications. Springer Science & Business Media.

Belytschko, T. and Hodge, P. (1970). Plane stress limit analysis by finite
elements. Journal of the Engineering Mechanics Division, 96(6):931-944.

Bhatt, P. (1973). Influence of vertical joints on behaviour of precast shear
walls. Building Science, 8:221-224.

Bisbos, C. and Pardalos, P. (2007). Second-order cone and semidefinite rep-
resentations of material failure criteria. Journal of Optimization Theory
and Applications, 134(2):275-301.

Bljuger, F. (1976). Determination of deformability characteristics of vertical
shear joints in precast buildings. Building and Environment, 11:277-282.

Borges, L. A., Zouain, N., and Huespe, A. E. (1996). A nonlinear optimiza-
tion procedure for limit analysis. European Journal of Mechanics Series A
Solids, 15:487-512.

157



BIBLIOGRAPHY BIBLIOGRAPHY

Boyd, S. P. and Vandenberghe, L. (2004). Convez Optimization. Cambridge
University Press.

Cholewicki, A. (1971). Loadbearing capacity and deformability of vertical
joints in structural walls of large panel buildings. Building Science, 6:163—
184.

Christiansen, E. (1986). On the collapse solution in limit analysis. Archive
for Rational Mechanics and Analysis, 91(2):119-135.

Christiansen, E. and Andersen, K. D. (1999). Computation of collapse states
with von mises type yield condition. International Journal for Numerical
Methods in Engineering, 46(8):1185-1202.

Christoffersen, J. (1997). Ultimate Capacity of Joints in Precast Large Panel
Concrete Buildings. PhD thesis, Technical University of Denmark.

Cook, R. D., Malkus, D. S., Plesha, M. E., and Witt, R. J. (2001). Concepts
and applications of finite element analysis. John Wiley & Sons, 4th ed.
edition.

Dahl, K. K. B. (1994). Construction joints in normal and high strength
concrete. Technical Report R-311, Department of structural Engineering,
Technical University of Denmark.

Damkilde, L., Olsen, J., and Poulsen, P. N. (1994). A program for limit
state analysis of plane, reinforced concrete plates by the stringer method.
Bygningsstatiske Meddelelser, 65(1).

Dantzig, G. B. (1998). Linear programming and extensions. Princeton uni-
versity press.

Delatte, N. J. (2001). Lessons from roman cement and concrete. Journal
of Professional Issues in Engineering Education and Practice, 127(3):109—
115.

Drucker, D., Prager, W., and Greenberg, H. (1952). Extended limit design
theorems for continuous media. Quarterly of Applied Mathematics, 9:381—
389.

European Committee for Standardization (2008). En 1992-1-1 eurocode 2:
Design of concrete structures - part 1-1: General rules and rules for build-
ings.

158 Department of Civil Engineering - Technical University of Denmark



BIBLIOGRAPHY BIBLIOGRAPHY

Exner, H. (1979). On the effectiveness factor in plastic analysis of concrete.
Plasticity in reinforced concrete, pages 35-42.

Fauchart, J. and Cortini, P. (1972). Etude expérimentale de joints horizon-
taux entre panneaux préfabriqués pour murs de batiments. Annales de
Linstitut Technique du Batiment et dés Travauxr Publics, 300:86-103.

fib bulletin 43 (2008). Structural connections for precast concrete buildings.

Gilbert, M., He, L., Smith, C. C., and Le, C. V. (2014). Automatic yield-line
analysis of slabs using discontinuity layout optimization. Proceedings of
the Royal Society of London A: Mathematical, Physical and Engineering
Sciences, 470(2168).

Gvozdev, A. A. (1960). The determination of the value of the collapse load
for statically indeterminate systems undergoing plastic deformation. In-
ternational Journal of Mechanical Sciences, 1(4):322-335.

Hansen, K. and Olesen, S. O. (1976). SBI-Report 97: Keyed Shear Joints.
Statens Byggeforskningsinstitut.

Herfelt, M. A., Poulsen, P. N., Hoang, L. C., and Jensen, J. F. (2016). Numer-
ical limit analysis of keyed shear joints in concrete structures. Structural
Concrete, 17(3):481-490.

Herfelt, M. A., Poulsen, P. N., Hoang, L. C., and Jensen, J. F. (2017a).
Lower bound equilibrium element and submodel for shear joints in precast
concrete structures. Engineering Structures, 135:1 — 9.

Herfelt, M. A., Poulsen, P. N.; Hoang, L. C., and Jensen, J. F. (2017b).
Lower bound multiscale element for in-situ cast joints in triaxial stress.
Engineering Structures. Submitted for review.

Herfelt, M. A., Poulsen, P. N., Hoang, L. C., and Jensen, J. F. (2017c). Lower
bound plane stress element for modelling 3d structures. Proceedings of the
Institution of Civil Engineers-Engineering and Computational Mechanics,
pages 1-11.

Hillerborg, A. (1960). A plastic theory for the design of reinforced concrete
slabs. Prel. Publications, 6th Congr. mt. Ass. Bri. Struct. Eng., Stockholm.

Ingerslev, A. (1921). Om en elementaer beregningsmetode for krydsarmerede
plader. Ingenigren, 30(69):507-515. Translation: On an elementary calcu-
lation method for two-way slabs.

Department of Civil Engineering - Technical University of Denmark 159



BIBLIOGRAPHY BIBLIOGRAPHY

Ingerslev, A. (1923). The strength of rectangular slabs. Struct. Eng, 1(1):3~
14.

Jensen, B. C. (1975). On the ultimate load of vertical, keyed shear joints
in large panel buildings. In Symposium on Bearing Walls in Warsaw,
volume 8, page 13th.

Joergensen, H. B. and Hoang, L. C. (2013). Tests and limit analysis of loop
connections between precast concrete elements loaded in tension. FEngi-
neering Structures, 52:558-569.

Johansen, K. W. (1931). Beregning af krydsarmerede jernbetonpladers brud-
moment. Bygningsstat. Medd., 3:1-18. Translation: Calculation of the
rupture moment of two-way slabs.

Johansen, K. W. (1932). Nogle pladeformler. Bygningsstat. Medd., 1:77-84.
Translation: Slab formulas.

Johansen, K. W. (1962). Yield-line theory. Cement and Concrete Association.

Jorgensen, H. (2014). Strength of Loop Connections between Precast Concrete
Elements: Part I: U-bar Connections Loaded in Combined Tension and

Bending -Part II: Wire Loop Connections Loaded in Shear. PhD thesis,
University of Southern Denmark - Faculty of Engineering.

Kaern, J. C. (1979). The stringer method applied to discs with holes. In Final
Report IABSE Colloguium Plasticity in Reinforced Concrete, volume 29,
pages 87-93.

Karihaloo, B. L. (1995). Fracture Mechanics & Structural Concrete. Long-
man Scientific & Technical.

Karmarkar, N. (1984). A new polynomial-time algorithm for linear program-
ming. Combinatorica, 4:373-395.

Klee, V. and Minty, G. J. (1972). How good is the simplex algorithm? In
Inequalities, Vol. I1I, pages 159-175.

Krabbenhgft, K. (2016). Shell finite element. Optum Computational Engi-
neering.

Krabbenhoft, K. and Damkilde, L. (2002). Lower bound limit analysis of
slabs with nonlinear yield criteria. Computers & structures, 80(27):2043~
2057.

160 Department of Civil Engineering - Technical University of Denmark



BIBLIOGRAPHY BIBLIOGRAPHY

Krabbenhgft, K. and Lyamin, A. (2014). Optum G2. Optum Computational
Engineering.

Krabbenhgft, K., Lyamin, A., and Sloan, S. (2007). Formulation and solution
of some plasticity problems as conic programs. International Journal of
Solids and Structures, 44(5):1533-1549.

Krabbenhgft, K., Lyamin, A., and Sloan, S. (2008). Three-dimensional
mohr—coulomb limit analysis using semidefinite programming. Commu-
nications in Numerical Methods in Engineering, 24(11):1107-1119.

Krabbenhoft, K., Lyamin, A. V., Hjiaj, M., and Sloan, S. W. (2005). A
new discontinuous upper bound limit analysis formulation. International
Journal for Numerical Methods in Engineering.

Krenk, S., Damkilde, L., and Hgyer, O. (1994). Limit analysis and opti-
mal design of plates with equilibrium elements. Journal of Engineering
Mechanics, 120:1237-1254.

Kuo, Y.-J. and Mittelmann, H. D. (2004). Interior point methods for second-
order cone programming and or applications. Computational Optimization
and Applications, 28(3):255-285.

Larsen, K. P. (2010). Numerical Limit Analysis of Reinforced Concrete Struc-
tures. PhD thesis, Technical University of Denmark.

Lobo, M. S., Vandenberghe, L., Boyd, S., and Lebret, H. (1998). Applications
of second-order cone programming. Linear algebra and its applications,
284(1):193-228.

Lyamin, A. V. and Sloan, S. W. (2002a). Lower bound limit analysis using
non-linear programming. International Journal for Numerical Methods in
Engineering.

Lyamin, A. V. and Sloan, S. W. (2002b). Upper bound limit analysis using
linear finite elements and non-linear programming. International Journal
for Numerical and Analytical Methods in Geomechanics, 26(2):181-216.

Makrodimopoulos, A. and Martin, C. (2006). Lower bound limit analysis of
cohesive-frictional materials using second-order cone programming. Inter-
national Journal for Numerical Methods in Engineering, 66(4):604—634.

Makrodimopoulos, A. and Martin, C. (2007). Upper bound limit analysis
using simplex strain elements and second-order cone programming. Inter-
national Journal for Numerical and Analytical Methods in Geomechanics.

Department of Civil Engineering - Technical University of Denmark 161



BIBLIOGRAPHY BIBLIOGRAPHY

Makrodimopoulos, A. and Martin, C. (2008). Finite-element limit analysis of
mohr—coulomb materials in 3d using semidefinite programming. Journal
for Engineering Mechanics.

Mehrotra, S. (1992). On the implementation of a primal-dual interior point
method. SIAM Journal on Optimization.

Monteiro, R. D. and Tsuchiya, T. (2000). Polynomial convergence of primal-
dual algorithms for the second-order cone program based on the mz-family
of directions. Mathematical Programming, 83(1):61-83.

MOSEK ApS (2015). The MOSEK optimization toolbox for MATLAB man-
ual. Version 7.1 (Revision 33).

Muttoni, A., Ruiz, M. F., and Niketic, F. (2015). Design versus assessment
of concrete structures using stress fields and strut-and-tie models. ACI
Structural Journal, 112(5):605.

Muttoni, A., Schwartz, J., and Thiirlimann, B. (1997). Design of Concrete
Structures With Stress Fields. Springer.

Nesterov, Y. and Nemirovsky, A. (1988). A general approach to polynomial-
time algorithms design for convex programming. Report, Central Econom-
ical and Mathematical Institute, USSR Academy of Sciences, Moscow.

Nesterov, Y., Todd, M. J., and Ye, Y. (1999). Infeasible-start primal-dual
methods and infeasibility detectors for nonlinear programming problems.
Mathematical Programming, 84(2):227-267.

Nesterov, Y. E. and Todd, M. J. (1997). Self-scaled barriers and interior-point
methods for convex programming. Mathematics of Operations research,
22(1):1-42.

Nielsen, L. O. (2014). Computational ideal cone plasticity. Part 2: The 2D
stress structure. Technical University of Denmark, Department of Civil
Engineering, U-093.

Nielsen, M. P. (1971). On the strength of reinforced concrete discs. Civil en-
gineering and building construction series no.70. Acta polytechnica scan-
dinavica.

Nielsen, M. P. and Hoang, L. C. (2010). Limit Analysis and Concrete Plas-
ticity, Third Edition. Taylor & Francis.

162 Department of Civil Engineering - Technical University of Denmark



BIBLIOGRAPHY BIBLIOGRAPHY

Nissen, H. (1961). Husbygningsteknik 1961. Teknisk Forlag. Translation:
House construction techniques.

Nocedal, J. and Wright, S. (2006). Numerical Optimization. Springer.

Olsen, P. C. (1998). The influence of the linearisation of the yield surface on
the load-bearing capacity of reinforced concrete slabs. Computer Methods
in Applied Mechanics and Engineering.

Olsen, P. C. (1999). Evaluation of triangular plate elements in rigid-plastic
finite element analysis of reinforced concrete. Computer Methods in Applied
Mechanics and Engineering.

Persson, P.-O. and Strang, G. (2004). A simple mesh generator in matlab.
SIAM review, 46(2):329-345.

Poulsen, P. N. and Damkilde, L. (2000). Limit state analysis of reinforced
concrete plates subjected to in-plane forces. International Journal of Solids
and Structures, 37:6011-6029.

Prager, W. (1952). The general theory of limit design. In Proceedings of the
8th International Congress on theoretical and Applied Mechanics, Istanbul,
volume 19, pages 65-72.

Ribd, R., Pasenau, M., Escolano, E., Ronda, J., and Gonzélez, L. (1998).
GiD reference manual. CIMNE, Barcelona.

Rizkalla, S. H., Serrette, R. L., Heuvel, J. S., and Attiogbe, E. K. (1989).
Multiple shear key connections for precast shear wall panels. Prestressed
Concrete Institute.

Roos, C., Terlaky, T., and Vial, J.-P. (1997). Theory and algorithms for
linear optimization: an interior point approach. Wiley Chichester.

Sloan, S. W. (1988). Lower bound limit analysis using finite elements and
linear programming. International Journal for Numerical and Analytical
Methods in Geomechanics, 12:61-77.

Sloan, S. W. (1989). Upper bound limit analysis using finite elements and
linear programming. International Journal for Numerical and Analytical
Methods in Geomechanics, 13:263-282.

Smith, C.; Gilbert, M., Hawksbee, S., and Babiker, A. (2014). Recent ad-
vances in the application of discontinuity layout optimization to geotech-
nical limit analysis problems. Numerical Methods in Geotechnical Engi-
neering, 1:415.

Department of Civil Engineering - Technical University of Denmark 163



BIBLIOGRAPHY BIBLIOGRAPHY

Serensen, J. H., Hoang, L. C., Olesen, J. F., and Fischer, G. (2016). Test
and analysis of a new ductile shear connection design for rc shear walls.
Structural Concrete.

Sturm, J. F. (1997). Primal-dual interior point approach to semidefinite pro-
gramming. PhD thesis, Thesis Publishers Amsterdam, The Netherlands.

Terlaky, T. (2013). Interior point methods of mathematical programming,
volume 5. Springer Science & Business Media.

Tsuchiya, T. (1999). A convergence analysis of the scaling-invariant primal-
dual path-following algorithms for second-order cone programming. Opti-
mization Methods and Software, 11(1-4):141-182.

Vandenberghe, L. and Boyd, S. (1996). Semidefinite programming. SIAM
review, 38(1):49-95.

Wright, S. J. (1997). Primal-dual interior-point methods. Siam.

Yu, H., Sloan, S.; and Kleeman, P. (1994). A quadratic element for upper
bound limit analysis. Engineering Computations, 11(3):195-212.

Zienkiewicz, O. C. and Taylor, R. L. (1977). The finite element method,
volume 3. McGraw-hill London.

Zouain, N., Herskovits, J., Borges, L. A., and Feijéo, R. A. (1993). An
iterative algorithm for limit analysis with nonlinear yield functions. Inter-
national Journal of Solids and Structures, 30(10):1397-1417.

164 Department of Civil Engineering - Technical University of Denmark



Part 11

Appended Papers

165






Paper 1

" Numerical limit analysis of keyed shear joints in concrete
structures”

M.A. Herfelt, P.N. Poulsen, L.H. Hoang & J.F. Jensen

Published in: Structural Concrete, 2016

167



168 Department of Civil Engineering - Technical University of Denmark



Morten Herfelt*
Peter Poulsen
Linh Hoang
Jesper Jensen

Technical Paper .

DOI: 10.1002/suc0.201500161

Numerical limit analysis of keyed shear

joints in concrete structures

This paper concerns the shear capacity of keyed joints that are
transversely reinforced with overlapping U-bar loops. It is known
from experimental studies that the discontinuity of the transverse
reinforcement affects the capacity and the failure mode. Howev-
er, to the best knowledge of the authors, previous theoretical
works and current design equations in standards do not account
for this important effect. This paper introduces a detailed model
based on finite element limit analysis to assess the effect of the
discontinuous reinforcement. The model is based on the lower
bound theorem and uses the modified Mohr-Coulomb yield crite-
rion, which is formulated for second-order cone programming.
The model provides a statically admissible stress field as well as
the failure mode. Twenty-four different test specimens were mod-
elled and the calculations compared with the experimental re-
sults. The results of the model show satisfactory agreement with
the experimental observations. The model produces estimates of
the shear capacity that are significantly better than those of the
Eurocode 2 design equations.

Keywords: shear walls, precast concrete elements, keyed joints, limit
analysis, finite element, numerical modelling, plasticity

1 Introduction

Precast concrete wall units connected by in situ concrete
joints are often used to stabilize building structures against
horizontal loads. The efficiency of such wall systems (of-
ten referred to as shear walls) is highly dependent on the
ability of the joints to transfer in-plane shear forces be-
tween adjacent precast wall units. The joints are usually
designed as so-called keyed joints where U-bar loops pro-
trude from the ends of the precast units and overlap each
other in a narrow in situ zone (Fig. 1). A continuous rein-
forcing bar (locking bar) is typically placed inside the
loops to enhance the transfer of tension between pairs of
U-bars. Owing to the narrow geometry as well as the dis-
continuity of the reinforcement layout, the joints are most
often the weakest parts of a shear wall system. Hence, in
practice, the shear capacity of the keyed joints is often the
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nine months after the print publication.

X +—+—— Precast panels

f— In-situ cast joints

Details of keyed joint
(indented interface and
overlapping U-bar loops)

>

MAREEEEEREN

Fig. 1. Four-storey shear wall constructed from precast units connected by
in situ joints

governing factor for the load capacity of the entire shear
wall.

Several papers on the shear capacity of keyed shear
joints were published during the 1970s and 1980s (see
[1]-[6], for example). The main body of these works con-
centrates on experimental investigations. As a result, only
simple and rather primitive empirical design formulas are
available in current design standards, including Eurocode
2 [7]. In attempts to establish simplified mechanical mod-
els for the ultimate limit state design of keyed joints,
works based on rigid-plastic theory have been presented
in the literature. This includes upper bound solutions de-
rived from analyses of failure mechanisms [8], [9] and
lower bound solutions based on strut-and-tie models [9]-
[11], see Fig. 2. Jorgensen et al. [12], [13] also presented
several analytical upper bound solutions for similar prob-
lems, namely wire loop connections. Common to these
plasticity models is that the discontinuity of the transverse
reinforcement (i.e. the overlapping U-bars) is not taken
into account. This means that depending on the U-bar
layout, these models may be oversimplified because they
can neither capture the complex stress field nor the com-
plex failure mechanism that develops within the joint. In
the end, this will affect the ultimate capacity of the joint.

In this paper we present a detailed study of the ef-
fects of the discontinuous transverse reinforcement on the
shear capacity of keyed joints. The study was carried out
using numerical rigid-plastic limit analysis. This means

© 2016 Ernst & Sohn Verlag fiir Architektur und technische Wissenschaften GmbH & Co. KG, Berlin - Structural Concrete 17 (2016), No. 3~ 481
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Fig. 2. Simplified failure mechanism (a) [8], [9] and strut-and-tie models (b and c) [9], [10] for the analytical modelling of the shear capacity of keyed joints

that the analysis is based on the same fundamental as-
sumptions as those adopted for the aforementioned upper
and lower bound models. However, in numerical limit
analysis, the problem is discretized using so-called equilib-
rium finite elements and subsequently solved as an optimi-
zation problem (see section 2); complex stress fields and
failure modes can therefore be handled. The results of this
study show that the U-bar configuration and, in particular,
the mutual distance between adjacent overlapping U-bars
play a dominant role in the ultimate shear capacity. It is
demonstrated that the effects captured by the detailed nu-
merical limit analysis correlate well with experimental
observations.

To emphasize the context in which this study has
been undertaken, it is necessary to mention here that the
numerical limit analysis approach was deliberately chosen
instead of a classical incremental non-linear finite element
model. The reason for this is threefold: Firstly, the chosen
approach allows the results obtained to be placed in the
same context as existing analytical models (i.e. the afore-
mentioned upper and lower bound models) and enables
direct comparisons. Secondly, finite element limit analysis
is more computationally efficient than incremental non-
linear finite element analysis due to the fact that the for-
mer approach is only concerned with the load-carrying
capacity - the main objective in practical ultimate limit
state design. Thirdly, the detailed modelling of keyed
joints for finite element limit analysis has to be viewed
with a long-term research perspective, where the authors
are working on the development of numerical tools for
the ultimate limit state design of entire precast buildings
(see section 6).

2 Finite element limit analysis

Numerical limit analysis based on the lower bound theo-
rem of plastic theory can be used to determine statically
admissible stress fields, which will give a safe estimate of
the load-carrying capacity of the structure. The method
assumes a rigid-plastic material behaviour where no defor-
mations occur before yielding. The mathematical formula-
tion of the problem consists of a set of equilibrium equa-
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tions, the yield conditions and an objective function.
Anderheggen and Knopfel [14] were the first to present the
mathematical framework using linear programming to
optimize the load-carrying capacity. Since the 1970s, sev-
eral researchers have contributed to and extended the
theory and use of the method [15]-[19]. Numerical limit
analysis is a so-called direct method, i.e. the ultimate load
capacity is determined in one step, which is a clear advan-
tage over non-linear FEM when it comes to practical ap-
plications. The general formulation of lower bound load
optimization can be stated as follows [17], [20]:

maximize A
subjectto HB=R A+ R, ‘ (1)
f(ﬂi)SO, 1=1,2,...,m

The linear equality constraints ensure equilibrium, while
the yield functions ensure that the state of stress does not
violate the yield criteria at any point. The load acting on
the structure consists of a constant part Ry and a scalable
part RA. The global equilibrium matrix H comprises the
local contributions from each equilibrium element and
is the stress vector. The lower bound problem (Eq. (1)) has
a corresponding upper bound problem, which is solved
simultaneously, and the solution to the upper bound prob-
lem gives the collapse mode of the structure [21].

The yield function f is generally non-linear, but con-
vex; hence, Eq. (1) is a convex optimization problem. We
use the modified Mohr-Coulomb yield criterion in this
paper, which can be formulated exactly using second-or-
der cone programming (SOCP) and solved remarkably ef-
ficiently using interior point methods. The problem (Eq.
(1)) will be solved using the commercial solver MOSEK
[22]. For a detailed description of SOCP and interior point
algorithms, the reader is referred to [23]-[25].

3 Keyed joint

Fig. 3 is a schematic drawing of a typical keyed joint; the
reinforcement and interfaces are indicated by thick black
lines. A local coordinate system (#,f) is also included in
Fig. 3. The keys of the interface are defined by the param-
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Fig. 3. Elevation on and section through a basic keyed joint design reinforced with U-bars

eters Ky, hy, and d, while the parameters and define the
overlap of the U-bars and the width of the joint respec-
tively. Finally, u is the distance between the two U-bars of
a pair.

4 Elements

Three types of equilibrium element are required for the
detailed model: Firstly, a triangular element with a linear
stress variation (LST element) will represent the precast
concrete and joint concrete. In this paper we use an en-
hanced version of the plate element originally developed
by Sloan [15] and Poulsen and Damkilde [17]. The en-
hanced element was developed by Nielsen [26] and a brief
description of the element is given in the appendix. The
reinforcement can be represented as one-dimensional bars
modelled by a bar element developed by Poulsen and
Damkilde [17]. The bar element only provides dissipation
along its axis and dowel action is neglected. Finally, a suit-
able interface element is needed to model the casting in-
terface between the precast panels and the joint concrete.

In this section we present a one-dimensional inter-
face element developed for the detailed model. The inter-
face element has to be compatible with the linear stress
variation of the LST element; hence, a linear variation of
stresses is also required for the interface element.

The element has four stress variables as seen in Fig.
4a and contributes to eight equilibrium equations on the
global level, see Fig. 4b. The stresses are simply transferred
directly through the interface as seen in the element equi-
librium matrix h,;:

LST element

Tn2, T2

n Interface element
\/ /
Onl, T1
) +
q
t 1 1

LST element

(a)

t
gt ] [1 000 ]
qh | [0-100
Q| | 0010 |6,
+ —
g=|%2 |- 0001 g b, B, )
4o | [-10 00 ||og,
gz | [0 100 |l%
qop| | 0 0-10
9] L0001

Nielsen and Hoang [10] suggest a suitable yield criterion
for joint interfaces, which corresponds to the modified
Mohr-Coulomb yield criterion for plane strain with one
free normal stress parameter. The yield envelope is illus-
trated in Fig. 5. In terms of principal stresses, the yield
criterion can be written as

o <,

3
ko, -o0,< 2cVk )
where:

01,0, largest and smallest principal stresses respectively
f separation strength of interface

c cohesion 5
k a friction parameter, defined as k =(Ju? +1 + ,u) ,

where u is the friction coefficient of the interface

The principal stresses are given as

qz

Fig. 4. Interface element: a) geometry, local coordinates system and stress variables and b) generalized nodal forces

Oy (_0,%t0,, |1 2, 72 (4)
=—t_—t+,/-(0,-0,) +7T
o, 2 4( n =01
+
Az2
+
/’X’%’Q
4 _
71 qgg
U1
(b)
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Fig. 5. Yield criterion for the interface — the grey region indicates the interi-
or of the yield envelope

and oy is the free normal stress. The yield criterion can be
formulated as a single quadratic cone and two linear in-
equalities by introducing three auxiliary variables [19],
[27].

5 Model and analysis

This section will present the numerical model and the re-
sults, which will be compared with experimental data
from Hansen and Olesen [5] and Fauchart and Cortini [2]
as well as the design formulas of Eurocode 2 [7]. The ge-
ometry of the 16 test specimens of Hansen and Olesen
was: iy =hy =40 mm, d =6 mm, b=¢=50 mm, 0 =30 mm
(see Fig. 3), I = 1200 mm, 14 keys. The geometry of the
eight test specimens of Fauchart and Cortini was: hy =
167 mm, hy, = 83 mm, d = 20 mm, b = 145 mm, ¢ = 90 mm,
0 =115mm, [ = 1200 mm, 4 keys.

Fig. 6 shows the numerical model and the meshes for
the models of the specimens. The loads on the model ensure
that the moment at the centre of the joint is zero, i.e. pure
shear. The joint concrete is modelled using the Mohr-Cou-
lomb yield criterion for plane stress conditions. Near the U-
bar loops, the concrete will be in a triaxial stress state;
hence, the assumption of a plane stress condition is con-
servative in those regions. The tensile strength of the joint
concrete is neglected (f; = 0) and the effectiveness factor is

Yy

Precast element

Fy, —»
| | ]

y

4—F2

|I Joint |I I I

L NS
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Fig. 6. a) Sketch of the numerical model including boundary conditions and loading; b) mesh for the specimens by Fauchartand Cortini[2] (8064 elements);
c) close-up of the mesh shown in b) showing the keyed interface, two pairs of U-bars (thick vertical lines) and two locking bars (thick, straight horizontal
lines); d) half of the mesh for the specimens by Hansen and Olesen [5] (20 014 elements); e) close-up of the mesh shown in d) showing the keyed interface,

a locking bar (thick horizontal line) and a pair of U-bars (thick vertical lines).
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chosen as v = 1, which is the same value adopted for the
lower bound strut-and-tie model of Nielsen and Hoang [10].
It should be mentioned that Jorgensen et al. [12], [13] adopt-
ed a v factor smaller than unity for looped joints; however,
the models by Jorgensen et al. are upper bound models that
take into account plane strain conditions as well as the tri-
axial stress state locally at the loops. Most probably, the best
estimate of the v factor would be somewhere between unity
and the value used by Jorgensen et al. Determination of such
an estimate would require development of a 3D numerical
model that can be calibrated with tests heavily reinforced
with U-bars. As mentioned in section 4, the capacity of the
interface is defined by the cohesion, the friction coefficient
and the separation strength. For smooth surfaces, the cohe-
sion is very sensitive to curing and may be taken as
¢=0.55 [, provided that cracking (e.g. due to shrinkage)
has not taken place [10]. For the numerical model, a cohe-
sion of 0-0.5 MPa gives the best results, indicating that
shrinkage cracking has indeed taken place. The interface is
assumed to be smooth and a friction coefficient 1= 0.75 can
be used here [10], [28]. Finally, a separation strength f; = 0
was used for the interface elements in all models.

5.1 Comparison and analysis

The experimental results of Hansen and Olesen [5] and
Fauchart and Cortini [2] were compared with the numeri-
cal model and Eurocode 2 [7]. We define the reinforce-
ment ratio as follows:

_ zAsUfy
q) = W

i.e. the total force in the U-bars over the total area times
the compressive strength of the joint concrete.

According to Eurocode 2, the shear capacity of a
keyed joint can be computed as

¢ il /() + 1 OF,

7 =min 1 5)
5V fo Apey/t D)
where:
Apey  total area of keys
f1 tensile strength
c a parameter that relates the tensile strength to the
cohesion

The following values were used for keyed joints: u = 0.9
and ¢ = 0.5. The tensile strength was taken as f, = 0.21 f2/5.
In Eurocode 2, the effectiveness factor v used for beam
shear problems is also used for shear in joints, i.e. v=0.7
-£./200 (f. in MPa).

It is important to emphasize that mean values of the
material parameters were used for the comparison. When
the numerical model is used for design, however, relevant
partial safety coefficients prescribed by codes (e.g. Euroco-
des) must be introduced. In this context, it may be useful
to mention that the design value for the cohesion of the
interfaces should be determined by adopting a partial
safety coefficient y, that is related to the tensile strength of
the concrete (and not the compressive strength).

0.30
x
0.25
0.20 * 4
w x
7 0.15 L
g ®
0.10 %
x
x
x
0.05

0.0
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Fig. 7. Numerical results compared with a total of 24 experiments by Hans-
enand Olesen [5] and Fauchart and Cortini [2]

Fig. 7 shows that the numerical model is capable of pre-
dicting a satisfactory estimate of the load-carrying capaci-
ty for a wide range of experiments. On average, the model
predicts shear capacities slightly below the experimental
results, but for a single experiment (specimen 29, indicat-
ed by a circle in Fig. 7), the model overestimates the ca-
pacity by a significant margin. It is worth noting that
specimen 29 is the only specimen for which the Eurocode
overestimates the shear capacity (see Fig. 8a and Table 1).

Fig. 8a shows that the Eurocode generally underesti-
mates the capacity of the joint — in some cases by almost
60%. The numerical model predicts a higher shear capac-
ity that the Eurocode formulas, as can be seen in Fig. 8b.
All results as well as compressive concrete strength, rein-
forcement ratio and distance between U-bars are given in
Tables 1 and 2. The average error for the numerical model
is —4.3%, whereas for the Eurocode the average error is
-37.99%. The errors shown in the tables were computed
using

T -7 T -7
model test —_ “EC2 test
and ege, =

6 =
model
Ttest

Ttest

Specimens 01, 02, 03, 04, 05, 12, 13, 14, 18 and 29, listed
in Table 1, did not have any transverse reinforcement (U-
bars); instead, external confinement pressure was applied.
For these tests, a reinforcement ratio equivalent to the
confinement is listed in the table. It is worth noting that
specimen 29 is the only specimen in that group with an
equivalent reinforcement ratio > 0.10, but the specimen
has a rather low capacity similar to the capacities of speci-
mens 12 and 13, which have equivalent reinforcement ra-
tios of 0.43 and 0.95 respectively.

As Table 1 shows, two of the specimens, 24 and 26,
both have a large u value. It can be seen that the numeri-
cal model produces a very good estimate of the shear ca-
pacity for these two specimens in comparison to the Eu-
rocode. Specimen 25 is identical to specimen 26 except

Structural Concrete 17 (2016), No.3 485
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Fig. 8. a) Eurocode design formulas compared with experimental results, b) Eurocode design formulas compared with the results of the numerical model

Table 1. Data and results of experiments by Hansen and Olesen [5], numerical model and Eurocode 2

fe D u Experimental Numerical Eurocode 2

Specimen [MPa] [-] mm t/f, /f, Error [%] /f, Error [%)]
01 29 0.013 - 0.064 0.053 -17.2 0.029 -55.0
02 32 0.030 - 0.095 0.079 -16.8 0.044 -54.2
03 32 0.055 - 0.105 0.102 -2.9 0.066 -37.1
04 16 0.061 - 0.087 0.107 23.0 0.076 -13.0
05 53 0.018 - 0.068 0.064 -5.9 0.030 -55.6
12 25 0.043 - 0.140 0.092 -34.3 0.057 -59.9
13 23 0.095 - 0.146 0.133 -89 0.104 -28.8
14 25 0.039 - 0.099 0.088 -11.1 0.053 -46.4
18 27 0.049 - 0.073 0.097 32.9 0.062 -15.6
29 17 0.188 - 0.137 0.203 48.2 0.150 9.5
23 31 0.025 10 0.080 0.083 3.8 0.040 -50.5
24 26 0.030 150 0.072 0.068 5.6 0.045 -37.3
25 24 0.076 10 0.161 0.131 -18.6 0.087 -45.9
26 24 0.076 70 0.124 0.128 3.2 0.087 -29.8
27 15 0.139 10 0.213 0.189 -11.3 0.147 -31.0
28 13 0.235 10 0.286 0.230 -19.6 0.150 -47.6

Table 2. Data and results of experiments by Fauchart and Cortini[2], numerical model and Eurocode 2

fe D u Experimental Numerical Eurocode 2
Specimen [MPa] [-] mm /f, t/f, Error [%] /f, Error [%]
5 20 0.049 10 0.106 0.088 -17.0 0.057 -46.3
6 20 0.049 10 0.085 0.088 3.5 0.057 -33.0
7 20 0.096 10 0.120 0.126 5.0 0.099 -17.3
8 20 0.246 10 0.197 0.206 4.6 0.100 -49.4
9 20 0.047 10 0.104 0.086 -17.3 0.055 -47.0
10 20 0.096 10 0.148 0.126 -14.9 0.099 -32.9
11 20 0.096 10 0.148 0.126 -14.9 0.099 -32.9
12 20 0.191 10 0.208 0.168 -10.6 0.100 -52.2
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(a)

(b)

Fig. 10. a) Collapse mode and b) lowest principal stress for specimen 26 from Hansen and Olesen [5]

for the reinforcement layout; Figs. 9 and 10 show the dis-
tribution of the lowest principal stresses and the collapse
modes of the two specimens.

The thick blue lines in Figs. 9a and 10a indicate the
interface between the precast panels and the joint con-
crete, and the thick red lines indicate the reinforcement,
i.e. U-bars and locking bar. The deformed reinforcement is
plotted by interpolating the placement of the nodes in the
deformed mesh. The reinforcement is indicated in Figs. 9b
and 10b by thick grey lines.

Hansen and Olesen [5] reported that specimens 23, 25
and 27 failed by shearing off the keys of the joint concrete,
whereas for specimens 24 and 26 the core of the joint was
almost completely destroyed. The numerical model cap-
tures this as illustrated in Figs. 9a and 10a: The keys are
partially sheared off in specimen 25, whereas specimen 26
fails due to a diagonal yield zone through the core of the
joint. Figs. 9b and 10b likewise show that the reinforcement
layout has a significant influence on the distribution of
stresses within the joint: The model of specimen 25 shows
distinct diagonal struts throughout the entire core of the
joint, but this pattern is disrupted by the reinforcement lay-
out in the model of specimen 26. It should be noted that
the collapse mode and stress field observed in Fig. 9 are
similar to the simplified failure mechanism and strut-and-tie
models shown in Fig. 2. However, this is not the case for
specimen 26 (Fig. 10), where the large distance between the
overlapping U-bars alters the load path and collapse mode.
In both cases the diagonal struts tend to start and end at the
corners of the shear keys. This indicates that direct strut ac-
tion carries the majority of the load and the shear capacity
is not that sensitive to the interface friction coefficient.

Fig. 11 shows the shear capacity as a function of the
reinforcement for the different specimens. In the calcula-
tions, the reinforcement ratio of the transverse reinforce-
ment is simply varied by adjusting the yield strength of the
U-bars. The detailed model provides an excellent estimate
of the capacity of the experiments by Fauchart and Cortini
[2], as illustrated in Fig. 11a. Likewise, Fig. 11b shows that
the model gives a reasonable estimate for the specimens
without transverse reinforcement in Hansen and Olesen
[5] despite the somewhat scattered data. Figs. 11c and 11d
clearly illustrate the effect of the reinforcement layout,
namely, that the shear capacity decreases, even for low
reinforcement ratios, when the distance between overlap-
ping U-bars increases.

6 Future work

A detailed model for numerical limit analysis provides
unique insights into the ultimate behaviour of keyed joints
and may, in practice, be used to optimize the joint layout,
i.e. the geometry of shear keys and the positions of over-
lapping U-bars. Such a task is important and relevant for
producers of precast concrete elements, for whom optimi-
zation of design details is often motivated by the fact that
any benefits gained will accumulate over time because of
mass production. On the other hand, for consulting engi-
neers working with the design and calculations of entire
building structures, it is not feasible to aim for a level of
detail similar to the model presented in this paper. It is
simply too time-consuming to work with global models of
entire structures (e.g. the four-storey shear wall shown in
Fig. 1) where all joints are modelled in details. In global
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Fig. 11. Capacity curves for various specimens and reinforcement layouts

finite element models, each of the precast wall units
should only be modelled by using a limited number of the
aforementioned LST elements in order to reduce compu-
tational memory requirements and CPU time. The conse-
quence of this is that the keyed joints have to be modelled
by one-dimensional equilibrium elements that are compat-
ible with the LST element. Hence, to enable numerical
limit analyses of entire structures in the future, it will be
necessary to develop a one-dimensional element to model
the keyed shear joints. This is in fact an ongoing task for
the authors and the primary challenge here is to devise a
computationally efficient element that is able to reflect
some of the important features of a keyed shear joint.
Thus, in this context, the detailed model presented in this
paper will be used for benchmarking and comparison. Fi-
nally, the authors are currently using the detailed numeri-
cal model to carry out an extensive parameter study with
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the aim of developing a set of simple design equations that
will make it possible to account for the effect of the dis-
continuous reinforcement. These design formulas are
thought of as an extension of the Eurocode formulas.

7 Conclusions

The mathematical framework for the limit analysis of
keyed shear joints based on a rigid-plastic material model
has been presented. A new equilibrium element represent-
ing concrete-concrete interfaces was proposed and a de-
tailed finite element limit analysis model for keyed joints
between precast concrete panels has been introduced. The
model is formulated for second-order cone programming
- a class of convex optimization problems that can be
solved efficiently using interior point methods. The nu-
merical model has been compared with experimental re-



M. Herfelt/P. Poulsen/L. Hoang/J. Jensen - Numerical limit analysis of keyed shear joints in concrete structures

sults and the design formulas of the Eurocode. A satisfac-
tory correlation between the numerical model and
experiments was found, with an average error of -4.3%. The
model provides a much better estimate of the load-carrying
capacity than the design formulas of the Eurocode, which
had an average error of -37.9%. Most importantly, the
model also captures the effects of the discontinuous layout
of the transverse reinforcement. The results show that the
critical mechanisms and the stress fields within the joint are
highly dependent on the mutual distance between overlap-
ping U-bars. The approach presented in this paper may be
beneficial in optimizing the shear key layout at the bounda-
ries of mass-produced precast wall units and the position-
ing of the U-bars in the units.
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Appendix: Enhanced linear stress triangle

The formulation presented here is based on the work of
Nielsen [26]. The enhanced linear stress triangle incorpo-
rates three subelements, each with a linear stress varia-
tion. Several of the variables can be eliminated, which re-
duces the problem size significantly.

A centre node divides the element into three subele-
ments, as can be seen in Fig. 12, and /315 is the stress vec-
tor associated with this centre node. Stress vector j3; con-
tains the stress variables associated with corner i and S,
collects all stress variables at the corners:

B.=[ BT BT BT
:Biz[o'ni Twi Odi O ]T

T
S_[ 58S 55 .S
B; —[O'x oy rxy]

The tractions on two opposing boundaries must be in
equilibrium; thus, only four stress variables are necessary
to describe the stress state at a corner since they are ex-
pressed in the local coordinates of the subelement bound-
ary. Only the normal stress in the t direction is discontinu-
ous. Equilibrium on the local level can be stated as

Sub el. 2

n
Yy
n Subel. T
| B2

Fig. 12. Subelements, stress variables and local coordinates systems for
enhanced plate element (dashed lines indicate subelement boundaries)

9o = helGel = hel Tel 'Bel
where:
T B
le{ ¢ :|andﬂl={ C:| (6)
© T ¢ Bs

h, is the local equilibrium for the basic linear stress
triangle (see [13], [15]),

q. is the generalized nodal forces, i.e. the contribu-
tion to the global equilibrium equations,

O, contains 27 stress variables in global coordinates,
nine for each subelement, and

Tc transforms the local stress variables at the corners

to global coordinates, which can be written as

_ 24 5t p2
0, =0,M; +0; 1 27, n, n,
- 2 + .2 7
0, =0, +0; ny+27,,n,n, (7)
_ ™ 2 _ 2
Tyy = Oy, = Of 71, + T, (1 ny)

where n = [n,, ny]T is the normal to the subelement bound-
ary through the given corner. Eq. (7) gives the contribu-
tions to T¢. At the central node S, equilibrium across the
boundaries between the subelements gives the following
equations:

Tlxy(ﬁg_ﬁls):(L TéW(ﬂIS_ﬂg):O’ T;Cy(ﬂﬁs_ g)ZO,

where T;” is the stress to traction transformation matrix,
defined as:

™ - n, 0 n,
! 0 n, 1,

These equations can be organized as a linear system:

_Tlxy 0 Tlxy ig 18
Tgy ‘T;y 0 5 = [ T, Ty ] ﬂés =0 (8)
0 T;Cy _T;cy 39 39

Eq. (8) also implicitly defines T1 and T23 as

_Tlxy 0 Tlxy
T = T;y y Tys = —T;y 0
0 g O

So B5 and B can now be written as

S
|

and Tg (see Eq. (6)), can be defined as follows:

S

1

I
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1. Introduction

The lateral stability of modern precast concrete buildings is
often ensured by shear walls, i.e. precast wall panels connected
by in-situ cast joints. Horizontal forces, e.g. from wind load or seis-
mic action, are transferred as in-plane forces and the shear capac-
ity of the panels and joints are of the utmost importance. In
practice, the shear capacity of such walls is usually assessed by
analytical lower bound models, e.g. strut-and-tie models or stress
field methods [1,2]. The stress fields are also frequently deter-
mined by use of linear elastic finite element analysis. Naturally,
this practice often leads to suboptimal structures compared to
what can be obtained if the stress fields instead are determined
from a non-linear elastic-plastic analysis. Use of numerical
elastic-plastic analysis to determine stress fields has e.g. been
demonstrated in Refs. [3,4].

The joints between the precast panels are of particular interest
as they are often a critical part of the structure. In-situ cast joints
consist of a concrete core and two interfaces, where the core typi-
cally is reinforced in two directions, and the interfaces typically are
keyed. The shear capacity of the joints and interfaces is in practice
assessed by simple empirical formulas [5] which often gives a con-

* Corresponding author.
E-mail address: mahe@alectia.com (M.A. Herfelt).

http://dx.doi.org/10.1016/j.engstruct.2016.12.054
0141-0296/© 2016 Elsevier Ltd. All rights reserved.

servative estimate of the capacity. Several authors have investi-
gated the behaviour of in-situ cast joints. The investigations
cover both experimental testing [see e.g. 6-9] and simplified
mechanical models based on the theory of rigid-plasticity, namely
upper bound solutions based on yield line theory [10,11] and lower
bound solutions based on strut-and-tie models [1,11,12]. The
experiments showed that the geometry of the joint and the rein-
forcement layout affect the shear capacity as well as the collapse
mode, but the analytical methods have only been able to capture
the observed behaviour to a certain extent. Local failure mecha-
nisms caused by the reinforcement layout, however, have not been
investigated using analytical methods. Investigations using numer-
ical tools, e.g. finite element method or similar, have focused on
single key joints often used in precast concrete segmental bridges
[13,14]. These investigations have primarily been carried out by
use of non-linear finite element analysis. This approach is compu-
tationally heavy, especially when considering the fact that the ulti-
mate load carrying capacity is the result of main interest.

Herfelt et al. [15] presented a detailed model for keyed joints
based on finite element limit analysis. The model was based on a
lower bound formulation and the analysis yielded a statically
admissible stress field. Moreover, the solution to the dual problem,
i.e. the corresponding kinematic problem, was interpreted as the
failure mode. The detailed model used triangular plane stress ele-
ments [16] representing the concrete, bar elements [16] represent-
ing the reinforcement, and an interface elements representing the
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concrete-to-concrete interfaces. It was shown that the model could
represent the complex stress states within the joint and captured
the local failure mechanisms to a satisfactory degree; however,
for practical design it is not feasible to use that level of detail.
Fig. 1 shows a four storey wall comprising several precast panels
connected by in-situ cast joints. As indicated in the figure, plane
stress elements may be used to model the precast panels, while a
special joint element is needed for the joints.

This paper presents a lower bound equilibrium element repre-
senting the in-situ cast joints. The element is designed for interac-
tion with the triangular plane stress element [16] and interface
elements [15]. The scope is to be able to model entire wall systems,
e.g. the four storey wall seen in Fig. 1. The joint element requires a
suitable yield criterion which can capture the critical mechanisms
identified by the detailed model [15], and for this purpose, a semi-
analytical submodel yield criterion based on the stringer method is
developed. The joint element and submodel fit the format of
second-order cone programming, and the developed model is com-
pared to the detailed model [15] as well as experimental data [6,7].
The proposed multiscale model captures the behaviour of the
detailed model as well as the specimens.

2. Problem formulation

Finite element limit analysis can be considered as a special case
of the general finite element method: It is based on the extremum
principles for rigid-plastic materials [see e.g. 1,17,18] and deploys
a mesh discretisation known from the finite element method.
Anderheggen and Knopfel [19] presented a general formulation
as well as equilibrium elements for solids and plates. Since the
1970s several authors have contributed to the method see e.g.
[16,20,21]. Finite element limit analysis is a direct method, where
the ultimate load is determined in a single step, which is a signif-
icant advantage over non-linear finite element methods for practi-
cal applications. Moreover, when modelling concrete structures,
there is no need to consider any tensile strength to avoid problems
related to numerical stability. From the lower bound formulation,
the stress field is determined. Associated with the lower bound
problem is a so-called dual problem, and the solution to this dual
problem can be interpreted as the displacement field and plastic
strain. Since we are dealing with a rigid plastic material model,
no information on the magnitude of the strains and displacements
are determined; only the directions. When the method is applied
to structural concrete, it is necessary to operate with effective
strength parameters (via the so-called effectiveness factors) to
account for the limited ductility of concrete as well as the reduc-
tion of the compressive strength as a result of cracking and tension
strains transverse to compressive stress fields. In practice, the
effective strength parameters have to be found by calibration of
calculations with results of tests on structural components.

Numerical lower bound limit analysis is formulated as an opti-
misation problem where the scope is to maximise a load factor /.
The analysis determines a statically admissible stress, i.e. a stress
field which satisfies equilibrium and does not violate the yield cri-
teria in any points. The general problem can be stated as [16,22]:

maximise 1
subjectto HB=RA+Ry )
fB) <0, i=12,....m

The load acting on the model consists of a constant part Ry and a
scalable part R . The linear equality constraints ensure equilibrium
while the functions f(B;) < 0 ensure that the stress filed does not
violate the yield criteria. H is the global equilibrium matrix, and g
is the stress vector. m is the number of check points for the yield

function, f, which is generally convex, but non-linear; thus, (1) rep-
resents a convex optimisation problem.

In this work, the optimisation problem (1) will be a second-
order cone program (SOCP). Second-order cone programming as
well as semidefinite programming have been used in the field of
finite element limit analysis for more than a decade, see e.g. Refs.
[23-25]. Expanding the yield functions f, (1) can be restated as:

maximise /1
subjectto HB=RA+Ry
C/;ﬁ +C,o+ Cy‘y =G (2)
Esp+E,a+E)y <Ep
Y: € Gx;s

where a and y are problem variables associated with the yield func-
tions, and the C and E matrices define the necessary linear equali-
ties and inequalities for the chosen yield criterion. The variables
¥;, associated with the ith check point for the stresses, are in a quad-
ratic cone Qy, of size k;, defined as:

Qk:{x|xelR", X1 = x§+~~~+xf} (3)

The problem (2) can be solved efficiently using interior point algo-
rithm, and in this work the commercial solver MOSEK [26] is used.
The reader is referred to Refs. [27-30] for a detailed description of
SOCP and interior point solvers.

On the element level, the equilibrium equations and yield func-
tions can be stated as:

helﬁel ={qe

Cl'Bo+ Clay + Clly =€, i=1,2,...,mg @
Ej By +E o + Ey <EYY, i=1.2,....mg

yi€Qx, i=1,2,...,mg

q,, is the contributions to the equilibrium equations on the global
level, B, is the stress variables of the given element, and h,; is the

element equilibrium matrix. The matrices C%' and E®"' define the
yield function for the m,, check points of the element. Similarly to
(2), the variables denoted 7; are required to be in a quadratic cone
Qy, of size k;.

3. Keyed joints and detailed numerical model

A keyed joint reinforced with loop reinforcement (U-bars) and a
locking bar is considered. Fig. 2 shows the basic geometry and a
unit section (dashed rectangle) which will form the foundation of
the submodel yield criterion. The thick vertical lines seen in
Fig. 2 represent the loop reinforcement, while the horizontal solid
line represents the locking bar. The length of keyed joints in prac-
tice usually ranges from a single storey height to the height of the
entire building, while the width b and thickness t usually are below
200 mm.

For the detailed numerical model presented by Herfelt et al.
[15], several thousand plane stress elements were necessary to
capture the local mechanisms and stress fields developed in the
core of the joint. The model was loaded such that the centre line
of the joint would be subjected to pure shear, i.e. no bending.
The concrete is modelled as a Mohr-Coulomb material, while a
simple linear criterion is used for the rebars. For the interface, a
Coulomb friction model is assumed. The model assumed plane
stress state, thus, the confinement provided by the reinforcement
loops and general triaxial stress states were disregarded.

Fig. 3(a) shows an example of the collapse mode determined by
the aforementioned detailed model [15] using the solution to the
dual problem, i.e. the corresponding kinematic problem. The inter-



M.A. Herfelt et al./Engineering Structures 135 (2017) 1-9 3

BEREEEEEE R

Z

Precast wall panel modelled
4 with triangular plate elements.

In-situ cast joints mod-
elled with joint elements.

Detail of joint

/ layout.

Fig. 1. Four storey wall subjected to horizontal forces: The wall consists of 12 precast panels connected by joints. An example of a mesh (discretisation) for numerical analysis

is seen for the top right panel.

Precast panel

Precast panel

t Locking bar—

Fig. 2. Elevation and cross section of a basic design of a keyed joint reinforced with U-bars.

preted velocities are associated with the equilibrium equations,
hence, each element edge moves independently. The blue lines
indicate the interface between the joint and the precast panels,
while the red’ lines indicate the reinforcement. The critical mecha-
nism features a diagonal yield line through the core of the joint.
Fig. 3(b) shows the lowest principal stress. The reinforcement is indi-
cated by gray lines and it is observed that large compressive stresses
are present in the area between the vertical U-bars. This also shows
that the reinforcement layout has a significant effect on the capacity

1 For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.

o, [MPa]

2

0
— -5
-10
-15
—
-20

(b)

Fig. 3. Detailed numerical model [15] for specimen 26 by Hansen and Olesen [6]: Collapse mode (a) and lowest principal stress (b).

and failure mode of the joint [15]. The detailed model [15] will be
used for comparison in the following analysis.

4. Joint equilibrium element

An equilibrium element representing in-situ cast joints is
needed for practical modelling of precast concrete structures. The
joint element will dictate the distribution and transfer of stresses
through the joint. The element is formulated to be compatible with
the plane stress element [16], see in Fig. 4.

The plane stress triangle has a linear stress field defined by the
three stress vectors in the corners. Equilibrium of tractions along
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Fig. 4. Generalised nodal forces and stress variables of the plane stress triangle
(adapted from [16]).

the element boundaries means that the joint element requires a
linear variation of the shear stress and transverse normal stress,
which again leads to a quadratic variation of the longitudinal nor-
mal stress, see Fig. 5(b).

Fig. 5 shows the joint element. Length and orientation of the
element are defined by the two end nodes seen in the figure. The
element has 9 stress parameters and contributes to 12 equilibrium
equation on the global level. Equilibrium for the element can be
stated as:

qe = hel ﬁel (5)

where B, is the element stress vector, g, contains the 12 nodal
forces seen in Fig. 5(b), and h,, is the local equilibrium matrix.
The stress variables are given in local coordinates; thus, no transfor-
mations are necessary when establishing h,. g,..q., and h, are
explicitly given in (6):

f¢gh ] [t O 0 0 0 0 0 0
ah 0O 0 —t 0 0 0 0 0
ah O t 0 0 0 0 0 0
ah 0O 0 0 —t 0 0 0 0
7 I | VR R (| R
a - 0 0 0 0 t 0 0 0
qet =14 4 | |0 =t 0 0 0 0 0 0
an 0 0O 0 0 0 0 ¢t 0 0
o | OO0 0 0 e 0
qN2 0O 0 0 o0 0 o0 0 —bt
a1 0 0 ¢t 0 -t 0 3k &
L a2 Lo 0o o0 ¢t 0 -t -4 —3gbt

The equilibrium matrix and generalised nodal force vector can be
split into three parts; one for the positive side of the joint (denoted
q*), one for the negative side of the joint (denoted q~), and one for
the nodal forces in the longitudinal direction (denoted qy). It is
assumed that the transverse normal stress (n-direction) is trans-
ferred directly through the joint, while the shear stress can be used
to build up an axial force in the longitudinal direction.

Each point along the joint element has a stress state defined by
four stress parameters, namely ¢,, 6, 7", and t-, which passed on
and checked against the appropriate model on the submodel level.

5. Submodel yield criterion

The stresses on the element level need to satisfy the submodel
yield criterion on the joint section scale. The submodel yield

criterion is in itself a small optimisation problem, and equilibrium
of the submodel is ensured by stress fields that are determined by
using a variation of the stringer method [see e.g. 1,31].

The scope of the submodel yield criterion is to capture the crit-
ical mechanisms within the joint, and three modified stringer mod-
els are introduced for this purpose. The submodel is based on a unit
joint section (see the dashed rectangle in Fig. 2) which is subjected
to shear as well as axial forces in two directions. Fig. 6 shows the
unit joint section and the three modified stringer models which
compose the submodel yield criterion. Each of the three modified
stringer models imposes certain constraints on the stress distribu-
tion in the joint and represents a basic state of stresses. These
stress states are then added together to obtain the actual stress
state of the combined model, which is checked against the chosen
yield criteria to ensure a safe solution.

The geometry of the loop reinforcement will necessarily lead to
a local, triaxial stress state in the joint; however, we have chosen to
neglect this effect and assume plane stress. This assumption will -
for the typical combinations of loop diameters, rebar diameters,
and rebar strengths - lead to a lower shear capacity, and the joint
element and submodel may underestimate the capacity in some
cases.

5.1. Equilibrium of the submodel

In order to transfer tension or to establish confinement pressure
on the joint, it is necessary to mobilise the loop reinforcement.
Tension in the loop reinforcement will introduce shear in the cen-
tre row of panels, see Fig. 6(b). Based on moment equilibrium, the
following relations must hold true:

L ™)

Ty =—=——
=0t " sot S

0
0
0 T; = hel ﬁel (6)
0

bt LOt3 ]

Moreover, from the antisymmetric model it can be concluded that
T1 = T23. The stringer force V seen in Fig. 6(b) will be balanced
out by an adjacent joint element.

The horizontal boundaries may be subjected to shear stresses of
different magnitudes, which leads to a linear varying normal force
in the central stringer seen in Fig. 6(c). A rather simple stringer
model is used to describe this behaviour, and the shear stresses
in panels 1 and 3, Fig. 6(c), can be stated as:

T3=1" (8)

The locking bar (see Fig. 2) functions as the central stringer.
Horizontal equilibrium for the stringer forces of the central stringer
and two shear forces gives the following relation:

Fi —F; =st(11 — 13) 9)

T =1",
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Plane stress el.
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Shear panels 1 and 3, Fig. 6(c), overlap the three panels from the
first stringer model, Fig. 6(b), and the resulting stresses can be
determined by simply adding the stress states.

The shear panels need confinement pressure in order to carry
shear stresses. The confinement pressure may originate from
externally applied loads on the unit joint section, or from stresses
developed to create internal equilibrium with the tensile forces in
the loop reinforcement or locking bar. The stringer model for trans-
fer of compression, see Fig. 6(d), dictates how compressive loads
are transferred through the joint. Equilibrium is required for the
horizontal boundaries of the unit joint section; the transverse nor-
mal stress o, is balanced by the stringer forces T and V as well as
the confinement pressure:

stay =T*V*%f(0’n1 + On3) — UL O (10)
and similarly for the horizontal forces:
+ + b—o + + +
Fi=F; *ZFf*Tt(O_tl +05) —otoy
b o (11)
F, =F,-2F; —Tt(a;1 +03)—0to,

The shear stress will be symmetric about the vertical center line of
the unit joint section; hence, the confinement pressure in the
n-direction will be symmetric as well, i.e. 6,1 = 6,3. Moreover, for
simplicity we assume the same for the confinement in the
t-direction, why may lower the shear capacity in cases where
TEAET.

5.2. Yield conditions for the submodel components

The actual stress states in the panels and stringers are obtained
by adding the stress states of the three stringer models, see Fig. 6
(b)-(d). The actual shear stress in-between the two U-bars will
e.g. be given as the sum of 7; and 7,,. The obtained stress states
are required to satisfy the appropriate yield criteria as discussed
in this section.

The loop reinforcement and locking bar carry tensile stringer
forces, which are limited by the yield strength of the reinforce-
ment. Moreover, we assume that the reinforcement only carries
tension, thus, the yield criteria can be stated as:

< Fr <Adfy (12)
<

(b)

Fig. 5. (a) Geometry, local coordinate system, and stress variables of the joint element. (b) Nodal forces of the joint element and interaction with the plane stress elements.

where Ay, and Ay are the cross sectional areas of the loop reinforce-
ment and locking bar, respectively, and f,, and fy, are the yield
strengths.

The horizontal stringers seen in the stringer model for trans-
verse tension, Fig. 6(b), are so-called compression stringers with-
out any reinforcement to carry tensile forces. The force F; in
Fig. 7 ensures that the stringer force is non-positive. The criterion
can be written as a linear inequality:

et S5 t<0 (13)

Finally, the shear panels need an adequate yield criterion. The
stress state in each panel is described by two normal stresses
and a shear stress. We use the Mohr-Coulomb yield criterion for
plane stress with a tension cut-off which is given as follows in
principal stresses:

o1 < [,
kO'] — 03 gfc (14)
— 03 gfc

where f, is the uniaxial tensile strength of the joint concrete, and f.
is the effective uniaxial compressive strength. k is a friction param-
eter defined as

k:<\/pT+1+u)2

with ¢ = tan 6, where 0 is the angle of internal friction. For mono-
lithic concrete, 0 is usually taken as 37°, which corresponds to
k=4. g, and o, are the largest and smallest principal stresses,
respectively, given as:

01 70-n+0-t On — O 2 2 15
0, } =77 ( 2 ) + T (1)
Introducing

_ On + Ot _ On — Ot 2 2
pm - = 2 ; 04 = 2 ’ QD = \/ Gd + Tnt’ (16)

the principal stresses can now be written as:

01 < P+ @
—02<Pp+@

and the Mohr-Coulomb criterion (14) can be stated as:
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Fig. 6. Unit joint section and the three stringer models: The behaviour of the unit joint section is divided into three main mechanisms, namely transverse tension, shear, and
compression.
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Fig. 7. Compression stringer, confinement pressure F, and stringer force distribution.
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Fig. 8. Model for the analysis including supports and loading. The dashed lines
indicates the interface elements representing the keyed interface.

~Pm+ @ <S
(1=I)py, + (k+ 1) < f, (17)
P+ @ <fc

The yield criterion fits the format of second-order cone program-
ming since the definition of ¢ (16) is a quadratic cone, see Eq. (3),
while the three constrains in (17) as well as the definitions of p,,
and g4 (16) are linear.

6. Analysis and discussion
6.1. Model

In the following, the results obtained using a single joint ele-
ment with the submodel yield criterion will be compared to the
results of detailed model [15]. The shear load sought to be max-
imised is applied as on both sides of the joint element, see
4,497, 9%, and qg, in Fig. 5(b), and no normal forces are intro-
duced via the external loading, see Fig. 8.

In practice, the keys near the ends of the joint are used to estab-
lish a compressive force in the longitudinal direction, which
increase the shear capacity. In order to simulate this behaviour
using a single joint element both ends are supported, i.e. equilib-
rium is not required for the generalised nodal forces qy; and qy,,
see Fig. 5. The detailed model [15] and the experiments are sub-
jected to these boundary conditions at the ends, and the single
joint element may overestimate the capacity slightly due to this
choice of supports.

Two interface elements [15] on either side of the joint element
is used to simulate the keyed interface. The interfaces require two
material parameters, namely cohesion and friction coefficients,
which are fitted to the curve of the detailed model. The magnitude
of the cohesion depends on the geometry of the keys as well as the
reinforcement layout.

For the analysis, an efficiency factor of v = 1 has been used, i.e.
no reduction in the compressive strength. This is due to the fact
that the primary load carrying mechanisms is direct strut action
(as found in the detailed numerical mode [15]) with very deep
strut inclination. v =1 was also adopted by Nielsen and Hoang
[1] and Herfelt et al. [15].

6.2. Analysis

The calculations have been carried out using the geometry and
layout of the tests by Hansen and Olesen [6] and Fauchart and Cor-
tini [7]. The normalised shear capacity is plotted as a function of
the mechanical reinforcement ratio, which we define as:

_ 2Aufw
(I)_TCY (18)

(a) Wall Joint: Specimen 24

where Ay, is the cross sectional area of the U-bars, t is the thickness
of the joint (see Fig. 2), and [ is the total length of the considered
joint.

Hansen and Olesen [6] investigated the behaviour of keyed
joints with different reinforcement layouts. Some of the specimens
featured a significant distance between the U-bars (see Fig. 9) and
yielded a lower shear capacity compared to other experiments
with similar reinforcement ratios. Moreover, Hansen and Olesen
[6] reported that the concrete core of the specimens was com-
pletely destroyed at failure. A friction coefficient of i = 0.6 is used
for all specimens by Hansen and Olesen [G], while i = 0.75 is used
for the experiments by Fauchart and Cortini [7]. The cohesion coef-
ficient varies between 1 and 2 MPa.

The specimens seen in Fig. 9 have a length of [ = 1200 mm, a
width of b = 50 mm, an overlap of 0 = 30 mm, and 14 keys total.
The keys have a depth of 6 mm, a length of h, = 40 mm, and a
spacing of h; = 40 mm (see Fig. 2). As seen in Fig. 9, the two spec-
imens featured a significant distance between the loop reinforce-
ment, while the U-bars were placed with a mutual distance of
10 mm for the remaining specimens by Hansen and Olesen [6].
For specimens 24 and 26, the results are illustrated as a function
of the reinforcement degree in Fig. 10, and the results for all spec-
imens [6,7] are shown in Fig. 11 and listed in Tables 1 and 2.

The cohesion is taken as ¢ =1.60 MPa for specimen 24 and
¢ = 1.90 MPa for specimen 26. Fig. 10 shows that the joint element
can capture the same behaviour as the detailed model. The plane
interface elements can represent the same behaviour as keyed
interfaces of the detailed model and the experiments, while the
submodel yield criterion predicts an excellent estimate of the pla-
teau, i.e. the upper limit for shear capacity. The joint element over-
estimates the capacity of specimen 24 slightly compared to the
detailed model, which may be due to the choice of supports.

Fig. 11 shows the results of the joint element with the submodel
yield criterion plotted against the results of the detailed model and
the experimental results. Again, the single joint element predicts a
satisfactory estimate of the load carrying capacity; only a negligi-
ble difference is observed in Fig. 11(a). The joint element predicts
a slightly larger shear capacity than the detailed model for some
of the experiments, which may be due to the assumptions regard-
ing the supports. Fig. 11(b) shows that the joint element gives sat-
isfactory results compared to experimental data.

It has been shown that the multiscale joint model captures the
same behaviour as the detailed model and predicts an excellent
estimate of the shear capacity. In this context, it should be men-
tioned that the multiscale formulation leads to a small optimisa-
tion problem which can be solved in a fraction of a second. For
the detailed model, on the other hand, CPU time and problem size
are several magnitudes larger as seen in Table 3. The computa-
tional time shown in Table 3 is the average of 10 runs. The perfor-
mance is tested on a desktop computer with 12 GB RAM memory
and an Intel Xeon CPU W3565 with 8 CPUs and 3.2 GHz clock fre-
quency. The optimisation is performed in MatLab using the com-
mercial solver MOSEK [26]. Based on the required computational
time, it is evident that in practice, the joint element model has to
be used if entire precast concrete structures should be modelled
and analysed within the limited time frame that usually is avail-
able in real design projects.

2074
A
PP PPy

(b) Wall Joint: Specimen 26

Fig. 9. The two specimens with a significant distance between the U-bars tested by Hansen and Olesen [6], measurements in millimetres.
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Fig. 10. Comparison of results obtained by the joint element and the detailed model using several thousand elements. Experimental results for specimens 24 (a) and 26 (b) by
[6].
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Fig. 11. Analysis using the proposed joint element: (a) Comparison with the detailed model [15], (b) comparison with experimental results [6,7].
Table 1
Data and results of experiments by Hansen and Olesen [6], the numerical model [15], and the proposed joint element.
Specimen fe D u Experimental Detailed Joint element
[MPa] (-] [mm] T/fc ©/fe T/fe
01 29 0.013 - 0.064 0.053 0.054
02 32 0.030 - 0.095 0.079 0.079
03 32 0.055 - 0.105 0.102 0.101
04 16 0.061 - 0.087 0.107 0.106
05 53 0.018 - 0.068 0.064 0.063
12 25 0.043 - 0.140 0.092 0.092
13 23 0.095 - 0.146 0.133 0.131
14 25 0.039 - 0.099 0.088 0.089
18 27 0.049 - 0.073 0.097 0.097
29 17 0.188 - 0.137 0.203 0.201
23 31 0.025 10 0.080 0.083 0.075
24 26 0.030 150 0.072 0.068 0.074
25 24 0.076 10 0.161 0.131 0.126
26 24 0.076 70 0.124 0.128 0.126
27 15 0.139 10 0.213 0.189 0.193

28 13 0.235 10 0.286 0.230 0.242
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Table 2

Data and results of experiments by Fauchart and Cortini [7], the numerical model [15], and the proposed joint element.

Specimen fe 0] u Experimental Detailed Joint element

[MPa] (-] [mm] T/fc ©/fe t/fe
5 20 0.049 10 0.106 0.088 0.087
6 20 0.049 10 0.085 0.088 0.087
7 20 0.096 10 0.120 0.126 0.112
8 20 0.246 10 0.197 0.206 0.235
9 20 0.047 10 0.104 0.086 0.085
10 20 0.096 10 0.148 0.126 0.122
11 20 0.096 10 0.148 0.126 0.122
12 20 0.191 10 0.208 0.186 0.193

Table 3 References

Comparison of problem data for the joint element and detailed model.

Joint element Detailed model [15]

Number of equilibrium elements 3 20,024
Number of variables 302 1,364,509
Number of linear constraints 388 1,305,890
Number of conic constraints 44 134,472
Optimisation time 0.022's 97.89s

7. Conclusion

An equilibrium joint element for modelling of keyed shear
joints has been presented. The scope of the joint element is to be
able to assess the strength of shear walls in precast concrete build-
ings, which is highly dependent on the shear capacity of in-situ
cast joints. The main purpose of these joints is to transfer shear,
which is done by mobilising the reinforcement, i.e. loop reinforce-
ment and locking bar. The reinforcement layout, however, may
introduce local mechanisms inside the concrete core of the joint.
A multiscale approach to this problem is taken, and a equilibrium
joint element as well as submodel yield criterion have been
proposed.

Three modified stringer models form the basis of the submodel.
The resulting stress states are obtained by adding the stress states
of the three stringer models, which are checked against a suitable
yield condition. The submodel is formulated for second-order cone
programming, which can be solved efficiently using interior point
methods.

The joint element and submodel are validated by comparison to
a detailed numerical model based on finite element limit analysis.
Excellent agreement between the two models is found, and the
joint element captures the same behaviour as the detailed model.
The joint element also predicts a satisfactory estimate of the shear
capacity when compared to experimental data. The results
obtained from the joint element are generally satisfactory, and
the fact that the joint element only poses a small mathematical
problem, which can be solved in a fraction of a second, makes it
more relevant for practical applications than the detailed model
presented in [15]. It can be concluded that the proposed multiscale
model makes it possible to model real size precast structures while
accounting for the complex behaviour of the in-situ cast joints.
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In-plane action is often the primary load carrying mechanism of reinforced concrete structures. The plate bending

action will be secondary, and the behaviour of the structure can be modelled with a reasonable accuracy using

a generalised plane stress element for three-dimensions. In this paper, the formulation of such element is given

and the Mohr-Coulomb and von Mises criteria are presented for second-order cone programming. Three examples of

increasing complexity are used to analyse the performance of the element and the convergence rate and demonstrate

the potential of the proposed element.

1. Introduction

The lateral stability of reinforced concrete structures is often
ensured by shear walls. The horizontal loads, e.g. wind or seismic
loads, are transferred as in-plane forces via the concrete slabs and
the shear walls to the foundations of the structure. The in-plane
forces are transferred as shear between the slabs and shear walls
as well as in-between shear walls. The transverse forces acting on
the slabs and facades are in this regard secondary to the in-plane
forces. It is crucial to the overall capacity of the structure that the
analysis considers the structural system as a single unit: If the shear
walls are analysed individually, a significant portion of the strength

is neglected, see Fig. 1.

Practical design and analysis of reinforced concrete structures in the
ultimate limit state often requires consideration of plastic material
behaviour. This material behaviour can be incorporated in the
analysis by use of either simplified models, e.g. rigid-plasticity
(see e.g. Drucker et al., 1952; Prager, 1952), or more advanced
model which may include hardening, softening, etc. The latter

can be implemented in numerical frameworks, e.g. finite element

Prepared using PICEAuth.cls [Version: 2014/10/10 v1.00]
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Figure 1. Shear wall subjected to a shear force: The transverse
wall increases the capacity of the structure.

analysis, and provides the most accurate results compared to the
simplified material models. While the advanced models can model
the observed material behaviour to a reasonable degree, it is often
difficult to obtain the required material parameters for the models.

Models based on the theory of rigid-plasticity have been used
for almost a century to assess the capacity of concrete structures
(Ingerslev, 1921; Nielsen and Hoang, 2010). The rather crude
material model leads to an elegant framework known as limit
analysis in which several methods have been developed e.g.
homogeneous stress triangles (Nielsen, 1971), the yield line method
(Johansen, 1962), and stress field methods (Muttoni et al., 1997).
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The methods can be classified as either upper bound methods,
where a kinematically admissible displacement field is determined,
or as lower bound methods, where a statically admissible stress
field is determined. In practice, manual upper bound and lower
bound methods are still widely used to assess the capacity in the
ultimate limit state. The accuracy of the calculations, however, is
very dependent on the skill and intuition of the individual structural
engineer. For complex structures, the results may be far from the
actual capacity.

Finite element limit analysis is the numerical counterpart of manual
limit analysis. The method is a special case of the general finite
element method and assumes a rigid-plastic material behaviour.
Like manual limit analysis, finite element limit analysis can be
formulated either as lower bound, upper bound problems, or mixed
problems (which are often more accurate than the strict upper
and lower bound problems). Anderheggen and Knopfel (1972)
presented the general framework as well as finite elements for
both solids and plate bending. The mathematical problem of finite
element limit analysis is formulated as a convex optimisation
problem which can be solved remarkably efficiently using state-of-
the-art solvers.

Several authors have treated plane stress and plane strain
elements (see e.g. Sloan, 1988; Poulsen and Damkilde, 2000;
Makrodimopoulos and Martin, 2006, 2007). Plane strain elements,
however, have received most of the attention as they are used in
geotechnical engineering. More recently, meshless methods have
been presented as an alternative to the classical finite element
version of limit analysis (Smith ez al., 2014). Adaptive meshing has
a major potential for finite element limit analysis as displayed by
Lyamin et al. (2005) amongst others. Numerical limit analysis of
concrete structures have not received the same amount of attention,
but there have nevertheless been some attempts at treating three-
dimensional concrete structures within the framework of finite

element limit analysis (Larsen, 2010).

This paper will present the basic mathematical formulation of finite
element limit analysis, namely lower bound load optimisation. A
brief introduction to second-order cone programming (SOCP) is
given and solution strategies will be presented.

The basic lower bound plane stress element is generalised to
three-dimensions, which will make it possible to model the load
carrying systems of modern concrete buildings in a simple manner

while disregarding the plate bending behaviour. For reinforced

concrete, the proposed element will use the Mohr-Coulomb yield
criterion, which can be cast as second-order cones, hence, the final
optimisation problem will be a second-order cone program. Three
examples will be presented: The first example will be used to
validate the implementation and analyse the convergence rate of
the element, while the second and third examples will demonstrate

the use and strength of the proposed element.

2. Convex optimisation and limit analysis

2.1. Convex optimisation

Convex optimisation problems, also known as convex programs,
can be found within several engineering applications, e.g. antenna
ray weight design and truss optimisation (Lobo et al., 1998). The
main advantage of convex optimisation is that any optimum will be
the global optimum, hence, the class of problems can be solved
efficiently using gradient based methods. For general non-linear
optimisation problems, several local extrema may exist making it
practically impossible to ensure that the found solution is the global
extremum. For plane problems in finite element limit analysis,
second-order cone programming is often used as the commonly
used yield functions can be represented exact using second-order
constraints (Bisbos and Pardalos, 2007).

Second-order cone programs are non-linear convex optimisation
problems, where a linear objective function is minimised over the
intersection of an affine set and the Cartesian product of second-
order cones (Andersen et al., 2003). The standard form of SOCP

can be stated as:

minimise g7 x
1 subjectto Ax = b,
x < Q

where x is the problem variables. The matrix, A, and two vectors,
b and g, define the linear constraints and objective function of
the optimisation problem. The notation, € Q, indicates that the
vector « should be in the Cartesian product of second-order cones,

ie.:

2 x€Q & 1€ Qm, 2 € Qmy, ..., g € D,

where x; are subvectors of  and Q,,, is a quadratic cone of size
m;. All second-order cone programs can be recast to fit the standard
form (1) by e.g. adding slack variables. The simplest quadratic cone

is the second-order cone also known as the Lorentz cone, which can
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be stated as the following set:

n
m% > me, x1 >0}

3 Q9:= {a} eR" :
i=2
All quadratic cones can be transformed to the second-order cone
3).
SOCP can be solved efficiently by interior point methods, a class of
algorithms developed from the polynomial time algorithm proposed
by Karmarkar (1984). Interior point methods are based on a steepest
descend approach, and in state-of-the-art solvers the Karush-Kuhn-
Tucker (KKT) conditions of the original optimisation problem is
embedded in a slightly larger model, a so-called homogeneous
model (see e.g. Nesterov ef al., 1999; Sturm, 1997), which makes it
possible to easily detect primal and dual infeasibility as well as ill-
posed problems. The homogeneous model is solved using Newton’s
method, however, the step size is restricted to very small steps.
Nesterov-Todd scaling (see Nesterov and Todd, 1997) is used to
facilitate longer steps, and the search direction is computed in a
scale space where it is uniquely defined.
Modern solvers are capable of solving large scale optimisation
problems with hundreds of thousands variables and constraints in
a matter of minutes on a standard laptop due to the polynomial
time complexity of the algorithm. Large scale finite element limit
analysis problems will be extremely sparse, which can be exploited
by solvers to reduce the time complexity to near linear. This a
major advantage over non-linear finite element analysis, which
often requires much longer computational times. For an in-depth
description of convex optimisation and state-of-the-art solvers, the
reader is referred to Boyd and Vandenberghe (2004), Andersen
et al. (2003), and Terlaky (2013).

2.2. Lower bound limit analysis

The scope of lower bound limit analysis is to maximise the variable
load acting on the structure while ensuring a statically admissible
stress field, i.e. a stress field which satisfy equilibrium and does not
violate the yield criterion in any point. The objective function of
the optimisation problem is the load factor, A, which is sought to be
maximised.

Every optimisation problem has a so-called dual problem, which is
linked to the original (primal) problem via the Lagrange function
and KKT conditions. The dual problem of lower bound limit
analysis is the corresponding kinematic problem. The primal and

dual problems are solved simultaneously, and while the solution
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to the lower bound problem yields a statically admissible stress
field, the solution to the corresponding kinematic problem can be
interpreted as the collapse mode.

The mathematical problem of lower bound load optimisation can be

derived from the virtual work equation and can be stated as follows:

maximise A
Blo=pX+po
flo:)<0,i=1,2,....,m

4) subject to

The linear equilibrium equations and yield criteria ensure a
statically admissible stress field while the load factor A is
maximised. The structure is subject to a load composed by
a fixed part, po, and a scalable part, pA. BT is the global
equilibrium matrix and o is the stress vector. The yield function
f is generally non-linear, but convex, hence, the problem (4) is
a convex optimisation problem. For plane problems, the Mohr-
Coulomb criterion with a tension cut-off can be cast as second-order
cones. Second-order cone programming have been used for more
than a decade in the field of finite element limit analysis (Bisbos and
Pardalos, 2007; Krabbenhgft et al., 2007; Makrodimopoulos and
Martin, 2007) and can be considered as an established technology
at this point.

Assuming that the yield function f can be represented by linear and
second-order constraints, the problem (4) can be expanded to obtain

the following form:

maximise A

subjectto BT o =p X+ po
®) CsB+ Caax+Cyy=Ch
EsB+E.a+E,v < Ey
Yi € Qr;, 1=1,2,...,m,

where C,, C,, and C, are matrices associated with the linear
equality constraints for the yield function, while the matrices, E,,
E., and E,, define the linear inequality constraints. The two
vectors Cp and Ey typically contain material parameters. The
variable vectors, o and -y, contain the auxiliary variables used
for the yield function, whereas = is used for the second-order
constrains: The vector «; is a subset of ~ associated with the ¢th
checkpoint which is required to be in a quadratic cone Qy, of size

k;. The scalar m is the number of checkpoints.
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3. Finite element formulation

3.1. Lower bound plane stress element

The geometry of the element is defined by three corner nodes. A
linear stress field is chosen for the element, and a set of stress
variables which describe a plane stress state is associated with each
of the three nodes. The stresses of the element are given in the local

coordinate system of the element. The element stress vector is given

as
o1
6) oa= |02,
o3

where o; is the set of stress variables associated with the ith node,

oL
M ei=|ol

2
Txy

The element requires a total of nine variables to describe the linear

stress field.

T

Figure 2. Geometry and local coordinate system of the
three-dimensional element.

The local coordinate system of the given element is defined by the

following basis vectors:

V12 X V13 V12
@ e=T—0 ey=

= =—— e, =€, Xe;
lviz X vis|’ lvrz]” Y : "

where v;; is a vector going from node ¢ to node j in the global

coordinates. The local coordinates of node i, @;, can now be

determined by the transformation,

9 x=E"X; with E=[e, e, e.]

where X; is the global coordinates of node i, and E is the
transformation matrix. For each element boundary, we define a
normal vector in the local coordinate system,

(10)

n; = -

@ =

where ¢ is the element side number. In order to obtain a lower
bound solution, traction continuity is required. Due to the linear
stress field, equilibrium of tractions have to be enforced twice for
each element side. Based on the normal vectors (10), we define the

stress-to-traction array P7 for side i,

nt 0 —nf;,
an Pi=1|0 -n, nl
0 0 0
and
(12) P} =LP],

where [; is the length of side 4. The last row of P represent the
local z-direction, in which no tractions are present. The global
equilibrium of the system is done in global coordinates, hence,
it is necessary to transform the tractions. The tractions in global

coordinates for node 7 of the element can therefore be stated as

]
qu'y

13) q= qf" :% B . Pi o;
Ak E Py
iy
| 9k |

where j and k are the two sides which meet in node 4, and qu is
the traction in the x-direction on side j at node ¢ of the element.

The element can be subjected to surface loads, 7, and v, in the
local x and y-directions, acting on the entire area. The derivatives

of the linear stress field must balance these surface loads, which
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leads to two additional equilibrium equations:
do 0
T Txy Ty = 0
ox oy
(14)
0oy n OTzy 4t =0
dy | ox VT y
Utilising the shape functions of the linear stress field, the so-called
0
internal equilibrium equations (14) can now be stated as 2
T

g.=A Yol _

Yy

15) [P{ PY P?}a

N[ =

The element equilibrium matrix can be written as follows by

combining (13) and (15):

[ETP]
ETPY
ETIS3T o1
a6 a= B7P] o | =Bl
ET].SlT o3
ETPY

p{ P; P{

Lower bound elements may contain linear dependencies which
cause numerical issues (Makrodimopoulos and Martin, 2006).
These problems, however, can be avoided by dividing the element
into three subelements, each with a linear stress field. This was done
by Herfelt er al. (2016) for the lower bound plane stress element
by Poulsen and Damkilde (2000). The subdivision also increase
the accuracy of the element, however, the problem size is likewise
increased. Several of the additional variables and equations can be

eliminated, hence, the problem size is only increased marginally.

3.2. Reinforced concrete yield criterion

The yield criterion is enforced for all three sets of stresses of the
element to ensure a safe stress field. For the equilibrium equations
the total stresses are used, which comprise the stresses carried by
the concrete and by the reinforcement. The Mohr-Coulomb yield
criterion with a tension cut-off is used for the concrete, while a

simple, linear criterion is adopted for the reinforcement.

The reinforcement is assumed to consist of an orthogonal mesh
of rebars oriented in an angle 6 to the local coordinate system
of the element, see Fig. 3. Moreover, it is assumed that the
reinforcement only carries axial forces (Nielsen and Hoang, 2010).

The relation between the total stresses, the concrete stresses, and
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Figure 3. Orthogonal reinforcement in an angle 6 to the local
coordinate system of the element.

the reinforcement stresses are given as

c s 2sc o Oxm Oxs
2 2 ~
(17) s c —2sc oy Oym | + | Gys | >
—SCc ScC 02 — 82 Ty Tzym 0

where ¢ = cosf and s = sin@. Subscript m indicates concrete
stresses while subscript s indicates reinforcement stresses.

Moreover, 7; is the equivalent reinforcement stress defined as

~ _ s1
Osi = Tsi

(18) .

where Ag; is the reinforcement area per unit length in the ¢-direction
and ¢ is the out-of-plane thickness of the considered element. The
yield criterion for the reinforcement can be written as follows using

equivalent stresses:

(19) o
0<6ys < fyy = tsyfy

where fy is the equivalent yield strength. The compressive strength
of the reinforcement is neglected as seen in (19), and the
reinforcement stresses must be non-negative as a consequence.

The Mohr-Coulomb criterion is given in terms of principal stresses

and can be stated as follows for plane stress:

o1 < fi
20) ko1 —o2 < fe

—02 S f c
where f; is the uniaxial tensile strength of the concrete, and f. is

the uniaxial compressive strength. & is a friction parameter, which

is usually taken as 4 for normal strength concrete corresponding to



Proceedings of the Institution of Civil Engineers

Lower bound plane stress element for
modelling of 3D structures

Herfelt et al.

an angle of internal friction of approximately 37°. o1 and o are the
largest and smallest principal stresses, respectively, which is given

as

o xm m xm T m 2
en T b=t i\/(" 2 ) 2y
02

Introducing three auxiliary variables,
Ozm + Oym
2

(22) o4= wy

© >0+ T2yms

bounds to the principal stresses (21) can now be stated:

Pm =

01 S —Pm + [%2)
(23)

—02 < pm + ®
The yield criterion (20) can be written as three linear inequality

constraints in addition to the definitions of the three auxiliary

variables (22):

_pm‘i'@gft
@H A-k)pm+(k+Dp<fe
Pm + ¢ < fe

The yield criterion fits the form of second-order cone programming

since the definition of ¢ is a second-order cone (3).

3.3. von Mises yield criterion

The von Mises yield criterion is commonly used for metals and is

based on the second stress invariant, Jo, which is given as follows:

Ty = (0x —0y)? n (g —02)° n (0. —02)°
25) 6 6 6

2 2 2
+ Tey + Tyz + Tez

For plane stress, the second stress invariant is reduced to

(UI_Uy)2+Ui§+‘ﬁc

(26) J2= 6 6 6

2
+ Tay

The von Mises criterion is given as

@7 v3J2 < fy,

where f, is the uniaxial yield strength. Introducing three auxiliary

variables,

=

1
(02 —0y), a2= 7 (0a+0y), as="3my,

28) a1 = 3

the criterion (27) can be restated as a second-order cone:

29) yJai+ai+az<fy

It has been shown that both the reinforced concrete yield criterion
and the von Mises yield criterion fit the format of second-order cone

programming for plane stress.

4. Examples

The scope of this section is to analyse the performance of the
element and illustrate the use. The commercial solver, MOSEK
(MOSEK ApS, 2015) is used for the optimisation. For the
computational time, please note that all calculations are performed
on a laptop with an Intel core i7-4720HQ with 8 CPUs and 2.6 GHz
clock frequency. The meshes for examples 2 and 3 are generated
using GiD v12 (Rib6 et al., 1998).

4.1. Deep beam with shear supports

The first example is a deep reinforced concrete beam subject to a
uniformly distributed load. The beam is supported in either end by

shear supports as seen in Fig 4. The analytical solution to the deep

¢ D

T I T T TV T 1 11

L2

Figure 4. Deep beam with shear supports.

beam example is well-known (Nielsen and Hoang, 2010) and can
be obtained by the mesh on the left side in Fig. 4:

ADK2 S,

30) p = m

where @ is the mechanical reinforcement ratio defined as:

Asfy

31) &= i,
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Using h = 2m, L = 6 m, fo = 20 MPa, and & = 0.075, the exact
limit load is p* = 0.6202 MPa. A structured mesh (see the right

hand side of Fig. 4) is used to calculate a lower bound of the limit

load of the deep beam.
nel p[MPa]  Error [%] Time [s]
64 0.5556 10.42 0.31
256 0.6053 2.40 0.88
1024 0.6177 0.39 3.77
4096 0.6191 0.17 9.23
16384  0.6193 0.13 43.40

Table 1. Limit load, error, and computational time for the deep
beam example.

Tab. 1 shows that the structured mesh approaches the exact limit
load from below as the number of elements (nel) increases.
The convergence and computational time will be discussed in a
following section, but it is observed that the computational time
appears to be roughly proportional to the problem size. The stress

distribution is illustrated in Fig. 5.

0
5
<
[aW)
0 2
[a\}
S
15
20

Figure 5. Lowest principal stress o4 for the deep beam example
using 16384 elements.

4.2. Cantilever I-beam

A cantilever steel I-beam is subjected to a uniformly distributed
line load acting on top of the web. The web has a height of 300
mm, and the flanges have a width of 300 mm. The web and flanges
have a thickness of 10 mm, and the cantilever beam has a length of 3
metres. The steel has a yield strength of f, = 250 MPa. This gives a
plastic moment capacity of 281 kNm and a limit load of p* = 62.5
kN/m assuming a maximum stress of 250 MPa. Four different
meshes are analysed. The medium density mesh comprising 948
elements is shown in Fig. 6. With a thickness of just 10 mm, the

effect of local bending in the web and flanges is negligible, while
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Figure 6. Medium density mesh of the cantilever I-beam using
948 elements. The beam is supported at the left end.

the external load will almost exclusively be carried via in-plane
forces, hence, the proposed element will provide a decent estimate
of the capacity.

The load capacity of the cantilever I-beam increases with the mesh

Mesh nel p [KN/m]  Time [s]
Coarse 238 63.24 0.44
Medium 948 64.18 1.86
Fine 3616 64.90 3.56
Very fine 14646 65.25 16.06

Table 2. Limit load and computational time for the cantilever
I-beam example.

density as seen in Tab. 2. The von Mises yield criterion requires
fewer variables than the reinforced concrete criterion, hence, the
computational time is lower for the same number of elements.
The model predicts a limit load slightly larger than the analytical
moment capacity, however, this is due to the von Mises criterion
where the largest stress can exceed f,, for certain stress states. Fig. 7
shows the largest and smallest principal stresses near the supported

(left) end of the cantilever.

4.3. Four-storey stairwell with door openings

The third example is a four-storey stairwell of reinforced concrete
with door openings. The stairwell is subjected to a shear force
acting on top of the wall with the door openings (see Fig. 8), which
causes both bending and torsion in the stairwell. The shear walls
have a thickness of 180 mm, hence, the effect of local bending in
each individual wall is not negligible as in the previous example,
however, a lower bound value is obtained by neglecting the moment
capacity of the walls. In practice, the corners are reinforced with
loop reinforcement which ensures the transfer of bending moments
between adjacent walls. The dimensions of the shear walls are given

in Fig. 8 and the door openings have a height of 2.10 metres and a
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Figure 7. Largest and smallest principal stresses near the support of the I-beam using the fine mesh.
- p [kN/m]
7 2 Mesh nel  v=1 v=0550 Time|s]
)
! / Coarse 864 85.27 85.06 2.89
! Medium 3564  88.62 87.80 10.52
B
16 ! > Fine 11379  89.25 88.46 37.38
! : Table 3. Limit load and computational time for the stairwell
L example.

Figure 8. Four-storey shear wall subject to bending and torsion.
Dimensions are given metres.

width of 0.90 metres. The shear walls are reinforced with two layers
of @8 bars per 150 mm in both directions. The design yield strength
of the reinforcement is chosen as fyq = 458 MPa. The concrete
has a design compressive strength of f.q = 21.43 MPa, while the
tensile strength is set to zero. Two different effectiveness factors
v is considered, namely v =1 and v = 0.7 — f./200 = 0.550
(where f. = 30 MPa is the characteristic strength), and the design
compressive stress is reduced accordingly, fcq = v - 21.43 MPa.
Tab. 3 shows that the coarse mesh yields a reasonable estimate
despite using only 864 elements. The fine mesh yields less than 5
% additional capacity despite having 13 times more elements. It is
noted that the model approaches the exact limit load from below

which is to be expected from a lower bound element. Tab. 3 also

shows that the two effectiveness factors yields approximately the
same capacity: Using v = 0.550 reduces the capacity by less than
one percent since the reinforcement is the limiting factor.

Fig. 9(a) shows the collapse mode for the shear wall with door
openings: The bending failure occurs near the supports, which
allows the wall to start rotating. Moreover, local failures are
observed near the door openings and the top. Fig. 9(b) to (e)
shows the stress distribution for the four walls of the stairwell.
It is seen that all walls mobilised and carry stresses. Struts are
formed between the door openings as shown in Figure 9(c),
and the slender columns to the left of the door openings carry
considerably stresses. The largest compressive stresses occur near
the bottom door opening and approach the compressive strength of

the concrete, see Figure 9(b) and (c).

4.4. Computational time and convergence

The three examples have demonstrated the strength of the element.
For all three examples, the capacity increased with the number

of elements, i.e. the models approached the exact limit load from
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Figure 9. a) Collapse mode of the wall with the door openings. b) - €) Smallest principal stresses of the four walls of the stairwell

example with v = 1 using the fine mesh.

below, which is to be expected. For the first example, the deep
beam, the analytical solution is well-known. It is observed from
Tab. 1 that the error is approximately inversely proportional to the
number of element, i.e. increasing the number of elements by a
factor of four decrease the error by a factor of four.

For the cantilever I-beam and stairwell examples, the computed
limit loads only increase marginally for the fine meshes compared
to the coarse mesh. This indicate that coarse meshes provide

reasonable approximations to the actual stress field.

The computational time required for the three examples is
illustrated in Figure 10. It is observed that the computational time is
approximately proportional to the number of elements to the power
of 1.1, indicated by O(n'*) in the figure. Moreover, the cantilever
I-beam example required a lower computational time due to the use
of the von Mises criterion, but the slope of the curve seems to be

approximately the same as the other two examples.

5. Conclusion

A generalised plane stress element subject to in-plane forces has
been presented. The element is a lower bound element with a

linear stress distribution. The necessary equilibrium equations of
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Figure 10. Computational time as a function of the number of
elements.

the element are presented together with two different yield criteria,
namely the Mohr-Coulomb criterion with a tension cut-off and the
von Mises criterion, both for plane stress. Both yield criteria fit the
format of second-order cone programming, a class of optimisation
problems which can be solved efficiently using interior point

methods.
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Three examples are presented to display the use of the element.
The first example is a plane deep beam with shear supports subject
to a uniformly distributed load. The analytical solution is well-
known and the model approaches the true limit load from below
as the mesh density is increased. The next example is a steel
cantilever I-beam which uses the von Mises criterion. Again, the
model approaches the limit load from below.

The final example is a four-storey stairwell with door openings
subject to a shear force which introduces bending and torsion. The
limit load is determined using three different meshes using two
different effectiveness factors. Stress concentrations are observed
near the door openings, however, they are not critical. The collapse
mode is illustrated using the solution of the dual problem.

The presented element is capable of modelling complex structures
with a satisfactory accuracy. Moreover, it produces a lower bound
value and approaches the limit load from below. The computational
time is more or less proportional to the problem size, thus, even
large problems can be solved in a matter of minutes on a standard

laptop.
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Abstract

In practice, precast concrete structures are often being designed by manual
methods and linear finite element analysis in the ultimate limit state. This
practice leads to suboptimal structures, and the behaviour of the in-situ cast
joints are unaccounted for. More accurate and efficient means of design are
therefore needed, and a framework based on finite element limit analysis is
being developed. In this paper, a multiscale joint element is presented, and
a mechanical model is proposed as the yield function of the macro element.
The scope of the model is to capture the behaviour of joints in three dimen-
sions subjected to triaxial stress, and the resulting mathematical optimisation
problem fits the format of semidefinite programming. The presented joint el-
ement is analysed and a real size example of a four-storey stairwell subjected
to shear and torsion of precast concrete is presented. The influence of the
joints on the behaviour of the stairwell is assessed.

Keywords: In-situ cast joints, Precast concrete, Finite element limit
analysis, Semidefinite programming, Yield function, Multiscale

1. Introduction

Precast concrete elements are widely used in the construction industry as
they provide a number of benefits, however, joints cast on the construction
site to connect the precast elements pose several challenges. The current
practice is to design the joints as the weakest part of the structure. This
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makes analysis and design by general purpose finite element software inac-
curate as the behaviour of the joints is unaccounted for.

Several types of joints are used in precast concrete structures, e.g. slab-
to-beam joints, beam-to-column joints, and panel-to-panel joints, see Fig. 1.
The panel-to-panel joints, also called shear joints, are of particular interest
as the lateral stability usually is ensured by shear walls composing of pre-
cast wall panels. During the 1970s and 80s several papers were published
on the topic of shear joints including several experimental studies [1, 2, 3],
however, to the best knowledge of the authors, no experimental studies on
the behaviour of joints in three-dimensions have been published. The Eu-
rocode 2 [4] uses a simple, empirical design equation, which only considers
the interface and not the actual stress state within the joint. Both types of
joints shown in Fig. 1 transfer shear from one structural plane to another,
and must therefore experience a triaxial stress field which is not accounted
for by current design methods.

(a) (b)

Figure 1: a) Vertical section of slab-to-panel joint reinforced with U-bar loops and em-
bedded rebars. b) Horizontal section of panel-to-panel T-joint reinforced with U-bar loops
extruding from all three panels.

The experiments by Hansen and Olesen [3] featured several specimens,
where the U-bar loops were placed with a considerable distance. These ex-
periments displayed a lower capacity and the core of the joint was completely
destroyed upon failure. A detailed model based on finite element limit anal-
ysis captured this behaviour to a satisfactory degree [5]. The joint model
presented in this paper will attempt to account for this behaviour in three



dimensions, as the reinforcement layout necessarily will affect the capacity
of joints in triaxial stress as well.

Manual limit analysis is widely used in practice as a tool for assessment
of the ultimate limit state behaviour of precast concrete structures. The
framework is based on the extremum principles [see e.g. 6, 7, 8], and several
methods have been developed within this framework, e.g. the yield line
theory [9]. Models for shear joints based on limit analysis have likewise been
developed; these models include both upper bound models [10, 11, 12] and
lower bound models [11, 13], however, these models are only concerned with
the two-dimensional case, i.e. joints between precast elements in the same
plane.

Finite element limit analysis is based on the same extremum principles as
the manual limit analysis and the element discretisation of the finite element
method, and it can be considered as a special case of the general finite element
method. The method was developed in the late 1960s and 70s [14, 15] and
since then several researchers have contributed to the further development
of the field [16, 17, 18, 19, 20]. Herfelt et al. [5] presented a detailed model
for two-dimensional shear joints and the findings were used to develop a 2D
multiscale joint element with a mechanical submodel as the yield criterion
[21].

In this paper a multiscale joint element for three-dimensional analysis is
presented. The joint element is compatible with the generalised plane stress
element [22] and uses a simplified mechanical model as the yield criterion
similar to the two-dimensional joint element [21]. The general concept is
visualised for the two-dimensional case in Fig. 2 where three scales are shown,
namely the structural level, the element level, and the submodel level.

Due to the triaxial stress state, the yield function submodel will be for-
mulated for semidefinite programming and second-order constraints. A brief
introduction to semidefinite programming as well as second-order cone pro-
gramming will be given in Sec. 2, where the conic representation of the
Mohr-Coulomb criterion will be given as well. The behaviour of the multi-
scale element will be analysed and compared to the equation in the Eurocode
2. Finally, a real size structure is analysed using the proposed joint element
and the generalised plane stress element [22], and the influence of the joint
elements is discussed.



Plane stress elements
( Corbel mechanism

In-situ joints

a (b) (c)

Figure 2: The general concept of the multiscale joint element shown in 2D: a) Precast
concrete structure on the structural level, b) Joint element and plane stress elements on
the element level, ¢) corbel mechanisms and load path on the submodel level.

2. Convex optimisation

Convex optimisation is used in many fields of engineering and an extensive
research effort has gone into developing efficient algorithms for solving these
classes of problems [23, 24, 25]. Second-order cone programming (SOCP)
and semidefinite programming (SDP) are subclasses of convex optimisation
that have been used in the field of finite element limit analysis for more than
a decade [26, 27].

First and foremost, we introduce the k-dimensional second-order cone
defined as the set

Qk{m|mERk, T > x%—l——i—x%} (1)

The standard form of a second-order cone program is commonly stated as

maximise ¢’z
subject to Ax =0b (2)
z,€Q, i=12...q
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where the x is the optimisation variables and ¢ is the number of second-
order cones. SOCP is a generalisation of linear programming (LP), and (2)
is reminiscent of the well-known standard form of LP.

Semidefinite programing uses so-called matrix variables, symmetric ma-
trices which are required to be positive-semidefinite, i.e. a n x n matrix F
satisfies

'Fx >0 for all z € R”

A curved inequality sign > is often used to denote that a matrix is positive
semidefinite, e.g. F = 0. Vandenberghe and Boyd [28] uses the following,
very compact form of the semidefinite program:

maximise ¢’z
subject to F(x) = 0

(3)

with .
F(x)=Fq+ Z F,z;
i=1

where F; are symmetric matrices. F(x) > 0 is a so-called linear matrix in-
equality (LMI), which makes it possible to impose constraints on the eigen-
values of symmetric matrices, e.g. the stress tensor.

2.1. Conic representation of the Mohr-Coulomb criterion

The Mohr-Coulomb criterion is commonly used for concrete and soils. In
principal stresses the criterion is given as

o1 < ft (4&)
koy —o3 < fe. (4b)

where o1 > 0o > 03 are the principal stresses, f; is the uniaxial tensile
strength, and f. is the uniaxial compressive strength. k is a friction parameter

defined as )
k= <w/u2+1+u> (5)

with © = tan 6, where 6 is the internal angle of friction. £ = 4 corresponding

to ;= 0.75 and 6 ~ 37° is commonly used for normal strength concrete.
The principal stresses are the eigenvalues of the concrete stress tensor

o, thus, (4) can be represented using linear matrix inequalities [26, 29, 30].



Utilising that F > 0 means that the smallest eigenvalue of F must be non-
negative, and that —F > 0 means that the largest eigenvalue of F must be
non-positive, the separation criterion (4a) can be rewritten as

—o.+ fI=0 (6)

where I is the identity matrix. The sliding criterion (4b) uses two principal
stresses and it is therefore necessary to introduce an auxiliary variable oy, to
obtain

—O’1+C¥120

and

—O'C+0611 t 0

o.+ (fe —ka)I =0 (™)

using the stress tensor o.. The three LMIs of (6) and (7) can be reduced
to two, and the Mohr-Coulomb criterion with a tension cut-off (4) can be
stated as

—0o.+ asl >0
o+ (fe —ka)I =0
as —aq >0
az— f; >0

(8)

For plane stress problems (8) can be used, however, it is more efficient in this
case to use the second-order cone representation instead. In plane stress, the
criterion is given as

o < fy
kO’l—O'QSfC (9)
—02 S fc

where o > 09 are the two principal stresses given as

o O+ 0O Oy — O 2
1 T Y T Yy

_ + = 7 +72
09 } 2 ( 2 ) Ty
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Introducing the auxiliary variables

Oz + 0y Oy — Oy
T 5 o Gd=
2

Pm =

and the second-order constraint

0 >1\[od+ T2,

the Mohr-Coulomb criterion for plane stress can be rewritten as

—Pm + 0 < fi
(1= k)pm + (k+1)p < fe (10)
Pmtp < fe

and the criterion for plane stress requires a total of five linear constraints
and one second-order constraint.

3. Finite element limit analysis

The presented joint element is to be implemented in a framework based
on finite element limit analysis for design of precast concrete structures. The
mathematical optimisation problem of lower bound limit analysis can be
stated as:

maximise A
subject to BTo = p)\ + py (11)
flei) <0, i=1,2,....m

The scope of the optimisation problem (11) is to find a statically admissible
stress field that maximises the load carrying capacity of the given structure.
A stress field that satisfies equilibrium is ensured by the linear equations
BTo = p)\ + po, and a stress field that does not violate the yield criterion
in any points is ensured by the inequalities f(o;) < 0. The load is given by
a constant part py and a scalable part p\, where the load factor A is sought
to be maximised. BT is the equilibrium matrix, o is the stress vector, and
f is the yield function.

For the joint element presented in Sec. 4, the yield function f will rep-
resent a submodel, i.e. an advanced yield function comprising a mechanical



model and sub-element level stress fields. By expanding the yield function
f, the lower bound problem(11) can be stated as:

maximise A
subject to BTo = p)\ + py
Coo+Coa+Cyy=0Cy

12
E,oc +E,a+E, v < Ej (12)
FPa; +F) =0, i=1,2,....m
VjGija j:1727"'7q

The matrices C,,, C,, and C, defines the equality constraints of the submod-
els, while E;, E,, and E, defines the inequality constraints. The variables
a and « are associated with the yield function, whereas ~ is used to de-
fine the second-order constraints, and « is used to define the linear matrix
inequalities together with the symmetric matrices FY and Féi). m is the
number of linear matrix inequalities for the submodels while ¢ is the number
of second-order constraints. The matrices will only be given implicitly in the
following.

The submodel presented in Sec. 5 comprises both triaxial stress states as
well as plane stress states, hence, both formulations of the Mohr-Coulomb
criterion given in Sec. 2 will be utilised at the stress level of the submodel.
The problem (12) comprises therefore both semidefinite constraints as well
as second-order constraints.

4. Macro finite element

This section introduces a lower bound macro finite element for analysis
and design of 3D structures. The general modelling concept of the element
was illustrated in two dimensions in Fig. 2, where a precast concrete wall
is modelled using plane stress elements and multiscale elements. On the
element level, the proposed macro element is compatible with the plane stress
element, and the stress states in the macro joint element are treated using a
so-called submodel which incorporates corbel mechanisms to transfer shear.

The lower bound plane stress element has a linear stress field, hence, a safe
stress field can be ensured by checking the yield function in the vertexes of
the element. Moreover, to ensure a lower bound solution traction continuity
has to be satisfied, and for the plane stress element the tractions are given
in global coordinates, see Fig. 3.
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(b)

Figure 3: a) The element and tractions illustrated in the local coordinate system (adapted
from [19]). b) The generalised plane stress element including local coordinate system and
tractions in global coordinates for one of the element boundaries.

The joint is concerned with the transfer of shear forces, and the axial
forces in the longitudinal direction are omitted in the present paper for sim-
plicity. The 2D joint element [21] treated this as well, and a two-dimensional
model can be added to the submodel criterion for the 3D joint element pre-
sented in the following section. Similarly, the necessary equilibrium equations
to facilitate longitudinal forces can be added as well.

The submodel criterion to be presented in Sec. 5 assumes that the adja-
cent elements are oriented in right angles, which covers the vast majority of
joints in practice, see e.g. the joints in Fig. 1. The formulation of the macro
element, however, is general and applicable to any configuration of adjacent
plane stress panels.

The joint element consists of a number of strips, one for each adjacent
plane stress element, see Fig. 4. The strips are assumed to be in plane stress
and balance the tractions of the adjacent plane stress triangles as well as
internally within the joint. For the stress fields of the strips to be compatible
with the plane stress elements, a linear variation is prescribed along the joint
element.

Each strip has two stress components given in local coordinates, namely
o, and 7, hence, four stress variables are needed to describe the linear stress



field. The element stress vector o is given as:

(o8]
O¢l =

ON

where NN is the number of strips and o; denotes the stress vector of strip ¢
given as:

Oyil
01 Txyil
T2 Oyi2
Tryi2
Strip 3 Strip 2
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ngeq----""" AN -
v ‘:\ Strip I ™~~~
\ \ T~ oNg
\ A\ //
\\ €52 e%\l e
€42 * e
\\ J> W ren .
\ N A ”
\ / N s
€,3 .
\€22 S z3 ;
AN eys - N
\ 4 \
\ // N
\ . \
\ e A\
\ // \
L ____\onl
-
1

Figure 4: Sketch of a joint element with three adjacent plane stress elements: Local
coordinate systems for the three joint strips are shown.

For consistent orientation, a local coordinate system for each strip is
defined. The local z-axis is in the longitudinal direction of the joint element,
while the y-axis is in the plane of the adjacent plane stress element. Given
the vectors v;2 going from node 1 to node 2 in Fig. 4 and vy, going from
node 1 to n;, where n; is the third node of the adjacent triangular element,
the basis of the local coordinate system can be defined as:

V12 V12 X Uip,
" onl

€y €y = €, X €44 (14)

)
2

B HUI2 X Vip,;
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where ||v||5 is the Euclidean norm of the vector v. The transformation matrix
for the ith strip can be stated as E; = [em' €yi ezi}.

The contributions to traction continuity in global coordinates for strip ¢
at node j can be stated as:

0 tl B
g =B [td 0 ["y’?}:P?mj (15)
O 0 Ti‘?ﬂ]

where g;; is the generalised nodal forces vector, [ is the length of the joint
element, and t; is the thickness of strip 7. (15) also defines P7 implicitly.
Due to the linear stress field it is necessary to enforce traction continuity at
the ends of the strip.

Internal traction equilibrium for the N strips of the joint element is like-
wise enforced, which can be stated as:

—Ploy;—---—Ploy; =0, j=1,2 (16)
where j is the node number. Equilibrium on the element level for an joint
element with N adjacent plane stress elements can now be stated as follows:

PT
P
b1
N ~ oN
Py
—P7 .. ... —PL
-PT ... —PT

where B, is the element equilibrium matrix, and g contains the contribu-
tions to the global equilibrium equations of the joint element. The number
of stress variables and equations of the joint element depends on the number
of adjacent plane stress elements, N, as seen in (17).

5. Joint model

We now consider a unit section of the joint in the shape of a rectangu-
lar box. This unit section is reinforced with U-bar loops from up to four

11



boundaries which are placed in positions defined by u, u,; and u.; according
to Fig. 5. The length of the unit section is s and the widths are given as
ty and t,. o, and o, are the overlap of the U-bars. The distances between
the U-bar pairs in the y and z-directions, respectively, are assumed to be
identical, i.e. u = uy1 + Uy = U1 + U2, Which reduce the number of possible
stress combinations inside the submodel greatly.

Concrete

Figure 5: Submodel for the three-dimensional joint element: a) three-dimensional repre-
sentation of the geometry including U-bar loops, b) two-dimensional sketch of the U-bar
placement.

Joints are in practice always reinforced with a so-called locking bar in
the longitudinal direction, however, the present model does not consider the
behaviour in the longitudinal direction and the locking bar will therefore not
affect the capacity and behaviour of the submodel.

12



Each of the four boundaries reinforced with U-bars can be subjected to

a normal stress and a shear stress, o, and 7,,, or o, and 7,, depending

on the orientation. The stresses on the element level o, are given in the

local coordinate systems of the particular strip, hence, a common coordinate

system is needed, and all stresses are transformed to the coordinate system
of strip 1:

S;; = ETE;S,,ETE, (18)

where E; is the transformation matrix of strip ¢, and S;; is the stress tensor
of strip ¢ at node j, e.g. for strip 1 at node 2 - which is always chosen for the
common coordinate system - we have

0 Tryl12 0
Si2=|Tay12 0yi2 0

0 0 0

Most of the components in S;; are equal to zero as the strips only have
two stress components, which simplifies the calculations. The shear stress
component of S is used for the corbels presented in the following section.
The equilibrium equations of the element ensures that the normal stress
components of SZ-]» are balanced, and the normal stresses are simply added to
the final stress field of the submodel, which must satisfy the Mohr-Coulomb
criterion.

5.1. Local shear transfer via corbels

A mechanical model for the transfer of shear from one plane to another,
e.g. from 7,, to 7.,, is needed. For this purpose a concrete corbel is consid-
ered. The corbel utilises the transverse reinforcement of the joint, i.e. the
U-bar loops, to transform the shear stress (from S) acting on the boundary
of the joint to a normal stress in the core of the joint. This is illustrated in
Fig. 6(a).

Fig. 6(b) shows a corbel subjected to a shear stress 7., from the trans-
formed stress state of the particular strip of the macro element. The loop
reinforcement is activated and the stringer force T' in the reinforcement bal-
ances the stress o, and the stringer force V. The rectangular panel will have
constant shear stress, while the triangle will be in uniaxial compression. For
a single corbel, see Fig. 6(b), we have the following variables:

. A A . A T
=0l o0 A0 TP TP, VO (19)
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Figure 6: a) Sketch of two corbel mechanisms working in two-dimensions. b) Two-
dimensional representation of a corbel in the xz-plane transforming a shear stress 7.,
to a normal stress o,. Positive directions of forces and stresses are shown. The panels
indicated by gray has a out-of-plane thickness of o,.

or
4 . . 4 . T
= ol o), 7). T, TP, VO (20)

depending on the orientation of the corbel. The following system of equilib-
rium equations can be derived for a single corbel:

(0.0, 0 —lo, 0 0 0]][o,]
0 —lo, 0 0 -1 —1| |0,
0 —loy, 0,0y 0O 0 0 Tou
t,— o, =0 (21)
tz - Yz
0 0 —T‘)oy 1 -1 0| |m
00 00, -1 0 0] |V

The first three equations in (21) ensure vertical, horizontal, and moment
equilibrium, while the last three ensure equilibrium for the stringers. The
stresses o, and o, will practically always be negative, i.e. compressive, and
the same goes for the stringer force V. No reinforcement is located at the

14



position of the leftmost stringer, hence, the stringer is a so-called compression
stringer which cannot take any tension.

A single corbel transforms a shear stress into a normal stress in the core
of the joint. Several corbels are therefore needed to transfer shear from one
plane to another. Moreover, the corbels are given a predefined length [, see
Fig. 6, however, the optimal value of [ depends on the reinforcement and
loading. Four corbels for each of the four boundaries of the joint is therefore
used, thus, the complete submodel features up to 16 corbels, four for each
U-bar loop in the considered joint section.

Figure 7: Four corbel models around a single U-bar: The length is fixed at s/2 for the
two largest, while the length of the two smallest depends on the position of the U-bar in
the unit joint section. Dashed lines indicate the load path through the triangular corbels.
Some of the corbels overlap and their stress fields are added to obtain the actual stress
state.

Fig. 7 shows the four corbels around a U-bar. As shown in Fig. 7, some
of the corbels overlap, and it is therefore necessary to add the stress fields
together to obtain the actual stress field of the submodel. Each of the corbels
can transfer a shear stress to a normal stress in the centre of the joint, which
then can be transferred to a shear stress in a different plane via another
corbel. This is illustrated schematically in Fig. 8 for two corbels.

Combining the up to 16 corbels requires four equations - one for each
U-bar loop - which enforce equilibrium for the normal stresses o, according
to the positions of the corbels together with four transfer boxes, see Fig. 8.

Fig. 9 shows the transfer of normal stresses o, schematically, where each
set of arrows is located at the position of an U-bar loop. The four equilibrium

15



1 e Transfer box

Figure 8: Shear transfer from one plane to another via two corbels. The central transfer
box will experience uniaxial compression in the z-direction. Equilibrium of the corbels is
ensured by stringer forces and confinement not shown here.
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Figure 9: Interaction of the 16 corbels and four transfer boxes illustrated schematically:
The triangles represent a corbel mechanism, while the rectangles represent the transfer

boxes. Each set of arrows represent an equilibrium equation. The size and locations of
corbels are not to scale.
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equations are given as

1 o2 o o9 4ottt =0
O—:SBE)) + Uxﬁ) - Uw7) - ng) + O—:tcl - O-:tf = 07 22
o9 1 510 _ 501 03(512) +o2 o3 = 0, (22)

T
o1 4 (1) _ 5(15) _ 5(6) | 583 5t

where Jg(f) is the stress in the z-direction associated with the ith corbel, see
Fig. 6. The first four corbels are associated with the first U-bar loop, the
next four with the second U-bar loop and so on, see Fig. 9 for the numbering.

o' is the normal stress of the jth transfer box. Two corbels associated with
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the same U-bar, e.g. the two corbels on the left-hand side in Fig. 7, can
work together, each transferring a fraction of the total shear force.

The stress states of the 16 corbels are combined to obtain the actual
stress field within the unit joint section. The corbels overlap to some degree,
see Fig. 7 where some of the corbels in the same plane overlap, and it is
therefore necessary to superimpose the appropriate stress states. Depending
on the values of u, wu,;, and u; up to ten triaxial stress states are present
inside the unit section. Each of these stress states are given by three normal
stresses and two shear stresses.

Ty- is zero for all strips in their local coordinate system. The transforma-
tion from the local coordinate system of any strip to the coordinate system of
strip 1 is equivalent to rotating the coordinate system about the local x-axis,
hence, 7,. will remain zero. The triaxial stress states in the joint concrete
must satisfy the Mohr-Coulomb criterion presented in Sec. 2. Moreover, the
rectangular panels in the corbels will experience plane stress, which must
satisfy the Mohr-Coulomb criterion for plane stress also presented in Sec. 2.

The U-bar loops are subject to tension in order to activate the corbel
mechanisms, and the tensile stress must be below the tensile strength:

0<T;< f,A (23)

where f, is the yield strength and A, is the cross sectional area. It is
assumed that the reinforcement only carries tension as seen in (23). The
compression stringers illustrated in Fig. 6 must be in compression, i.e. V
must be non-positive:

V<0

The submodel requires second-order constraints as well as semidefinite con-
straints since the concrete experience both plane stress and triaxial stress.
The macro joint element and submodel are implemented in Matlab and the
commercial optimisation solver MOSEK [31].

6. Analysis and discussion

6.1. Corner joint subject to shear

First, a corner joint subjected to shear is analysed using a single joint
element with the submodel criterion, and the results are compared to the
current design criterion of the Eurocode 2. Comparison to experimental
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Figure 10: Corner joint connecting two reinforced concrete panels subject to pure shear
analysed using a single joint element.

results would be preferable, however, as mentioned experimental results for
corner joints have not been published to the best knowledge of the authors.

Fig. 10 shows the corner joint connecting two precast concrete panels as
well as the loading, which is applied such that the joint is loaded in pure shear.
For the Eurocode 2, the shear capacity of a keyed joint can be calculated as:

Akey
Ae

Akey

T=cf;

+ ppfy < %Vfc (24)

C
where ¢ = 0.5 is a parameter which relates the tensile strength f; to the
cohesion, and ;. = 0.9 is the friction coefficient used for keyed joints. Ay, is
the area of the keys and A, is the total area of the joint. p is defined as

. Z Asu
— AC

P

v is the so-called effectiveness factor, which accounts for microcracking and
softening when using a rigid-plastic material model for concrete. An effec-
tiveness factor of v = 0.7 — f./200 (f. in MPa) is used for the comparison.

The joint is analysed for varying value of u, see Fig. 5, with ©/2 = u,; =
uy1. The following parameters are used:

ft =0 MPa, t, =t, =50 mm, o, = o, = 40 mm

For the Eurocode 2 design formula (24), f, = 0.21f62/3 and Apey/A. = 0.5
are used. Three different types U-bar loops commonly used in practice are
analysed using different values of U-bar spacing, s.
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Figure 11: Characteristic shear capacity of the corner joint with f. = 20 MPa and different
values of s: The results of the joint element is represented using solid lines, while the
capacity predicted using the Eurocode 2 is shown with dashed lines.
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Figure 12: Characteristic shear capacity of the corner joint with f. = 35 MPa and different
values of s: The results of the joint element is represented using solid lines, while the
capacity predicted using the Eurocode 2 is shown with dashed lines.
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Fig. 11 and 12 show the shear capacity of the corner joints for the three
types U-bar loops. It is observed that the values of u and s affect the capacity
of the joint element and submodel to some degree. Moreover, the concrete
strength heavily affects the capacity for the joints with ¥7 and 6 U-bars
(blue and black lines).

The shear capacity estimated with the Eurocode 2 design equation is
somewhat similar to the shear capacity of the joint element, however, for low
values of s the Eurocode underestimate the capacity, while it overestimates
the capacity for larger values of s depending on u compared to the joint
element. Based on the analysis it can be concluded that it is necessary to
consider the stress field inside the joint for design.

6.2. Four-storey stairwell with door openings

Herfelt et al. [22] analysed a four-storey stairwell with door openings
subjected to shear and torsion using the generalised plane stress element.
The stairwell is now considered as a precast concrete structure, and the
corners are modelled using the presented joint element.
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Figure 13: Four-storey stairwell subjected to bending and torsion: a) Sketch showing
loading and joints located in the vertical corners are modelled using the joint element[22],
b) coarse mesh with 864 triangular elements, c) fine mesh with 11,379. All dimensions are
given in metres.
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The stairwell including the positions of the joints are seen in Fig. 13.
The dimensions of the wall as well as meshes for the model are also given in
the figure. The door openings have a height of 2.10 metres and a width of
0.90 metres. The precast concrete panels have a thickness of 180 mm and are
reinforced with two layers of )8 rebars per 150 mm in both directions. The
reinforcement has a design yield strength of f,q = 458 MPa, and the con-
crete has a design compressive strength of f.; = 21.4 MPa, while the tensile
strength is taken as zero. Considering a single U-bar loop, the reinforcement
ratio is given as

o Asufy

st fe

For the joints, a thickness of ¢, = ¢, = 180 mm is used with an overlap
of o, = 0, = 50 mm and s = 300 mm. fq = 21.4 MPa, f, = 0, and
k = 4 are used for the joint concrete as well. The reinforcement ratio of
the joint is varied and the results are illustrated in Fig. 14 for two meshes
generated using GiD v12 [32]; a coarse mesh with 864 plane stress elements,
and a fine mesh with 11,379 plane stress element, see Fig. 13(b) and (c).
Moreover, the stairwell is analysed for two values of u to assess the effect of
the reinforcement layout.
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Figure 14: Design capacity of the stairwell as a function of the reinforcement ratio of the
joints for two different values of u.

Fig. 14 shows that the capacity depends on the joint reinforcement to
some degree, however, the joints will hardly affect the capacity provided
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sufficient reinforcement, i.e. ® > 0.004 corresponding to ©¥5 U-bar loops per
544 mm assuming a design strength of 214 MPa which is far below what is
typically used in practice. It is seen that the model with the joint elements
approach the capacity of the model without the joint from below, which is to
be expected from a lower bound element. It is also seen that the fine mesh
predicts a larger capacity.
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(a) Joints: ® = 0.001, (b) Joints: ® = 0.004, (¢) Monolithic:
prda = 47.12 kN/m pra = 87.14 kN/m Pra = 89.25 kN/m

Figure 15: Comparison of the smallest principal stress for the wall with the door openings
using the fine mesh with and without joints (u/s = 0.5).

From Fig. 15 it can be seen that the joints push the structure to-
wards a more evenly distribution of the shear stresses across the corner. For
® = 0.001 shown in Fig. 15(a), large compressive stresses are observed near
the bottom door opening. This is due to the fact that the joints do not have
sufficient shear capacity and the stresses have to be transferred to the foun-
dations via the wall itself. Fig. 15(c) shows large compressive stresses above
20 MPa near the bottom door opening which is possible since no criterion is
enforced on the stresses in the corner of the structure.

Fig. 16 shows that for ® = 0.001 and 0.004, the shear stress in the joints
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Figure 16: Shear stress distribution over the height of the structure in the joints near
adjacent to the slender wall with the door openings. The shear stress is shown for four
different reinforcement degrees ® using the fine mesh and u/s = 0.5 for the joints. The
wall structure is shown in the centre.

near the door openings will be constant over the entire height. In order
to activate the joints over the entire height, significant ductility is needed.
Increasing the reinforcement degree means that only a small portion of the
joints are utilised fully, hence, the requirement to the ductility is lower, and
the structure is more robust. The effect of the door openings on the shear
stress is clearly shown in Fig. 16 for & = 0.007 and 0.010. The forces
are primarily transferred as diagonal compression in the panels, hence, this
jagged pattern of shear stresses is generated. The effect of the door openings
is also seen to some degree for the joint to the right of the wall, where an
almost wave-like distribution is observed for ® = 0.007 and 0.010.

The analysis has shown that the proposed multiscale joint element makes
modelling of real size structures possible. Moreover, the stairwell model using
the fine mesh only required a CPU time of approximately 65 seconds on a
desktop PC with an Intel Xeon CPU W3565 with 8 CPUs and 3.2 GHz clock
frequency. The low computational time is a major advantage over general
non-linear finite element models.
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7. Conclusion

In practice, design and analysis of precast concrete structure in the ulti-
mate limit state is primarily done using simple manual methods and linear
finite element analysis. The manual methods are often based on limit anal-
ysis and provide efficient tools for assessment of the capacity. For complex
structures, however, it becomes difficult to obtain a decent solution - espe-
cially for structures in three dimensions. Moreover, it is rather difficult to
account for the behaviour of the in-situ cast joints.

A lower bound multiscale joint element was presented. The element was
designed for interaction with a generalised plane stress element with the
scope of modelling of real life precast concrete structures. A mechanical
submodel was proposed as the yield function of the macro joint element. The
submodel used corbels to transfer shear stresses from one plane to another
and the resulting triaxial stress field within the joint was checked against the
Mohr-Coulomb criterion.

Unfortunately, no experiments of joints in three dimensions have been
published, thus, the joint element and submodel was analysed by comparison
to the Eurocode criterion. The results of the joint element and the Eurocode
design equation were somewhat close and for heavily reinforced joints, the
joint element predicted a larger capacity.

A four-storey precast concrete stairwell with door openings was analysed.
The precast panels were connected by in-situ cast joints in the corners, and
it was observed that the capacity of the joints are crucial to the overall
behaviour of the wall. The reinforcement of the joints heavily affects the
capacity, especially at low degrees of reinforcement. The joints also affected
the stress field considerably, and the shear stresses were distributed more
evenly across the corner joint. Higher levels of reinforcement increase the
robustness of the structure considerably and lower the requirement to the
ductility of the joints and panels.

The proposed multiscale joint model has shown significant potential, how-
ever, validation by comparison to experimental results is necessary. It can be
concluded that the presented framework and model will enable optimisation
of precast concrete structures, and the lower bound property of the model is
highly desirable for practical design.
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0 This thesis presents a framework for efficient design and analysis of precast

concrete structures based on finite element limit analysis. In-situ cast joints are
crucial in precast structures, hence, adequate models for these components are
developed and validated by comparison to experimental results. Real size exam-
ples illustrate the strength of the framework in both two and three dimensions,

and the developed models for the joints make it possible to account for the local
behaviour in the global model.
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