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Then they said, "Come, let us build ourselves a city, with a tower that reaches to the
heavens, so that we may make a name for ourselves and not be scattered over the
face of the whole earth."

Genesis 11:4
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Abstract
The Tubed Mega Frame is a new concept for constructing high-rise buildings,
based on the idea of moving the main bearing system to the perimeter of the
building by using a number of large hollow columns, mega tubes, connected by
perimeter walls at certain levels. The concept is under development by Tyréns AB
and has not yet been implemented in reality. This thesis is part of the ongoing work
process and has the aim of shedding light on the issues and problems with the new
concept when it comes to the perimeter walls.

The perimeter walls are an essential part of the Tubed Mega Frame structure since
they provide the main lateral stability of the structure by connecting the mega tubes
and transferring lateral loads between them. It is therefore of big importance that
the walls are designed and constructed to withstand all the loads they would
possibly be exposed to.

In this thesis a perimeter wall in a prototype building of the Tubed Mega Frame
have been analysed, designed and tested using non-linear FE-analysis in the pursuit
of create a better understanding in how the perimeter walls works and should be
designed.

To begin with, a global analysis was performed to obtain the forces acting on the
most critical perimeter wall. The stresses in the wall were then analysed in order to
create an appropriate strut-and-tie model used to determine the reinforcement
design for the specified perimeter wall. The perimeter wall was designed for a
maximum shear force of 14.5 MN and corresponding moment of 87 MNm using
strut-and-tie model according to American standards, ACI 318-11.

The final step was to verify the design using the non-linear FE-analysis program
ATENA. A model of the reinforced wall was analysed with two different load
cases; one were the resistance was determined by unidirectional deformation until
failure and one were the effects of cyclic loading was considered by initial
deformation corresponding to service loads prior to failure loading. The resistance
obtained from the first load case was 46.8 MN and for the second 19.1 MN using
mean values for material properties.

In order to obtain a design resistance of the wall in the non-linear analysis, a global
safety factor was determined by using the ECOV method. The design resistance
were 39.9 and 13.5 for the two load cases respectively.



ii



iii

Titel: Dimensionering av omslutande tvärväggar i TMF-konstruktioner

Sammanfattning
Tubed Mega Frame (TMF) är ett nytt koncept för att bygga höghus som bygger på
idén om att flytta det bärande systemet till omkretsen av byggnaden med hjälp av
ett antal stora ihåliga pelare, megatuber, anslutna med omslutande tvärväggar på
vissa våningsplan. Konceptet är under utveckling av Tyréns AB och har ännu inte
genomförts i verkligheten. Detta examensarbete är en del i den pågående processen
och målet är att belysa frågor och problem som finns med det nya konceptet när
det gäller de omslutande tvärväggarna.

De omslutande tvärväggarna är en vital del av Tubed Mega Frame eftersom de
bidrar till huvudsakliga sidostabiliteten i byggnaden genom att sammankoppla
megatuberna och överföra horisontalkrafter mellan dem. Det är därför av stor vikt
att väggarna är konstruerade och tillverkade för att stå emot alla de belastningar
som de skulle kunna vara utsatta för.

I detta examensarbete har en tvärvägg i en prototypbyggnad för Tubed Mega
Frame analyserats, dimensionerats och testats med syftet att bidra till en bättre
förståelse för hur tvärväggarna fungerar och bör utformas.

Till att börja med har en global analys utförts för att erhålla de krafter som verkar
på den mest kritiska tvärväggen. Spänningarna i väggen analyserades sedan för att
skapa en lämplig fackverksmodell som sedan användes för att bestämma
armeringsutformning för den specificerade tvärväggen. Väggen dimensionerades
för en maximal tvärkraft på 14,5 MN och ett motsvarande moment på 87 MNm
genom att använda fackverksmetoden enligt amerikanska standarder, ACI 318-11.

Det sista steget var att kontrollera konstruktionen med hjälp av det ickelinjära FE-
analysprogrammet ATENA. En modell av den armerade väggen analyserades med
två olika lastfall. I det första lastfallet genom att i en riktning deformera väggen till
brott. I det andra lastfallet beaktades tidigare uppsprickning genom att först belasta
väggen med en deformation motsvarande dess brukslast och sedan belasta väggen i
motsatt riktning tills brott uppstod.  Bärförmågan var 46,8 MN och 19,1 MN för
respektive lastfall, beräknat med medelvärden för materialegenskaper.

För att erhålla en dimensionerande bärförmåga för väggen ur den ickelinjära
analysen bestämdes en global säkerhetsfaktor med hjälp av ECOV-metoden.
Dimensionerande bärförmåga var 39,9 MN och 13,5 MN för respektive lastfall.
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Notations
Latin upper case letters

area enclosed by cross-section perimeter
area of compressive strut
gross cross-sectional area
area of longitudinal reinforcement
area of nodal zone
gross area enclosed by shear flow path
area enclosed by outermost closed stirrup
area of on leg of reinforcement stirrup
area of reinforcement in tension
modulus of elasticity for concrete

´ fictitious modulus of elasticity
secant modulus from the origin to the peak comp. stress
tangent modulus of elasticity
modulus of elasticity for reinforcement steel
nominal strength
nominal strength of nodal zone
nominal strength of compressive strut
nominal strength of tie
force applied in strut-and-tie model
factored force
fracture energy
characteristic value of fracture energy
base value for fracture energy
moment of inertia for one tube

´ fictitious moment of inertia for one tube
free length of tubes

´ free length of the modelled parts of the tubes
length of perimeter wall
maximum moment from external forces
design value of external moment
design value of external axial force
design value of resistance
characteristic value of resistance
mean value of resistance
crack shear stiffness factor
nominal torsional resistance
design value of external torsion
coefficient of variation
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maximum shear force from external forces
design value of external shear force

Latin lower case letters
concrete cover
tension stiffening
nominal diameter of bar
edge distance to strut-and-tie centre lines
edge distance to strut-and-tie centre lines

′ specified cylinder concrete compressive strength (characteristic)
effective compressive concrete strength
mean cylinder concrete compressive strength
characteristic tensile concrete strength
mean tensile concrete strength
yield strength of reinforcement

ℎ dimension of tube cross section
ℎ height of perimeter wall

plasticity number
cross-section perimeter

, limit for reduction of concrete compressive strength due to cracks
centre-to-centre spacing between reinforcement bars in same layer
centre-to-centre spacing between layers of reinforcement bars
thickness of perimeter wall/tube wall
critical compressive displacement
width of strut
width of tie
dimension of tube cross section

Greek lower case letters
internal angle in strut-and-tie model
sensitivity/weight factor

. coefficient to account for shrinkage on the tensile strength of concrete
reliability index/multiplier for plastic flow direction
reduction factor to account for ties anchoring a nodal zone
reduction factor to account for cracking and confining reinforcement
global safety factor
model uncertainty factor
concrete strain
strain at maximum compressive stress
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plastic strain at compressive strength
Poisson’s ratio for concrete
density of concrete/geometrical reinforcement ratio
strength reduction factor
mechanical reinforcement ratio

Abbreviations
ACI American Concrete Institute
ASCE American Society of Civil Engineers
EC2 Eurocode 2
MC 2010 Model Code 2010
MC 90 Model Code 1990
STM Strut-and-Tie model
TMF Tubed Mega Frame
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1 Introduction

1.1Background
The Tubed Mega Frame is a new structural system for high-rise buildings
developed by Tyréns AB. While the majority of today's high-rise structures use a
strong central core made out of high strength concrete as the main load carrying
structure (CTBUH, 2010), the Tubed Mega Frame carries the entire load at the
perimeter of the building by using several large vertical tubes instead of one central
core. The idea of this structural system is that it increases the global structural
stability as the internal lever arm at the base of the building increases, thus
increasing the moment resistance for over-turning. As well as improved structural
stability the amount of floor space to be utilized increases.

The Tubed Mega Frame is the result of a new transportation system in high-rise
buildings called the Articulated Funiculator which is also being developed at Tyréns
AB (King, Lundström, Salovaara, & Severin, 2012). The Articulated Funiculator as
well as the Tubed Mega Frame is for the time being in a conceptual stage and there
are several aspects of both systems which needs to be studied before they can be
implemented in a real design.

1.2Problem description
The Tubed Mega Frame’s main load carrying system is the vertical tubes. However,
as the height of the building increases, the structure’s ability to resist lateral forces,
such as wind, becomes more and more important. Since one of the benefits of
using the Tubed Mega Frame is the ability to resist the over-turning moment at the
base it is important that all of the tubes are interconnected and work as one super-
structure. For this to be possible a strong connection which can distribute and carry
the lateral loads between the tubes is required, that is the main function of the
perimeter walls. The perimeter walls can be compared to the outrigger systems,
commonly used in skyscrapers built today, where the outriggers are the structural
members that connect the central core to the perimeter columns which stabilizes
the structure.

In a Tubed Mega Frame building there are several perimeter walls of different
geometry on different levels and subjected to loads of varying magnitude. The aim
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of this thesis is not to design all of the perimeter walls in a Tubed Mega Frame
building but rather to give a general idea of how the perimeter walls work and
provide a basis for designing them.

1.3Method
In  this  thesis  a  concrete  perimeter  wall  will  be  designed  in  several  steps.  From  a
FE-analysis of the entire prototype structure, all of the internal loads in different
load cases can be identified. This gives the maximum bending moment, shear force,
torque and axial force that any wall is subjected to and how the loads are combined.
The wall that is subjected to the largest forces is chosen as the design object.

The wall will be studied in a linear elastic FE-analysis to identify the distribution of
stresses and principal stress directions. This is performed by using a FE-software
called SAP2000. The knowledge of the stress distribution and the principal stress
directions in the wall is required to be able to create a Strut-and-Tie Model (STM)
which will provide the required amount of reinforcement in the wall. The STM is
created according to the American building codes for structural concrete, ACI 318-
11 (ACI, 2011).

The last step will be to verify the design by creating a model of the wall with
reinforcement and run it in ATENA, which is a non-linear FE-software. This will
simulate how the wall behaves both under service loads and the non-linear
behaviour with crack propagations up until the structure collapses at ultimate load.

1.4Limitations and Assumptions
This thesis is limited the design of perimeter walls in the Tubed Mega Frame
structure, thus no other structural members will be studied. Nor will the Articulated
Funiculator be treated in this thesis. Reinforced concrete will be the only material
considered for the walls, hence no comparisons will be made to alternative
materials. The study will be performed on an already existing model of a reference
building with given geometry.

1.4.1Concrete material assumptions
In the scope of this thesis the main characteristics of concrete; the specified
compressive strength, ′ , the modulus of elasticity, , the Poisson’s ratio, , and
the density ,  will be assumed in accordance with reasonable high-strength
concrete properties available on today’s market. A specified compressive strength
of 100 MPa and a modulus of elasticity of 50 GPa is assumed to be reasonable, for
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example the One World Trade Centre in New York was constructed using concrete
with a compressive strength of 97 MPa and a modulus of elasticity of 48 GPa
(Margrill, 2011). The density of concrete is calculated as 2400 kg/m3 and the
Poisson’s ratio set to 0.2.

The research and implementation of high-strength concrete in building codes is
limited why certain parameters regarding material properties have been estimated
and adapted according to research available for normal strength concrete. In order
to account for the unknown effects of this act parameters are chosen on the safe
side when possible.

1.4.2Reinforcement material assumptions
The properties and dimensions of the reinforcement steel used in the scope of this
thesis will be in accordance to ASTM (ASTM, 2008). Reinforcement of grade 75
will be used, with a minimum yield strength 520 MPa. The modulus of elasticity for
reinforcement is set, according to ACI 318-11, to 200 GPa. The standard sizes and
dimensions of reinforcement available are presented in Table 1.1.

Table 1.1 Standard dimensions for steel reinforcement bars (ASTM, 2008)

Bar No. Diameter
[mm]

Cross-Sectional Area
[mm2]

10 9.5 71
13 12.7 129
16 15.9 199
19 19.1 284
22 22.2 387
25 25.4 510
29 28.7 645
32 32.3 819
36 35.8 1006
43 43.0 1452
57 57.3 2581
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2 Theory

2.1Deep Beams

2.1.1Definition and history
A deep beam is a beam with a height in the same magnitude as the length of its
span. Its geometry resembles that of a slab but the deep beam is loaded in its own
plane. However, for beams with a height in relation to the span which gives a ratio,
length over height, that is less than three, Bernoulli’s hypothesis and ordinary beam
theory is no longer valid (Ansell, Hallgren, Holmgren, Lagerblad, & Westerberg,
2012). This is a result of the stress distribution which changes from having a linear
distribution, for beams with small heights relative to the length, to a non-linear
distribution as the height increases.

2.1.2Stress distribution
In an ordinary beam which is loaded from the top and where the ratio l/h is more
than three, the stress distribution has a linear variation, assuming un-cracked elastic
conditions, varying from maximum compression at the top to maximum tension at
the bottom. At a distance 0.5h from the bottom edge the neutral layer is located,
where stresses changes from compression into tension. As the height of the beam
increases and the ratio l/h passes below three the stress distribution starts to differ
from its linear variation. The distance from the bottom edge to the neutral layer
decreases which results in an increasing compression zone. With an increasing
compression zone the internal lever arm between the compression and tension
resultant increases, thus increasing the internal moment capacity. The lever arm
does however not increase proportional to the height and as the height exceeds the
length of the span of the beam the lever arm stops increasing. The lever arm will
not become more than approximately 0.7l which occurs at about h=l. This means
that a beam will not become more effective by increasing the height much more
than l.

The stress distribution and principal stress directions of a deep beam can be
obtained by using elastic analysis in a FE-analysis program.

2.1.3Deep beams in ACI 318-11
Deep beams are defined in ACI 318-11 as a member loaded on one face and
supported on the opposite in order for compression struts to develop between the
loads and the supports. In order to count as a deep beam the member has to have
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clear spans equal to, or less than four times the overall depth (ACI 318-11 10.7.1).
If the loads are instead applied through the sides or bottom of the member, STMs
should be used to design the deep beam.

2.2Strut-and-tie model

The strut-and-tie model (STM) is a method of designing reinforced structural
concrete. The method is derived from the truss model, which has been a reliable
tool for designing cracked reinforced concrete beams in bending, shear and torsion
since its introduction by Ritter and Mörsch in the beginning of the 20th century
(Schlaich, Schäfer, & Jennewein, 1987). The truss model is however only valid for
some parts of the structure where Bernoulli’s hypothesis of plain strain distribution
is assumed valid. At certain regions in a structure, the strain distribution is non-
linear. This is the result of discontinuity, which comes from either a sudden change
of geometry (geometric discontinuity) or concentrated load (static discontinuity).
Since the strain distribution is non-linear in these regions Bernoulli’s hypothesis is
not valid and the truss model is no longer applicable. The STM is a generalization
of the truss model which handles the non-linear strain distribution in
discontinuities.

Unlike the truss model, the STM is not a stable truss system but instead acts as a
set of forces in equilibrium. Based on the flow of forces within a region the STM
visualizes a truss-like system which transfers the idealized force resultants through
compression struts or tension ties.  The  struts  and  ties  meet  at nodes.  (Chen  &  El-
Metwally, 2011)

The STM is based on the lower-bound theorem of limit analysis which means that
all of the stresses in the structure due to external loads are at equilibrium and are
either lower or equal to the actual yield stress. Assuming that the structure is ductile
enough to satisfy the needed redistribution of forces the designed resistance of the
structure can be said to be underestimated, as a result the STM provides a design
which is on the safe side.

2.2.1B and D regions
The validity of the original truss model depends on the strain distribution in the
analysed structure or region. As previously mentioned the assumption that
Bernoulli’s hypothesis of plain strain distribution is valid is a requirement for the
truss model to be applicable on a structure. Regions where ordinary beam theory is
valid are called Bernoulli-regions or simply B-regions.
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In certain parts of the structure, the strain assumes a nonlinear distribution. In
these regions ordinary beam theory is no longer valid. Regions such as these are
referred to as discontinuities or simply D-regions. Figure 2.1a) and c) shows some
examples of D-regions caused by a change of geometry such as frame corners,
openings and recesses in beams. Figure 2.1 b) and c) shows some examples of static
discontinuity, where the nonlinear strain distribution is cause by a concentrated
load or a support reaction. In deep beams, the strain distribution is nonlinear
through the entire structure and therefore, deep beams are considered as one whole
D-region.

Figure 2.1  Example of different D-regions. a) geometric discontinuity, b) static discontinuity and
c) geometric and static discontinuities. (Chen & El-Metwally, 2011)

2.2.2Struts
The compression members in a STM are called struts and represent the resultants
of the compression stress fields in the concrete. There are three basic types of
struts, named after the shape of their stress fields: prismatic, bottle-shaped and fan-
shaped struts (Figure 2.2).
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Figure 2.2 Different types of struts a.) Prismatic b.) Bottle-shaped c.) Fan (Tjhin, 2003)

A prismatic strut is characterized by a straight and evenly distributed stress and
represents the typical compressive stress field in B-regions.

Distributed loads converging from a larger area to a smaller can be represented in a
STM by a fan-shaped strut. Common for the prismatic and the fan-shaped strut is
that they don’t develop any transverse stresses.

The third type of strut, the bottle-shaped strut, is used to represent a bulging
compressive stress field between two nodes. Characteristic for the bottle-shaped
strut is that tensile and compressive stresses transverse to the direction of the strut
will arise. In design, bottle-shaped struts can be idealized as uniformly tapered
representing the spread of compression stress as struts at a slope of 1:2 to the
direction the bottle-shaped strut and the required amount of reinforcement to resist
the transverse tensile stresses can be calculated with help of an internal truss model,
as seen in Figure 2.3.

Figure 2.3 Bottle-shaped strut (Chen & El-Metwally, 2011)

To account for the shape of the compressive stress fields different effectiveness
factors are usually used for different types of struts, according to current codes,
when calculating the compressive strength of the strut.
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The nominal strength of a concrete strut is controlled by the effective compressive
strength of the concrete in the strut and the cross-sectional area of one end of the
strut. The effective compressive strength, fce, is determined by the strength of
concrete used and type of strut considered in the model. The cross sectional area at
the end of  the strut  is  determined by the effective width of  the strut-end and the
thickness of the strut, which is taken as the thickness of the wall.

Further details concerning design of concrete struts according to the code of
practice are treated in section 2.3.1.

2.2.3Ties
Ties are the members in tension in a STM, the tensile forces are there resisted by
normal reinforcement, prestressing reinforcement or the tensile strength of the
concrete, but most commonly by normal reinforcement. In this case the strength of
a tie is controlled by the yield strength, fy, of the reinforcement steel. The required
area of reinforcement in a tie can therefore be determined from the force acting in
the tie and the strength of the reinforcement chosen to be used.

The area required for reinforcement in a tie will be relatively small compared to the
area for concrete struts and nodal zones, the effective width of a tie will first of all
be limited by the maximum stress that the concrete is capable of handle. The
tensile force always acts in the centre of the tie but the reinforcement can still
consist of one or many layers, spread over an effective width to avoid the concrete
to crush. The effective width of each tie is therefore determined by the tensile force
in the tie and the concrete strength of the corresponding nodal zone.

The effective width of a tie is further determined by the required space for the
reinforcement bars in it, a sufficient effective width considering the nodal concrete
strength may not be enough to place the number of bars needed with sufficient
spacing.

Further details concerning design of ties according to the code of practice are
treated in section 2.3.2.

2.2.4Nodal zones
A node is the actual point where members in a STM intersect and can consist of
different compositions of tensile and compression forces forming the different
node classifications: C-C-C, C-C-T, C-T-T and T-T-T (Figure 2.4). To achieve
equilibrium a node has to consist of at least three struts or ties intersecting but it is
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allowed for more members to meet at one single node. (Schlaich, Schäfer, &
Jennewein, 1987)

Figure 2.4: Different types of nodal zones (Chen & El-Metwally, 2011)

While a node, as described above, is the discrete intersecting point where the
resultants of each member meet the nodal zone is defined as the volume
surrounding the node that is assumed to transfer forces through the node. The
boundaries of a nodal zone consist of loading- and support plates and the ends of
ends of struts and ties.

If the stresses on all sides of the nodal zone are equal to each other and acting
perpendicular to the side the nodal zone is called a hydrostatic nodal zone. In this
case the dimensions of the plates and end-width of the members are in direct
proportion to the magnitude of the force acting on each face in order to give rise
for the same stresses. In the case of tension force acting on a hydrostatic nodal
zone the tie needs to pass through the nodal zone and be anchored with a plate
such that the arising stresses are equal to the stresses acting on the other sides.
Alternatively the tie can pass through the nodal zone and be extended a sufficient
anchor length to create a stress equal to the stresses at the other faces.

If the dimensions of loading- and support plates on the other hand are already
known so that the stresses differs around the different sides of the nodal zone and
the  strut  is  not  acting  perpendicular  to  the  side  the  zone  is  referred  to  as  a non-
hydrostatic nodal zone. In the case of a non-hydrostatic nodal zone, shear stress
between the strut and the side of the zone will occur.

If the calculated effective width of a tie is used together with the intersection area
of struts and reactions to create a nodal zone, it is called an extended nodal zone.

When deriving the failure criterion of concrete in nodal zones consideration has to
be taken to the type of node since tension stresses from ties in nodal zones will lead
to discontinuities and thus the reduction of the strength of the nodal zone. This is
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usually taken into account by using reduction factors depending on the number of
ties anchored in the nodal zone.

Further details concerning design of nodal zones according to the code of practice
are treated in section 2.3.3.

2.3STM according to ACI 318-11
In the scope of this thesis the STM will be designed in accordance with ACI 318-11
only. It is however important to notice that there has been different approaches in
the literature for determine strength values of STMs and that the provisions in the
different codes vary. The following section presents STM according to Appendix A
in ACI 318-11.

According to ACI 318-11 A.2.1 “It shall be permitted to design structural concrete
members, or D-regions in such members, by modelling the member or region as an
idealized truss”. Further the code states the following:

· A STM should contain struts, ties and nodes

· The truss model should be able to transfer all the loads to the supports.

· The strut-and-tie model shall be in equilibrium

· Ties are permitted to cross struts while struts can only cross at nodes.

· The angle between the axes of any strut and any tie entering a single node
shall not be less than 25 degrees.

· The design of the struts, ties and nodal zones in the STM are based on:

≥

Where  is the factored force acting in a strut, tie or on a nodal zone and  is the
nominal strength of the strut, tie or nodal zone.  is a strength reduction factor
specified to 0.75 for STMs. The general calculation procedures are presented in
Table 2.1.

[2.1]
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Table 2.1 Calculation procedures for Struts, Ties and Nodal Zones according to ACI 318-11

Struts Ties Nodal zones
Design
criteria ≥ ≥ ≥
Strength
reduction
factor

= 0.75	 	 = 0.75	 	 = 0.75	 	

Nominal
strength = =

Material
strength

=	
"

	 ℎ"

=
" 	 ℎ
	 "

=	
"

	 ℎ"
Effective
strength of
material

= 0.85 = 0.85

Area
=

" 	 	
	 	 	 "

=
" 	 		

	
	 "

=
" ℎ 	 	 	 ℎ 	 	
	 ℎ 	 	 	 	

ℎ ℎ	 	 	
	 "

Reduction
factors

=	
" 	 	 	 	

ℎ 	 	 	
	 		

	
1.0	 	 	
0.75	 	 	 ℎ

-

=	
" 	 	 	

ℎ 	 	
ℎ 	 	 "

1.0	 ℎ 	 	
0.80		 	

0.60	 	 	 	

2.3.1Struts
The nominal compressive strength of a strut is calculated using the smallest of the
effective compressive strength of concrete in the strut and the effective
compressive strength of the concrete in the nodal zone (ACI 318-11 A.3.1). The
area used to compute the nominal compressive strength is calculated using the
effective width of the strut, , and the thickness of the wall.
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Figure 2.5 Extended nodal zone (ACI, 2011)

The effective compressive strength of the concrete in a strut is computed using a
factor  that account for the effects of cracking and confining reinforcement in
the strut. The factor is related to the type of strut, i.e. the geometry of the strut. In
order  to  use = 0.75 for bottle-shaped strut the strut must satisfy the
requirements for transverse reinforcement to resist transverse tensile forces
resulting from the compression force spreading in the strut. It is allowed to use
local STMs to compute the amount of required transverse tensile reinforcement in
a strut, the compressive forces are assumed to spread at a slope of 2:1.

2.3.2Ties
The axis of the reinforcement in a tie shall coincide with the axis of the tie in the
STM. (ACI 318-11 A.4.2)

In the case of a tie consisting of bars in one layer, the effective width, , can be
taken as the bar diameter plus twice the cover thickness and if the width exceeds
that value the reinforcement should be distributed approximately uniformly over
the area of the tie.

The force in one or more ties should be developed at the point where the centroid
of reinforcement leaves the nodal zone. (ACI 318-11 A.4.3)

2.3.3Nodal zones
The area used to calculate the nominal compression strength of a nodal zone, ,
is usually the area of the face of the nodal zone on which the force, , acts
perpendicular. In some cases the nodal zone has to be subdivided and the area is
then taken as the smallest area section which is perpendicular to the resultant force
in that nodal zone.
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When calculating the effective compressive strength of the concrete in a nodal
zone the a reduction factor, , is used to account for the effect of anchorage of
ties in the nodal zone.

2.4Finite Element Analysis

2.4.1Finite element method
Finite element analysis (FEA) or the finite element method (FEM) is a numerical
technique for solving differential equations in field problems. When solving field
problems, one determines the distribution of one or several dependent variables,
e.g. the distribution of stresses in a beam. Mathematically, field problems contain
an infinite number of variables but in FEA the range of variables is reduced into a
finite number. In structural mechanics, the analysed structure is discretized into a
number of finite elements. Each element is connected to another at points called
nodes in which the governing equations are applied. Elements are often classified
by their nodes configuration. The solution for the differential equations is
interpolated between the elements by using different kinds of form functions, thus
FEA only provides an approximate solution for any problem (Cook, Malkus,
Plesha, & Witt, 2002).

The arrangement of elements is called a mesh. In general it can be said that the
more elements used in a structure, the more accurate the result will be. There are
different types of elements which can be used in FEA. Some elements are more
suitable for certain problems than other elements and it is up to the designer to
choose the most suitable mesh configuration for the problem at hand.

2.4.2Shell elements in ETABS
In ETABS, the FE-software used for the global analysis, shell elements are
formulated as either quadrilateral shapes with four joints or as triangular shapes
with three joints, where the quadrilateral is the most accurate (Computers &
Structures Inc., 2013). The stiffness of the shell is defined with a four-point
numerical integration formulation where stresses, internal forces and moments are
evaluated at the 2-by-2 Gauss integration points and extrapolated to the joints.

Each shell can be modelled with pure-membrane, pure-plate or full-shell behaviour.
The full-shell behaviour combines independent membrane and plate behaviour,
which are combined in warping or working separately as membrane or plate. The
plate behaviour includes two-way, out-of-plane, plate rotational stiffness
components and a translational stiffness component in the plate’s normal direction.
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The choice can be done of using either a thin-plate formulation (Kirchoff) or a
thick-plate formulation (Mindlin/Reissner), the difference between the two
formulations are that the thin-plate formulation neglects the effects of transverse
shearing deformations.

Figure 2.6 Quadrilateral shell element (Computers & Structures Inc., 2013)

2.4.3Non-linear FEA
FEA can be used to solve both linear and non-linear problems. Non-linear FEA is
used to analyse behaviour which can no longer be analysed by linear models, e.g.
when previously constant parameters become functions of variables. Non-linear
analysis is classified according to which type of nonlinearity that is being studied. In
structural mechanics this includes, but is not limited to; Material nonlinearity, where
material properties become functions of the state of stress or strain e.g. cracking,
Geometric nonlinearity, when deformations become so large that equilibrium equations
have to be reformulated with respect to the new deformed structure i.e. second
order effects.

In structural mechanics, the equilibrium equations are often written on the form
{K}{D}={F},  which  is  solved  for  {D}.  [K] is the stiffness matrix for either an
element or the global system and {D} is the corresponding displacements to the
load vector {F}. When analysing a non-linear problem, the stiffness {K}, and
sometimes the load {F} are not known in advance since they are functions of the
displacement {D}.  This  requires  an  iterative  process  in  order  to  determine  {D}.
When dealing with non-linear problems, the principle of superposition does not
apply. This means that it is not possible to scale results in proportion to loads or
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combine the results from different load cases. Each different load case requires its
own analysis (Cook, Malkus, Plesha, & Witt, 2002).

In non-linear analysis it is a basic principle that the loading is performed in small
increments (Svenska Betongföreningen, 2010). In each increment, equilibrium is
achieved within given tolerances by iterating the next point on the load-
deformation (P-δ) curve. For each iteration the stress level in all of the element
nodes is calculated and compared to the used material model to see if cracking or
plasticity occurs. If cracking or plasticity occurs, the stiffness of the structure is
changed prior to the next iteration. This procedure is repeated until convergence
within the load increment is achieved.

2.4.4Solution methods
There are different techniques of reaching convergence in each of the load
increments. The most commonly used is the Newton-Raphson (N-R) method. In
this method, the load is kept constant and the next load increment is determined by
the tangent of the load-displacement curve at the previous increment. N-R is
effective to find a maximum on the curve. It is however inefficient when the load-
displacement curve have a negative slope or when both the load and the
deformation decreases, a phenomena known as “snap-back” or “snap-through”
behaviour.

In such cases, a method known as the arc-length method is more successful. The
arc-length method is a form of N-R iteration where the next point on the P-δ curve
is found within the radius of an arc, centred at the previous load increment. In the
arc length method, the solution path is kept constant and both the load and the
displacement are iterated.

Figure 2.7 Illustration of a load increment in Newton-Raphson (left) and the Arc-length method
(right) (Svenska Betongföreningen, 2010)



3   Global structural analysis in ETABS

17

3 Global structural analysis in ETABS
The purpose of the global analysis performed in ETABS is to determine the loads
and load cases to be used in the design of the perimeter wall. Due to the limited
time frame for this thesis work the basic ETABS model was provided by Tyréns
and the design of the global structure as well as the configuration of number of
perimeter walls and their locations is not decided by the authors. The ETABS
model is modified and briefly analysed to ensure adequate accuracy of the results
prior to determining the design loads. Loads and load combinations are according
to ASCE/SEI 7-10 (ASCE, 2013) and ACI 318-11 (ACI, 2011).

3.1Reference object – 800 meter building
The basis for the analysis in this thesis is a prototype building of the Tubed Mega
Frame concept, the so-called “800m Prototype Ping an Comparison”. In order to
make sure that the model is representative and accurate enough to serve as a basis
for further design it is first modified and verified.

The building height to the very top is approximately 800 meters, which includes a
50 meter spire and a 26 meter high conical roof.   That would give a height of
approximately 724 meters to the highest floor, which is the 157th floor.

Figure 3.1 Standard plan of reference building showing outer dimensions,
dimensions of perimeter walls and dimensions of vertical tubes
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GeometryFigure 3.2 Elevation of reference building, displaying wall thickness and dimensions
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3.1.1Global geometry
The main structure of the building consists of eight rectangular columns, also called
Mega Tubes, braced by perimeter walls certain levels (Figure 3.1). Together with a
floor slab the eight tubes form a standard floor plan with the dimensions 42 by 42
m, at the base of the building the dimension of the floor plan is 58 by 58 m.

3.1.2Vertical tubes
The tubes have a hollow section and dimensions that vary over the height of the
building. For the first 39 floors (181 m) the tubes are slanted at a slope 181:7 and
the centre dimensions vary from 4 x 8 m at the base to 4 by 6 meters at story 39.
From story 40 to story 137 (181-632.6 m) the tubes are straight with the centre
dimension 4 by 6 meters. For the last 20 floors (90 m) the tubes are again slanted,
at a slope 90:7 with the centre dimensions varying from 4x6 at story 137 to 3 x 4 m
at story 157. The dimensions of the tubes for each section of the building can be
seen in Figure 3.2.

The thickness of the tubes is also varying along the height of the building, not only
at the slanted parts but also along the straight parts. The thickness of the tubes
coincides with the thickness of the walls at each section of the building, the
thickness for each section is shown in Figure 3.2.

The tubes are modelled as thick shell objects which are divided at each floor-level.
In the cases where the side of a tube is slanted, ETABS will represent the tube wall
with inclined shell elements. The tubes are meshed with a rectangular mesh with a
mesh size that divides the objects in 3 by 3 elements as shown in Figure 3.3.

Figure 3.3 Meshing of tubes and walls in ETABS
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3.1.3Perimeter walls
The perimeter walls that connect the tubes are placed evenly along the height of the
building with a distance varying from 30 to 40 m. The main task for the walls is to
brace the tubes and make them work as one stiff system of tubes. The height of the
walls are different at different levels, every other section of walls are a higher
section consisting of walls with a height of  three to five stories, while other
sections of perimeter walls are only one story high. One story is 4.5 m high which
gives the standard height of a perimeter wall; ℎ = 4.5	 . There are two main
types of perimeter walls in the structure, the diagonal walls in Figure 3.4 have the
length 7 m while the straight walls have the length 12 m.

The thickness of the perimeter walls is varying over the height of the building and
coincides with the thickness of the tubes, the varying thicknesses are shown in
Figure 3.2.

Figure 3.4: Perimeter walls at story 48.

The perimeter walls are modelled as thick shell element and are divided in different
objects between the tubes and for each floor. The walls are meshed with the same
mesh size as the tubes, 3 by 3 elements, shown in Figure 3.3.

3.1.4Supports
The supports are modelled as pinned at the bottom of all eight tubes. No
consideration is taken to the foundation or the actual ground conditions.
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3.2Materials

3.2.1Concrete
The non-linear material properties of concrete are not included in the ETABS
model and the concrete is modelled as an elastic material with a specified
compressive strength of 100 MPa. The modulus of elasticity is set to 50 GPa and
the density of the concrete is 2400 kg/m3, all in accordance with the assumptions in
section 1.4.1.

3.3Loads
Minimum design loads for buildings are specified in ASCE/SEI 7-10 (ASCE,
2013). In the global analysis only three different loads are considered; deadweight,
live load and wind loads. Snow loads are considered negligible since the effect does
not affect the perimeter wall design due to relatively small roof areas. Furthermore,
the effects of seismic loads and installations are not considered in the scope of this
thesis.

3.3.1Deadweight
The deadweight consists of the self-weight of concrete and the weight of the
façade. The weight of the façade is assumed and applied as line loads of 3 kN/m to
beams at the perimeter of all standard floors and top floors.

3.3.2Live load
Live load is applied to all floors in form of a distributed force of the magnitude
0.96 kN/m2 in the direction of the gravity. The live load is calculated according to
ASCE 7-10 and considers a residential usage and a reduction due to large area.

3.3.3Wind load
The wind load is applied using the ETABS auto-wind load function, which is based
on the ASCE 7-10 standard. Four sets of wind loads are created, one in each
direction (positive and negative X and Y).

3.3.4Load combinations for design
All of the applied loads are combined according to ACI 318-11 and the
combinations 9-1 to 9-4. The combinations in ACI 318-11 are based on a factor
assigned to each load, the factors are presented in Table 3.1. The dead weight and
the live load acts in the gravitational direction which is the negative Z direction in
ETABS. The combinations including wind load are performed with wind acting in
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four directions. This means that a total number of eleven load combinations are
analysed in ETABS.

Table 3.1 Load combinations according to ACI 318-11

Combination Dead load, D Live load, L Wind load, W
Factor Direction Factor Direction Factor Direction

9-1 1,4 -Z - - - -
9-2 1,2 -Z 1,6 -Z - -

9-3 W 1,2 -Z - - 0,5 X,-X,Y,-Y
9-3 L 1,2 -Z 1,0 -Z - -
9-4 1,2 -Z 1,0 -Z 1,0 X,-X,Y,-Y

3.3.5Load combination for serviceability
Although no design of the wall is performed in the serviceability limit state (SLS)
the service loads acting on the wall are of interest when performing the ATENA
analysis later in chapter 6. In ASCE 7 the following load combination is provided
for determining service loads:

Table 3.2 Load combinations for serviceability

Combination Dead load, D Live load, L Wind load, Wa*
Factor Direction Factor Direction Factor Direction

Service 1.0 -Z 0,5 -Z 1.0 X,-X,Y,-Y

* The wind load in the serviceability load combination is based on a serviceability wind load Wa.

3.4Model analysis
In the model analysis the overall structural stability is studied as well as the forces
acting on the perimeter walls.

3.4.1Perimeter walls influence over structural stability
By running the ETABS model in four different configurations, Table 3.3, the
impact of the perimeter walls can be determined. The model is run for each of the
four configurations and the period, frequency, base reaction and model mass is
obtained. The effect of the floors is briefly studied in order to determine their
contribution to the result in the model. The contribution from the floors will
however not be included in the design of the perimeter walls.
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Table 3.3 Configurations for parametric study

Config. 1 Full model
Config. 2 w/o perimeter walls
Config. 3 w/o floors
Config. 4 w/o perimeter walls and floors

3.4.2Forces acting in the perimeter walls
The forces which the design of the perimeter walls will be based on are obtained
from the ETABS model as spandrel forces. The complete model will be subjected
to each of the load cases from section 3.3. By analysing all loads and load
combinations the perimeter wall subjected to the largest forces and the forces
acting on it can be identified and used in the design.

3.5Results from global analysis

3.5.1Structural stability
The results presented in Table 3.4 shows the impact the perimeter walls and the
floors have on the performance of the entire structure. The results presented are
for the first mode only, results for the 10 first modes are presented in Appendix A
– Global analysis.

Table 3.4 Structural performance

Period Circular
frequency

Base
Reaction

Mass

[s] [rad/s] [kN] [kg]
Entire structure 8,689 0,7231 3549354 3,6E+08
No perimeter walls 48,436 0,1297 3222930 3,29E+08
No floors 7,428 0,8458 2935681 2,99E+08
No perimeter walls or floors 43,576 0,1442 2609155 2,66E+08

3.5.2Design loads for perimeter wall
The ETABS model was run for each of the eleven load combinations. For each
combination the resultant force and moments in every perimeter walls were
evaluated. The perimeter walls parallel to the X and Y axes at story 48 were
affected the most in every aspect except for axial force. Due to symmetry of the
building and the wind loads the same results was received for the walls parallel to X
and Y axes and thus one of the walls parallel to the X axis is chosen as the subject
for the design.  Table 3.5 below displays the loads for load combinations 9-4±X
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and 9-4-Y since they gave the largest forces. Load case 9-4±X gave the largest
moment and shear force and will serve as the main load case for the design.

Table 3.5 Design loads for perimeter wall parallel to the X-axis

Load
comb.

Moment, M
[kNm]

Shear force, V
[kN]

Axial force, N
[kN]

Torsion, T
[kNm]

Left Right Left Right Left Right Left Right
9-4+X 62050 -67264 11364 14507 -5817 -6167 -882 1014
9-4-X -67264 62061 -14509 -11367 -6115 -5765 -1014 882
9-4-Y -6045 -6033 -1572 1570 -8007 -8007 -1924 1924

3.5.3Service loads for perimeter wall
Since the perimeter wall at story 48, parallel to the X-axis, has already been selected
as the subject for design the results from the service load combinations are only
evaluated for this wall. The service load combinations with the biggest effect on the
wall are presented in Table 3.6.

Table 3.6 Service loads for the perimeter wall

Load
comb.

Moment, M
[kNm]

Shear force, V
[kN]

Axial force, N
[kN]

Torsion, T
[kNm]

Left Right Left Right Left Right Left Right
Service (+X) 41793 -45919 7519 10029 -4638 -4876 -668 758
Service (-Y) -4396 -4386 -1256 1254 -6123 -6123 -1375 1375
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4 Design of perimeter wall
The following chapter describes in detail the design procedure of the perimeter
wall. All of the design calculations are performed in accordance to the ACI 318-11.
The wall chosen to be designed are one of the walls parallel with the X-axis and
have the length =12 m and ℎ = 4.5 m. Furthermore, the wall will be designed
with three different thicknesses to determine if the original assumption of a 1250
mm thick wall can be considered as the best option or if the thickness could be
reduced. Besides the original thickness, the wall is designed with a thickness of
1000  mm  and  750  mm.  Detailed  design  and  results  are  found  in  Appendix  B  –
Design of Wall.

Figure 4.1Dimensions of perimeter wall, Lw=12m, hw=4.5m and tw={750mm, 1000mm,
1250mm}

4.1  Design assumptions
The material parameters are assumed in accordance with section 1.4 of this thesis.

4.1.1Concrete
The concrete used in the design calculations have a specified compressive strength
′  of 100 MPa. The tensile strength of concrete is considered to be negligible in

accordance with ACI 318-11. The modulus of elasticity is set to 50 GPa.

4.1.2Reinforcement
Reinforcement strength is 520 MPa, equivalent to US grade 75. The reason for this
is mainly to avoid congestion in the main ties and the end sections where the
content of reinforcement will be high due to large shear and tensile forces (Clifford
& Schwinger, 2011).
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4.2Loading and boundary conditions
The perimeter wall is subjected to several loads which have been determined in
section 3.5 of this thesis, the wall will be designed for the largest of each of these
loads. The design loads are presented in Table 4.1.

Table 4.1 Design loads

[ ] [ ] [ ] [ ]
67300 14500 8000 1900

These loads are reactions acting on the wall due to the fixed connection to the
tubes, hence all of the loads include the gravity load from the wall and are applied
on the wall through the connection to the tubes. Obviously, the wall is subjected to
loads from the connecting floors at the top and bottom but in relation to the forces
from the tubes, these forces are negligible. The design only treats the wall as a
lateral load resisting system. The design loads used in the calculations are based on
the ETABS model where the thickness of the wall is 1250 mm. The loads applied
on the 750 mm and 1000 mm thick wall will therefore include the gravity load of
the  1250  mm  thick  wall  and  the  effects  of  modelling  the  wall  with  a  1250  mm
thickness in ETABS.

Because of the proportions of the wall, it is considered to be a deep beam which is
fixed in both ends. As described in section 2.1, ordinary beam theory isn’t
applicable to deep beams and the design for shear forces and end moments are
carried out by using STM in accordance to ACI 318-11 10.7.1.

4.3Stress analysis
In order to create a STM the flow of forces inside the wall has to be identified, this
has been performed by using a FE-software called SAP2000. As the load case is
quite complex a simplified model is used to simulate the real conditions. To
simulate the effect of shear force and bending, beam analogy is used.

The perimeter wall is considered as a cantilever beam subjected to a point load and
a rotating moment at the free end. The two load cases Figure 4.2.A and B are
combined using superposition to obtain Figure 4.2.C. By applying another force P
at the same location as the first as in Figure 4.2.D, the moment and shear
distribution take the same form as for the wall in the global analysis in section 3.5.
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Figure 4.2: Beam analogy of the wall subjected to shear force and moment

4.3.1SAP2000 model
The simplified model is analysed in SAP2000 to obtain the stress fields inside the
wall. The applied forces P and M are equivalent to the shear force and the moment
obtained in the global analysis.

The wall is modelled in SAP with shell elements in a 2D-model. This means that no
out-of-plane effects are captured in the analysis. This is not a problem since the
scope of the SAP analysis is only to obtain the principal stress directions in the
vertical and the longitudinal plane. The point load, P, is applied as a discrete point
load in the wall’s upper and outermost node, similar to the beam analogy in Figure
4.2, with a magnitude representing the maximum shear. The moment, M, is applied
as a distributed, trapezoidal, load over the free end of the wall with a magnitude
representing the maximum moment. The load assigns and boundary conditions are
shown in Figure 4.3
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Figure 4.3: Loads and boundary conditions in SAP200

The resulting stress field from the SAP2000 analysis is displayed in Figure 4.4. The
SAP model is based on the load case depicted in Figure 4.3. The stress fields in the
wall have a diagonal shape where tension fields acts between the bottom left corner
and top right while compression acts between the opposite corners.

Figure 4.4: Stress fields in SAP model
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4.4Strut-and-Tie model
The STM is used to determine the required amount of reinforcement able to resist
shear force and moment in the perimeter wall. The calculations are performed
according to the ACI 318-11 which is in detail described in part 2.3.

To assist with the calculations a program called CAST, Computer aided strut and
tie, is used when designing the STM. The truss system is modelled in CAST which
calculates the truss forces and visualizes each member as either a strut or a tie. The
design of each member and nodal zone is performed by hand and can be found in
Appendix B – Design of Wall. CAST is based on the ACI 318-11 codes for
designing STMs and it is possible to use the program for design but in the scope of
this thesis CAST is only used to visualize and assist.

The first step in creating a strut-and-tie is to idealize the flow of forces in the wall.
From the stress analysis in 4.3.1 the stress fields can be idealized in to resultant
forces from which a truss system can be drawn.  The most basic configuration
would be a cross with only one compressive strut and one tie which is not very
efficient in a STM since no real “truss-action” is in effect and the inclination of
strut-and-tie members would be less than allowed. Neither would a configuration
without vertical ties be able to account for the large shear forces. Therefore a more
complex truss system is used.

The truss model used for the STM is shown in Figure 4.5. The applied forces are
resultant forces of the moment at both ends of the wall. Since both the maximum
moment and the maximum shear force occurs in the same load case, the STM is
designed for both ultimate moment and shear force at the same time.

When applying the resultant forces of the moment obtained in the global analysis,
the resulting shear force is lower than the shear force in the global analysis. This is
most likely due to the fact that the global analysis is performed in a 3D model and
the shear force taken from ETABS is a resultant force composed by more forces
than just the end moments acting in the plane of the wall. To successfully capture
the effect of both moment and shear force the resultant forces applied at the ends
of the wall is increased to correspond to the shear force in the global model, which
is equivalent to a moment = 87	 .

The load applied corresponds to wind acting in the positive X-direction. Since the
wind could act in the opposite direction as well, the wall have to be designed to
resist loading in both directions. When reversing the loads in Figure 4.5 the
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compressed fields become subjected to tension and vice versa. This is taken into
account by reducing the compressive strength with the factor = 0.60 when
designing the struts as the concrete is assumed to be cracked from earlier loading in
the other direction.

Figure 4.5: Truss model for strut-and-tie design. (CAST)

4.5Torsion and axial force
The reinforcement requirements obtained from the STM is controlled according to
ACI 318-11 section 11.5 – design for torsion. According to 11.5.1- Threshold
torsion; “It shall be permitted to neglect torsion effects if the factored torsional
moment Tu is less than:”

0.083 ′ 1 +
.

For nonprestressed members subjected to an axial tensile or compressive force. If
the wall fulfils the criteria above no further design for torsion is made. Should the
wall however not fulfil the criteria, the wall’s torsional resistance is determined by
accounting the stirrup reinforcement from the strut-and-tie to check if it provides
sufficient resistance. Additional longitudinal reinforcement is also added in
accordance with ACI 318-11 11.5.3.7.

4.6Results from strut-and-tie model
The STM provides the required amount of reinforcement in each of the ties. The
different thickness of the wall does not affect the amount of reinforcement needed
or the forces in each of the truss members. It does, however, affect the required

(4.1)
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minimum width of each strut and tie and the reinforcement to concrete ratio. For
the  750  mm wall  it  was  discovered  that  the  minimum width  for  tie  CD and  GH
were larger than the concrete boundary allowed, meaning that the tie extended
beyond the physical limits of the wall. It is therefore considered that 750 mm is not
a suitable thickness for the perimeter wall in this case. Results are found in
Appendix B – Design of Wall.

Figure 4.6 shows the complete STM when it is visualized in cast. The coloured
fields illustrate the width of each strut and tie.

Figure 4.6 STM of 1250 mm wall (Screenshot from CAST)

In Table 4.2 the factored force  and the required amount of reinforcement for
each tie is presented.

Table 4.2 Required amount of reinforcement for each tie

Tie Factored force
[kN]

Required amount of reinforcement
[mm2]

BC 7838 20100
CD 23514 60300
GH 23514 60300
FG 7838 20100

AH-BG-CF 14500 46000

4.7Results from Torsion and Axial-force control
For the 1250 mm wall the factored torsional moment  is lower than the
threshold torsion and no additional design is performed. For the 1000 mm wall
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exceeded the threshold value. The torsional resistance as well as the required
amount of additional longitudinal reinforcement is presented in Table 4.3. The
calculations can be found in Appendix B – Design of Wall.

Table 4.3: Results from torsion and axial force control.

Wall Threshold torsion
[kNm]

Factored torsional
resistance	

[kNm]

Required additional
longitudinal reinforcement

,  , [mm2]
1250 mm 2050 - -
1000 mm 1420 6430 27438

4.8Reinforcement of perimeter wall
The  reinforcement  in  the  wall  is  based  on  the  STM  as  well  as  the  required
minimum amount of reinforcement according to ACI 318-11. See Appendix B –
Design of Wall for detailed design procedure and results.

Since the design calculations from the STM only accounts for unidirectional
loading, the same amount of reinforcement is applied in both the top and bottom
of the wall. Due to practical reasons, the required amount of reinforcement in the
main longitudinal ties is applied along the entire length of the beam instead of using
a lower amount of reinforcement in the mid-section as the results from STM would
suggest. This is done in order to minimize different reinforcement configurations
and the number of bars needed to be developed within the wall.

The vertical reinforcement in the STM is also designed for one-way loading which
means that the amount of reinforcement placed in the left most vertical tie AH in
Figure 4.6 has to be placed in the opposite end of the wall as well. All of the
vertical reinforcement is distributed over the area adjacent to the tie. This means
that the reinforcement in the ties BG and CF in Figure 4.6 will be distributed over a
length of 8 meters while the reinforcement at the tie AH will be distributed over a
length of two meters. As a result the content of vertical reinforcement will be
doubled at both ends of the wall compared to the mid-section. The reason of
distributing the vertical reinforcement is the impractical consequences it would
imply if the reinforcement was concentrated within the original tie width as well as
the requirement of maximum spacing of vertical shear reinforcement.

Additional torsion resisting reinforcement is added to the 1000 wall.
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Figure 4.7: Reinforcement sketch of 1250 mm wall.
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4.8.1Reinforcement of 1250 mm wall

Table 4.4 Reinforcement for 1250 mm wall

The chosen reinforcement of the 1250 mm wall is divided into four groups. The
main longitudinal reinforcement, L1 applied in both the top and bottom of the wall
is designed to take all of the tensile forces from the moment. Group L1 consists of
42 #43 bars divided into 6 layers. Centre-to-centre spacing within each layer is 174
mm and the spacing between each layer is 115 mm. Even though the reinforcement
is applied at both the top and the bottom, the reinforcement is only assumed to be
active in tension.

Group Bar type Nominal diameter No. of bars Total reinforcement area
L1 #43 43.0 mm 42 60984 mm2

L3 #19 19.1 mm 40 11360 mm2

Vmid #25 25.4 mm 160 81440 mm2

Vend #25 25.4 mm 160 81440 mm2
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The secondary longitudinal reinforcement L3 is the web reinforcement. The group
consists of 40 #19 bars divided into 10 layers. The reinforcement in group L3 is
based  on  the  minimum  requirements  in  the  ACI  318-11  and  is  not  designed  to
carry any of the forces in the STM.

The vertical stirrup reinforcement, group Vmid and  Vend, consists of layers with 4
#25 bars in the transverse direction. Vmid have layers with 200 mm spacing along
the mid-section of the wall while Vend have 100 mm spacing between each layer.
The vertical reinforcement is designed as two closed stirrups to increase the torsion
resistance of the wall.

The geometric reinforcement ratio in the wall  is  1,1  %  in  the  longitudinal
direction, assuming only L1-reinforcement is used to carry tension. The mechanical
reinforcement ratio  is 0,072 and the wall is under-reinforced according to both
EC2 and ACI 318-11. The geometric reinforcement ratio in the vertical direction is

=1,6% at the end section and =0,8% in the mid-section.
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4.8.2Reinforcement of 1000 mm wall

Table 4.5 Reinforcement for 1000 mm wall

The reinforcement of the 1000 mm wall is divided into 5 groups. The main
difference between the reinforcement in the 1000 mm and the 1250 mm is that the
1000 mm wall requires additional longitudinal reinforcement to resist torsion. The
effect is that the #16 bars in group L3 that are located at the outermost stirrups
have been replaced by #43 bars. The secondary longitudinal reinforcement have
the same geometric configuration as for the 1250 mm wall but are #16 bars instead

Group Bar type Nominal diameter No. of bars Total reinforcement area
L1 #43 43.0 mm 42 60984 mm2

L3 #16 15.9 mm 20 4000 mm2

Vmid #25 25.4 mm 160 81440 mm2

Vend #25 25.4 mm 160 81440 mm2

T #43 43.0 mm 20 29040 mm2
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of #19 since the reduced area results in a lower amount of reinforcement according
to ACI 318-11.

The geometric reinforcement ratio in the wall  is  1.4  %  in  the  longitudinal
direction, assuming only L1-reinforcement is used to carry tension. The mechanical
reinforcement ratio  is 0.09 and the wall is under-reinforced according to both
EC2 and ACI 318-11. The geometric reinforcement ratio in the vertical direction is

=2.0% at the end section and =1.0% in the mid section.
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5 Non-linear analysis in ATENA 3D
In order to verify the reinforcement design presented in section 4.8 the perimeter
wall will be modelled and analysed using the nonlinear finite element analysis
software ATENA (version 5). The following chapter will present general theory of
nonlinear behaviour of concrete and more specific the applications of the theories
used in ATENA.

5.1Material models
In order to create a realistic nonlinear finite element analysis of a reinforced
concrete structure, an appropriate material model has to be defined, but before
defining the material model the aim of the analysis has to been taken into
consideration. If the purpose of the analysis is to simulate real response, e.g. the
behaviour of the structure in the ultimate limit state, it is desirable to use material
values as close as possible to the real values, mean values (Svenska Betongföreningen,
2010). However, to be able to compare results from a mean value analysis with
design values a global safety factor is needed to transform mean value resistance to
design resistance, which can require the use of characteristic values (see section 5.6).

Three methods of defining materials are available in ATENA; direct definition,
load from a file or select from a catalogue. In direct definition a material type can
be selected from a list of materials with predefined material parameters. The
predefined parameters are based on codes and recommendations and are
recommended to use, but still any parameter can be changed by the user (Červenka
& Červenka, 2013). When selecting from catalogue the material data according to
standards are included, however only data for concrete according to Eurocode 2
are provided in the current ATENA version.

5.2Concrete model
Before cracking, concrete is assumed to be homogenous and isotropic and can then
be modelled according to a linear-elastic relation. After cracking the need for
describing a nonlinear behaviour of the concrete arises. The nonlinear behaviour of

concrete is described by an effective stress, , and the equivalent uniaxial strain,
, the stress-strain relation is described by a uniaxial stress-strain law shown in

Figure 5.1, where the behaviour in tension is described in two states (1 and 2) in the
first quadrant and the compressive behaviour is described in two states (3 and 4) in
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the third quadrant. The nonlinear analysis in ATENA is performed using a
concrete model called CC3DNonLinCementitious2. The material model has the ability
to utilize the states for tensile and compressive behaviour simultaneously in order
to simulate crack closure. (Červenka, Jendele, & Červenka, 2013)

Figure 5.1 Stress-strain relation for CC3DNonLinCementitious2

5.2.1Crack model
The modelling of cracking of concrete in the CC3DNonLinCementitious2 material
model uses the Rankine criterion and implements a smeared crack approach.
Unlike in a discrete crack concept, where cracks are introduced as geometrical
discontinuities, cracked solids in a smeared crack approach are imagined to be
continuous. In the integration points of the elements, bands of micro-cracks are
created and it is assumed that the cracks are uniformly distributed within the
material volume. The crack width is then calculated by multiplying the total
fracturing strain with the characteristic length, i.e. the size of the crack band. A
smeared crack approach is more useful compared to a discrete crack approach
since it gives adequate global accuracy at a lower computational rate. Within the
smeared crack approach two possible options for crack direction is available, fixed
crack model and rotated crack model. Cracks will form as the principal stresses exceeds
the tensile strength of concrete in both models but in a fixed crack model the
direction of the crack is given by the direction of the principal stress at the moment
of crack initiation while in a rotated crack model the direction of the crack rotates
with the direction of the principal stress as it rotates during loading. ATENA
enables the use of both types of crack models by a user defined crack model
coefficient between 1 (fully fixed crack model) and 0 (fully rotated crack model). As
the principal stress axes rotate, shear stress will occur at the crack face for a fixed
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crack model while it for a rotated crack model will be no shear stress over the crack
since the crack direction is iteratively updated (Figure 5.2). In the context of this
work the fixed crack model is used.

Figure 5.2 Smeared cracks, fixed crack model (left), rotated crack model (right)(Červenka,
Jendele, & Červenka, 2013)

According to the Modified Compression Field Theory by (Vecchio & Collins, 1986) the
shear strength of cracked concrete can be expressed as a function of the
compressive strength, the maximum aggregate size and the maximum crack width,
in order to consider the shear stresses transmitted over the crack by aggregate
interlock (Figure 5.3). This is how shear strength is calculated in ATENA if aggregate
interlock is activated, if not, the shear strength is limited by the concrete tensile
strength on the crack surface.

Figure 5.3 Aggregate interlock across a concrete crack (Vecchio & Collins, 1986)

5.2.2Fracture energy
The fracture energy, , is defined as the energy required to propagate a tensile
crack of unit area (CEB, 1993), in other terms the area under the
stress/displacement diagram from that the stress reaches the effective tensile
strength until a crack is fully formed and no stress is obtained by the crack (Figure
5.4).
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Figure 5.4 Exponential crack opening law (Červenka, Jendele, & Červenka, 2013)

According to Model Code 90 (CEB, 1993) the fracture energy can be estimated
from a function depending on the concrete strength and a base value of the
fracture energy that depends on the maximum aggregate size. This estimation is not
the default function in ATENA but will be used in this study since it gives a more
conservative value of the fracture energy. Furthermore the most conservative value
of the base value is used since the knowledge of the impact of aggregate size on the
fracture energy for high-strength concrete is not adequate.

The need of specifying a maximum crack spacing, , arises when the structure
are modelled with large finite elements, crossed by many reinforcement bars,
resulting in overestimated crack widths (Červenka, Jendele, & Červenka, 2013).
This is a problem more common when modelling with large shells or plates and
not, as in this study, with relatively small solid elements.

5.2.3Tension stiffening
When concrete undergoes cracking there will be areas between cracks and around
the reinforcement that are still uncracked and capable of contribute to the tension
stiffness, this phenomena is known as tension stiffening and several techniques are
available to predict and take care of it. (Khalfallah & Guerdouh, 2014). In the
CC3DNonLinCementitious2 material model a tension stiffening factor, , can be
specified to simulate the tension stiffening phenomena, the factor results in a limit
value for the tensile strength which the tensile stress cannot be less than (Figure
5.5).
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Figure 5.5 Tension stiffening (Červenka, Jendele, & Červenka, 2013)

5.2.4Triaxial failure
The specified compressive strength of concrete is based on uniaxial testing of
cylinder specimens. In reality perfect uniaxial stress is however rarely the case and
in order to account for non-uniform states of stress where cracked concrete is
subjected to combinations of tensile and compressive stresses in different
directions triaxial failure functions is used. The failure function defines the effective
strength of the concrete according to a relation between the stresses in multiple
directions. When subjected to tensile stress perpendicular to the compressive stress,
the compressive strength is reduced while compressive stress in two perpendicular
directions will give arise for an increased concrete strength. For concrete subjected
to triaxial stress state the effective concrete strength can be described by a surface,
defined by a triaxial compression/tension-relation. In ATENA the
hardening/softening is based on Menétrey-Willam failure surface. The shape of the
failure surface can be described by a parameter EXC, failure surface eccentricity, set to a
value in the range (0.5-1.0). A lower value gives the plan perpendicular to the
hydrostatic axis a more triangular shape, while the highest value, 1.0, represents a
circular shape and thus a higher bi- and triaxial compressive strength. The default
value in ATENA is 0.52.
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Figure 5.6 Menétrey-Willam failure surface (Strauss & Bergmeister, 2003)

5.2.5Concrete softening
For concrete in compression there will be a linear concrete softening after the
compressive strength has been reached, in ATENA the concrete softening is
described by a critical compressive displacement, , that with support from
experiment can be said to be independent of the size of the structure and set to a
standard value for normal concrete (Figure 5.7). The effect of the parameter has in
earlier work shown to be more or less unimportant, why default value can be used
(Öman & Blomkvist, 2006).

Figure 5.7 Softening displacement law in compression (Červenka, Jendele, & Červenka, 2013)

5.2.6Plastic strain
The stress-strain relationship of the concrete before reaching the peak at the
compressive strength can be described by a formula recommended in Model Code
90, see diagram in Figure 5.8. This formula is well suited for a wide range of curve
forms, both linear and curved and is also applicable on high strength concrete. The
parameter  is the plastic strain at the peak when the compressive strength is
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reached and is assumed to be equal to the elastic strain ATENA’s default mode. In
order to receive the real plastic strain the elastic strain has to be subtracted from
the total strain at the peak of the compressive stress.

= −

Figure 5.8 Compressive stress-strain diagram, modified from (Červenka, Jendele, & Červenka,
2013)

Cracking of concrete will lead to a reduced compressive strength in the direction
parallel to the cracks, the reduction is described in the Compression Field Theory.
In ATENA the concrete compressive strength is reduced with a factor  described
by a function, depending to the transverse tensile strain, shown in Figure 5.9. The
reduction factor  is limited to a minimum value ,  which has the default value
0.8 in ATENA. The default value is based on experiments and has been shown to
be effected by the reinforcing.

Figure
5.9 Compressive strength reduction of cracked concrete, modified from (Červenka, Jendele, &

Červenka, 2013)

(5.1)
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The parameter , plastic flow, is used to define the return direction in each load step.
A positive value of  corresponds to the material being dilated during crushing
while a negative value indicates compacting during crushing. = 0 is  the  default
value in ATENA and means that the volume of the material is being preserved
during crushing. Studies performed by (Öman & Blomkvist, 2006) showed that this
parameter is most significant for structures with large crushed areas and that the
value should be in the range 0-1.

Additional concrete parameters used in analysis in ATENA can be found in section
6.2.

5.3Reinforcement model
The reinforcement in the ATENA analysis is represented by a reinforcement model
which can be of one of the three types: linear, bilinear or multilinear. The linear
type is perfectly elastic and only defined by the modulus of elasticity, . The
bilinear type is elastic-perfectly plastic and defined by  and the yield-strength .
The multilinear type includes a more complex way of describing all four stages of
steel behaviour. In study in this thesis a bilinear type reinforcement model is used,
see Figure 5.10.

Figure 5.10 Bilinear stress-strain (Červenka, Jendele, & Červenka, 2013)

5.4Topology
The main geometry of a structure are defined with macroelements in ATENA, it is
possible to create macroelements in form of prisms, spheres and other shapes.
Macroelements of different shapes can be added together to create more
asymmetrical shapes, in that case so called contacts are created between the
macroelements. A contact can be assigned with different features, where rigid
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connection to create a uniform macroelement is default but other features such as no
connection or contact element – GAP, where a specific material with restraint
parameters for the connection can be defined.

In ATENA 3D the macroelements usually consists of 3D solid elements but the
ability to represent the macroelements with shell elements also exists. Shell
elements are usually used when the structure is relatively thin compared to its other
dimensions or when the stress in the direction perpendicular to the plane can be
neglected. Each macroelement can be assigned with a material model and it is
possible to add a specified smeared reinforcement to each macroelement.

Reinforcement can be modelled as either discrete bars or as smeared
reinforcement. A discrete bar is defined as a multilinear object embedded in one or
several solid objects. Curved reinforcement can be represented by segments of
inclined lines creating a discretized arc. The reinforcement bars are modelled as 1D
elements and are assigned with a bar diameter and a material model. The
interaction between the reinforcement and the surrounding macroelement is
normally defined as a perfect bond, but it is possible to represent the interaction more
accurate using a bond model where bond material, circumference and end conditions
are specified.

The element types available for meshing 3D solid elements in ATENA are;
tetrahedron, brick and pyramid. Brick elements are only possible for prismatic
macroelements free from openings or disturbing joints or lines.

5.5Convergence tolerance
For each step in the analysis iterations are performed until the convergence criteria is
reached. The convergence criteria allows for the iterations to stop if a value close
enough to equilibrium is reached for each step. ATENA supports four types of
convergence criteria; control of deformation changes, out-of-balance forces, out-of-balance
energy, out-of-balance maximum forces. The default values for the convergence criteria in
ATENA are 1% for all criteria except the criterion for out-of-balance energy which
is 0.01%.

5.6Global safety factor - ECOV
In order to determine a design load from a non-linear ATENA analysis a method
called the ECOV method (estimate of coefficient of variation) can be used. The



48

method is based on the idea that the random distribution of resistance, governed by
the coefficient of variation , can be estimated from the mean- and characteristic
values of resistance  and  (Červenka & Červenka, 2006) The assumption is
that the distribution of resistance is according to lognormal distribution. In that way it
is possible to express the coefficient of variation as:

=
.

ln	
	

The global safety factor of resistance  can then be estimated as:

= exp	( )

Where  is a weight factor for resistance reliability and  is the reliability index.
The design resistance can then be calculated as:

=
∗ γ

γ  is a factor used to consider model uncertainties. To determine mean and
characteristic values of resistance, two separate non-linear analyses is performed,
one with mean values and one with characteristic values of the concrete properties.
The design value of the resistance obtained from the ECOV method is then
compared to the design load applied in design calculations.

(5.2)

(5.3)

(5.4)
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6 Non-linear analysis of perimeter wall
In the following chapter the 1250 mm wall with reinforcement according to section
4.8.1 is analysed in ATENA 3D. As previously mentioned the aim of the analysis is
not to create a new design of the wall. The goal is to simulate a real test of the wall
and to verify the design and the design method used for the 1250 mm wall.

6.1Model
The model used for the non-linear analysis simulates the main loading scenario -
relative displacements between the tubes due to lateral loading. Loads and
deformations as well as boundary conditions can be applied by using modelling
parts of the tubes. This makes it possible to simulate the real behaviour of the
perimeter wall as a part of the whole Tubed Mega Frame structure.

The whole wall is modelled according to the design specified in section 4.8.1. The
connecting tubes will only be modelled partially and as linear elastic since only the
effects in the wall are to be studied within the scope of this thesis. To simulate
boundary conditions that would correspond to the real scenario, the tubes have
been given a fictitious modulus of elasticity so the stiffness of the tubes in ATENA
would correspond to the stiffness of the entire tube with a free length that
corresponds to the inflection point between two perimeter walls.

The fictitious modulus of elasticity  of the tube is determined to 700 GPa and is
based on the illustration in Figure 6.1 where  is obtained from the equation

=
3

= =
3

, 	and  corresponds to the real tubes while  and  are the moment of inertia
and free length of the modelled part of the tubes in ATENA which can be found in
Appendix C – Non-linear analysis.

(6.1)
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Figure 6.1: Illustration of the load scenario used for the non-linear analysis.

6.2Material models
The material properties of concrete and reinforcement are modelled in accordance
with section 5.1.

6.2.1Concrete model
The concrete properties are specified as mean values since the goal of the analysis is
to simulate the real behaviour of the wall and the concrete material. Furthermore,
the wall is analysed with characteristic values of the concrete properties to perform the
ECOV-method. Mean values and characteristic values of the concrete properties
are calculated based on the compressive strength and modulus of elasticity used in
the global analysis and in the design of the wall according to the assumptions in
section 1.4.1. The concrete parameters are presented in and the calculations can be
found in Appendix C – Non-linear analysis.
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The tensile strength of the concrete are calculated in accordance with MC 2010
(fib, 2013) since no extensive information about estimation of tensile strength are
available in the American Standard (ACI, 2011). In order to account for the effects
of shrinkage in the concrete the tensile strength of the concrete is reduced, together
with the fracture energy. Recommendations from ATENA troubleshooting suggest
reducing  the  tensile  strength  to  1/2  -  1/10  of  the  original  strength  (Pryl  &
Červenka, 2014). The reduction could be considered by using the coefficient for
long term effects in unreinforced concrete, , ,  that  is  specified  to  0.5  in  the
Swedish National Annex for Eurocode 2 (Boverket, 2011), which can be compared
with the recommended reduction according to (Pryl & Červenka, 2014). In order to
fully account for the effects of shrinkage not only the tensile strength have to be
reduced but also the fracture energy, , that is related to the tensile strength. Even
if the fracture energy is estimated using the compressive strength according to MC
90, the theoretical definition of fracture energy is dependent on the tensile strength
(see section 5.2) in a way that should reduce the fracture energy with the same
proportion as the tensile strength. Thus the calculated value of the fracture energy
is reduced with a factor 1/2.

6.2.2Reinforcement model
The properties of reinforcement are presented in Table 6.2 and are the same as the
properties used in the design of the wall and in accordance with section 1.4.2. The
reinforcement is represented by a bilinear reinforcement model. The mean
reinforcement yield strength is estimated with an increment of 10 MPa to the
specified, characteristic, value. An assumption substantiated by (Rijkswaterstaat,
2012). The modulus of elasticity is set to 200 GPa in accordance with ACI 318-11.
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Table 6.1 Values of concrete parameters used in ATENA

Basic concrete features Mean Characteristic Origin
	[ ] Initial modulus of elasticity 50	 50	 Assumed
	[−] Poisson’s ratio 0.2 0.2 Assumed
	[ ] Tensile strength 2.62	 ∗ 1.83	 ∗ MC 2010
	[ ] Compressive strength 108	 100	 MC 2010

Tensile features
	[ / ] Fracture energy 66.11	N/m∗ 62.65	N/m∗ MC 90
	[ ] Crack spacing Not used Not used

	[−] Tension stiffening Not used Not used
Compressive features
	[ ] Critical comp. disp. −0.5	mm −0.5	mm Default
	[−] Plastic strain at comp. edge −0.00084 −0.00084 MC 2010

, 	[−] Lim. for red. due to
cracks

0,8 0,8 Default

Shear features
	[−] Crack shear stiffness factor 20 20 Default

Aggregate interlock Not used Not used
	[ ] Aggregate size Not used Not used

Miscellaneous features
	[−] Failure surface eccentricity 0.520 0.520 Default

	[−] Multiplier for plastic flow
dir.

0 0 Default

	[ / ] Specific material weight 23 23 Default
	[−] Fixed crack model coeff. 1	( ) 1	( ) Default

* value reduced to account  for shrinkage
MC 2010 = (fib, 2013), MC 90 = (CEB, 1993)

Table 6.2 Reinforcement parameters used in ATENA

Bilinear reinforcement features Mean Characteristic
	[ ] Yield strength 530 520
	[ ] Modulus of elasticity 200 200
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6.3Geometry
The walls and the two parts of the tubes are all modelled as three individual
macroelements with perfect connection contacts in between, the contacts are seen
as striped areas in Figure 6.2 together with the dimensions of the model. The wall
and tube parts are meshed with brick type elements with an element size of 0.25 m
(Figure 6.5).

Figure 6.2 Topology of perimeter wall in ATENA

On top of the left tube part a solid block of steel is modelled, with a thickness of
0.5 m, in order to act as a support plate and distribute the later applied load. The
topology of the steel block, with a disturbing line to apply the load, requires the
block to be meshed with tetrahedral elements.

The reinforcement is modelled according to the configuration determined in
section 4.8.1. To achieve a sufficient anchorage of the longitudinal reinforcement,
that would not affect the results of the wall, the reinforcement is extended through
the whole tube parts. The reinforcement can be seen as blue lines in Figure 6.2.
The bond-slip model used in the analysis is one of three pre-defined models in
ATENA. The one that is used is called CEB-FIB Model Code 1990 after the code
it is based on.
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6.4Load cases

6.4.1Load case 1
In order to simulate the load case described in chapter 4 supports are added
according to Figure 6.3. The top and bottom of each tube is placed on supports
which are prohibits translation in the x- and y-directions. The bottom right support
is also locked in z-direction making it the only stationary vertical support. Both
tubes also have support in y-direction to avoid buckling in mentioned direction.

Figure 6.3: Support conditions. Left: surface supports in y-direction. Right: joint supports

The wall is deformed by applying a prescribed deformation with the magnitude of
= −0.5	  per load step in z-direction to the left tube (Figure 6.4). The

deformation is applied at a joint in the centre of the massive steel plate placed on
top of the left tube part in order to avoid large local deformations and distribute
the deformation over the whole tube part. By inserting a monitoring point, of the
type reactions, at the joint where the deformation is applied, the resulting force can
be obtained. The resulting force corresponds to the shear force caused by the
vertical displacement of the tubes. A monitoring point is also placed in the bottom
right vertical support to ensure that the load applied will have an equal reaction in
the support, thus ensuring the accuracy of the model.
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Figure 6.4  Prescribed deformation

6.4.2Load case 2
Load case 1 only simulates a scenario where the wind acts in one direction. In
reality the wall will undergo many load cycles where the wind acts in multiple
directions. When the wind force changes direction to the opposite, the vertical
deflection of the tubes will also change direction causing the sections of the wall
that was previously in tension to become subjected to compression and vice versa.
To capture this type of loading, the wall is first deformed in one direction with a
deformation that gives a resulting force corresponding to the serviceability load,
which is the load that can be expected to occur during the lifetime of the wall.
When serviceability conditions are achieved, the direction of the deformation is
reversed and the loading continues in the opposite direction until failure.

The boundary conditions and load steps are the same as in load case 1. The
prescribed deformation is = −0.5	 per step until the serviceability load of
10MN is achieved. After this the prescribed deformation changes direction to

= 0.5	 and is applied stepwise up to failure.

6.5Global safety factor
Within the scope of the non-linear analysis, a design resistance of the wall is
determined by determine a global safety factor using the ECOV-method (described
in section 5.6). The design resistance obtained in ATENA can then be compared to
the load used in the design of the wall to evaluate the accuracy and reliability of the
STM as design method for the perimeter wall.

The weight factor is set to = 0.8 which is the recommended value according to
MC 2010 for dominating parameters at the resistance side. The target reliability
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index  is  obtained  from  MC  2010  and  is  set  to = 4.3 corresponding to a high
consequence of failure in ultimate limit state with a reference period of 50 years.

To account for the uncertainties regarding the model the model uncertainty factor
is set to γ = 1.1 for high uncertainties. The use of the high model uncertainty
factor is primarily based on two reasons, the use of high-strength concrete and the
discretization of the global model.

A global safety factor is calculated for both of the two load cases, load case 1 and 2.

6.6Mesh convergence
To study the effect of the chosen mesh size an analysis with three different mesh
sizes are performed. The initial mesh size of 0.25 m (dimension of block element)
is compared to a finer mesh size of 0.20 m and a coarser of 0.30 m, see Figure 6.6.

Table 6.3 Total number of elements in model depending on mesh size

Mesh size 0.20 m 0.25 m 0.30 m
Number of elements 19184 10400 6075

The size of the mesh affects the total number of elements in the model cubically
and thus causes the mesh size to have a big impact on the computational speed. It
is therefore of interest to find a mesh size of reasonable size at the same time as the
results obtained are of sufficient accuracy. The analysis shown a small difference
between  the  initial  mesh  size  of  0.25  m  and  a  finer  mesh  size  of  0.20  m,  the
difference of the failure load between the two meshes are smaller than 5 % and it is
concluded that the accuracy of the 0.25 m mesh size is sufficient, see Figure 6.5.

Figure 6.5 Wall meshed with 0.25 m sized elements
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Figure 6.6 Load-displacement curves for different mesh sizes

6.7Results

6.7.1Load Case 1
The load-displacement curve for load case 1 (LC1) is presented in Figure 6.7, where
the sudden drop in load capacity at load step 121 indicates the failure of the wall. A
failure load of 46.8 MN is obtained, as a result of a displacement of 60.5 mm.

Figure 6.7 Load-displacement curve for load case 1
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The load, hereinafter denoted P, is increasing linearly with the prescribed
deformation up until load step 3 (P=2.6 MN) when the first cracks start forming,
seen in Figure 6.12.  The first  cracks are forming as  flexural  cracks situated at  the
corners in tension, close to the tubes. Further deformation increases the number of
cracks as well as their size and more flexural crack are forming, perpendicular to the
direction of the tensile stress. At load step 45 (P=18.8 MN) the cracks has formed
over the whole wall and from here on a more linear behaviour is visible in the load-
displacement curve up until failure is reached.

At load step 107 (P=42.6 MN) the vertical reinforcement reaches yield strength and
plastic strain occurs, Figure 6.8, at the same step shear cracks have formed at mid-
section at the bottom of the wall and. Further deformation leads to additional
yielding of the vertical reinforcement as well as propagation of the cracks and at
step 111 (P=44.0 MN) the first crushing occurs in the concrete, visualized as
principal minimum plastic strain in Figure 6.8. The gray areas indicate crushed
concrete where the plastic strain at compressive strength has been reached.
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Figure 6.8 Plastic strain in vertical reinforcement [-] (left) Principal minimum plastic strain in
concrete, scale adjusted to  results in crushed concrete as gray areas[-] (right)

At  the  point  of  failure  at  step  121  (P=46.8 MN) a large amount of the vertical
reinforcement has yielded and a large amount of concrete in the mid-section of the
wall is totally crushed. A sudden drop in the load capacity at the point of failure
indicates a shear failure.

Figure 6.9 shows the principal minimum stress in the concrete at the moment of
failure. The compressive stress in the concrete reaches values up to 233 MPa at the
time of failure, compared to the compressive strength of 108 MPa it is more than
double the uniaxial capacity. This is possible due to the triaxial stress state of the
concrete, described in section 5.2.4.
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Figure 6.9 Principal minimum stress in concrete at failure load [MPa] (load step 121)

As mentioned above the vertical reinforcement starts yielding already at step 107, at
the ultimate load at step 121 the stress in parts of the vertical reinforcement has
reached the yield strength of 530 MPa, the stress in the vertical reinforcement at
this step can be seen in Figure 6.10.

Figure 6.10 Stress in vertical reinforcement at failure load [MPa] (load step 121)

Yield strength in tension is not reached in the longitudinal reinforcement at the
ultimate load step, the maximum stress reached is 420 MPa.
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Figure 6.11 Stress in longitudinal reinforcement at failure load [MPa] (load step 121)



62

Figure 6.12 Crack propagation from first crack to failure for load case 1
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6.7.2Load Case 2
The load-displacement curve in Figure 6.13 shows the major events of the analysis.
Prescribed deformation of 0.5 mm per load step was performed in the negative Z-
direction until the serviceability load occurred at step 21 with a force equal to 10.6
MN. After this the deformation was reversed and continued in the opposite
direction until failure occurred at step 116 with a failure load of 19.1 MN.

Figure 6.13 Load-displacement curve for load case 2

The events leading up to failure is illustrated in Figure 6.14. The right hand of the
figure shows the principal plastic strain for the concrete. The grey areas indicate
where the strain exceeds the crushing strain of concrete, i.e. areas where the
concrete is crushing. At step 81 (P=11.5 MN) crushing occurs at the bottom left
corner in compression. The crushed zone increases and more crushing occurs at
the top right corner between step 81 and 95. At step 95 (P=14.3 MN) the vertical
reinforcement starts to yield where the concrete is already crushed in the section of
the wall with the lower content of reinforcement (left hand side of Figure 6.14.).
After step 95, concrete crushing and yielding of reinforcement increases until
failure at step 116 with a failure load of 19.1 MN.

The sudden drop in the load-displacement curve as well as the yielding of the
vertical reinforcement indicates a shear failure.
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Figure 6.14 Plastic strain in vertical reinforcement [-] (left) Principal minimum plastic strain in
concrete, scale adjusted to  [-] (right)

In Figure 6.15 the principal stresses for the concrete at the ultimate load is shown.
The largest stress in the most affected area is 54 MPa which is half the mean value
for the concretes compressive strength. This could be compared to load case 1
where the largest stresses in the compressed zone is more than 200 MPa which is
twice the compressive strength. This shows the impact the reduced compressive
strength due to prior cracking have on the strenght of the wall.
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Figure 6.15 Principal minimum stress in concrete at failure load [MPa] (load step 116)

The stress in the longitudinal reinforcement at ultimate load is shown in Figure
6.16. As the figure indicates the main tensile reinforcement is far from reaching its
capacity (530 MPa) at the ultimate load step.

Figure 6.16 Stress in longitudinal reinforcement at failure load [MPa] (load step 116)

The stresses vertical reinforcement at ultimate load is shown in Figure 6.17. The
reinforcement have reached its yield strength in the same area where the concrete
have reached its crushing strain, compare with Figure 6.14.
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Figure 6.17 Stress in vertical reinforcement at failure load [MPa] (load step 116)

Crack propagations from step 21 (P=10.6 MN) up until failure is illustrated in
Figure 6.18. It should be noted that the crack propagation from step 1-21 is the
same as for load case 1 and illustrations for these steps can be found in Figure 6.12
in the previous section. Table 6.4 presents the maximum crack width, compressive
stress and the reinforcement stress for load step 21, i.e. for the serviceability load.
In step 22-42 the wall is unloaded after being displaced in the negative Z-direction
and in step 42 the wall have returned to its original position with no displacements
which is why no new cracks arise between steps 21-42.

Table 6.4 Results for serviceability load, load step 21

Max crack width Max compressive stress Max reinforcement stress
Vertical Longitudinal

0.68 mm 44.8 MPa 144.0 MPa 168.6 MPa
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Figure 6.18 Crack propagation from first crack to failure for load case 2
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6.7.3Global Safety Factor
The global safety factors calculated for the two different load cases according to the
ECOV-method are presented in table Table 6.5, calculations can be found in
Appendix C – Non-linear analysis.

Table 6.5 Results from ECOV-method, global safety factor and design resistance

Load case 1 Load case 2
Mean value of resistance 	[ ] 46.8 19.1
Characteristic value of resistance 	[ ] 45.5 17.1
Model uncertainty factor [−] 1.1 1.1
Global safety factor [−] 1.07 1.29
Design value of resistance 	[ ] 39.9 13.5

The design value of resistance can be compared to the load corresponding to the
maximum shear force used in design of the wall in chapter 4 of this thesis. The
design value of the resistance for load case 1, = 39.9	 , is significantly larger
than the design load, = 14.5	 , while the design value of resistance for load
case 2, = 13.5	 , is smaller but rather close to the design load .
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7 Discussion

7.1Global analysis
The main purpose of the global analysis was to analyse and evaluate the building in
order to determine which type forces that are acting on a perimeter wall as well as
to find the perimeter wall subjected to the largest forces. Due to the restricted time
frame no emphasis is placed on refining the model in any significant extent. In a
more profound analysis it could be desirable to thoroughly study the influence of
mesh size, geometry and loading. Since the aim of this thesis was to study the
design of the parameter wall the results from the global analysis was considered
sufficient since they provide reasonable values but most important gave a picture of
what type of loading the wall is subjected to.

As seen in the results presented in section 3.4.1 the perimeter walls have a great
impact on the overall structural stability. When removing the perimeter walls the
period increases by 35-40 seconds which of course would not happen in reality as
the building would collapse with no lateral bracing at all. It is also interesting to see
what effect the floors have on the global efficiency. Floors are modelled in the
ETABS model at every floor but are given a relatively small thickness (100 mm),
when removing the floors the period decreases in both the case when perimeter
walls are present and when they are not, meaning that the floors presence have a
negative impact on the period. This shows that the influence that the mass of the
floors has on the period is larger than the stiffness they provide to the structure,
which can be questioned since floors with sufficient thickness and connection to
the perimeter walls could conceivably increase the stiffness of the walls and the
overall structure.

7.2Design of wall
As the STM is based on the lower bound theorem the design provided is
considered to be “on the safe side”. This means that there are multiple solutions
for a truss system and normally an iterative topology optimization is used to design
the truss system. The obtained STM is therefore only one of several possible
solutions but as the results of the nonlinear analysis shows, the model is
performing well for the actual case.
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In the final reinforcement design the vertical ties in the STM is represented by
distributed vertical reinforcement although the effect of doing so is not fully
known. There are no limitations to broaden a tie as long as the line of action
coincides with the centre of the member. However the width of the tie would
affect the size of the nodal zone and in the case of distributing the reinforcement
over long distance unreasonable large nodal zones will occur. These increased
widths of the vertical ties and corresponding nodal zones are not considered in the
STM of this thesis which means that the nodal zones controlled are not fully
representing the real case but are considered to be satisfactory for the overall
design. Another issue with the vertical reinforcement in the STM is that the
number of ties could easily be altered. By using a truss configuration with fewer
vertical ties, which would be allowed as long as the inclined struts stay within
allowable angles, the amount of vertical reinforcement would decrease and the
STM would still be acceptable. If the number of ties is increased, the amount of
reinforcement is also increased. Both configurations are acceptable according to
ACI 318-11 and therefore the STM provides a design which is very uncertain in
predicting the shear capacity of the wall.

Another questionable approach in the STM is the way of modelling the support
reactions at the connection to the tubes. In the STM the reactions are acting on the
wall at four discrete nodes which can be compared to a totally idealized truss. From
the stress analysis performed in SAP it is however clear that the stress is distributed
over the connection between the perimeter wall and the tubes as a result of a
widespread support which is not possible to simulate using idealized struts and ties
in a STM. When applying the reactions from the end-moment in the discrete
nodes, the designer will need to decide at which locations the nodes are put. In this
case the nodes are located at a distance 400 mm from the top and bottom face.
This distance can be changed as long as the effective width of the struts and ties are
within the boundary of the structure. Changing the distance between the nodes will
alter the internal lever arm of the end-moment thus changing the magnitude of the
resultant forces which determines the amount of main longitudinal reinforcement
in the wall.

The check of reinforcement ratio is based on several assumptions that may cause
erroneous results. In Eurocode 2 and ACI 318-11 the stress distribution in the
compressive zone is calculated as a rectangular stress block by using the parameters

 and	  in EC2 and  in ACI 318-11 which are based on the assumption that
Bernoulli’s hypothesis is valid. As mentioned in the beginning of this thesis, this is
not true for discontinuity regions as. However, the cross section investigated where
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the largest moment acts is located the connection to the tubes. In the linear elastic
analysis performed in SAP 2000 prior to the reinforcement design the principal
stresses caused by flexural bending assume a variation similar to the linear variation
in Bernoulli’s hypothesis. The reason for this is the rigid connection to the tube in
the model. In SAP 2000, the connection between the wall and the tube is assumed
to be perfectly rigid which causes the almost linear stress distribution. In reality the
connection will allow for some deformation which will affect the distribution of
stress within the wall. Based on this it is possible that the calculations performed
according to EC2 and ACI 318-11 will generate some error when calculating the
compressive zone but the underlying assumption of linear strain distribution is
within reasonable margins.

Furthermore, the mechanical reinforcement ratio  is 0.072 for the 1.25 m thick
wall. For the same wall the balanced mechanical reinforcement ratio  is 0.205
according to EC2 and 0.296 for ACI 318-11. This means that the amount of tensile
reinforcement can be increased by a factor 3-5 before the wall counts as over-
reinforced. The calculations also disregard the reinforcement in compression which
will further increase the acceptable reinforcement ratio.

The results from the design calculations also indicate that the same wall could be
designed with a reduced thickness, based on the assumption that the loads would
be the same regardless of thickness. The same STM used for the design of the 1250
mm wall could be used in the 1000 mm wall. The resulting amount of
reinforcement are the same in both walls and what limits the thickness, from a
strut-and-tie point of view, is when the effective width of the struts and the ties
become so large that they won’t fit inside the wall which was the case for the 750
mm wall. However, when the thickness of the wall is reduced the wall will become
more sensitive to buckling effects and torsion which for the 1250 mm wall was not
a problem.

7.3Non-linear analysis
In LC1 the failure occurs approximately at the centre of the wall, where the amount
of shear reinforcement is the lowest. Since the shear force is constant over the
entire span of the wall it is not that surprising that the failure occurs at the centre.
In LC2 failure occurs at both compression corners of the mid-section after both
yielding and crushing of concrete. It is evident that the serviceability loading in the
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opposite direction reduces the concrete strength by cracking in the compression
corners making it the weak section of the wall instead of the centre as in LC1.

The ECOV-method provides a safety factor for both load cases, the difference
between the two safety factors are relatively large, 1.1 for LC1 compared to 1.3 for
LC2. The larger factor is a result of the bigger deviation between mean and
characteristic resistance for LC2 which shows that the modified material
parameters have a greater impact on the results of LC2, for which the concrete
strength is the governing parameter for the resistance.  Thus, the global safety
factor according to the ECOV-method is not only depending on material
properties and reliability index but also on the type of loading at hand.

Results from the ECOV-method shows that the design value of resistance for LC2
is closer to the design load than the resistance from LC1. Even though the design
resistance is lower than the design load the results shows that the strength
reduction factors in ACI 318-11 used for the STM sufficiently captures the non-
linear behaviour of cracked concrete.

The global model is discretized into the geometrical model used in ATENA. This
rather drastic simplification of reality is necessary to obtain a manageable model
which can be run within reasonable time frames. For example, the fictitious cross
section of the modelled part of the tubes in the ATENA model is given a modulus
of elasticity of 700 GPa to mimic the flexural response of the entire tube cross
section. With this simplification some effects are not possible to study. Local
interactions in the connections between the wall and the tubes such as the
possibility of the wall punching through the wall of the tube are not possible to
capture as well as the non-linear behaviour of the concrete material in the tubes.

The use of high strength concrete has provided the model with a number of
uncertainties. The fracture energy is calculated using the most conservative value of
the aggregate size since the knowledge of aggregates impact on the fracture energy
for high strength concrete is not fully known. This leads to a conservative value of
the fracture energy which might have great impact on the results, especially for load
case 2 where cracking has a big influence on the capacity. For the same reason the
analysis does not consider the effects of aggregate interlocking which could
underestimate the shear capacity of the concrete.

MC 2010 suggests the use of the model uncertainty factor 1.06 for well validated
numerical models. In this case, the high degree of uncertainties results in the use of
1.1 which reduces the design value of resistance. Without the high uncertainty
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factor the design value of resistance is increased to a value which is approximately
equal to the design load. It could be discussed if the high uncertainty factor is
justified or if a lower factor actually can be used. It would probably take a more
profound and detailed modelling and analysis of the wall to be able to use a lower
model uncertainty factor.

According to ACI 318-11 reasonable crack widths under service loads should not
exceed ~0.4 mm. At load step 21 in load case 2, corresponding to the service load,
the maximum crack width obtained was 0.68 mm. Even if the maximum crack
width exceeds the recommended value, the results are within the same order of
magnitude and considered acceptable since no detailed design for serviceability
conditions and crack control have been performed. However, since the reduction
of the concrete strength is governed by the formation of cracks under service load
a more detailed analysis concerning the serviceability limit state could be of interest
for a more accurate result.

In load case 2, the maximum concrete stress only reached 54 MPa before failure
due to the previous cracking. One way to improve the capacity of the wall could be
to use transverse reinforcement to confine the concrete, specifically in the most
affected areas such as the corners which was severely cracked after the
serviceability loads. This is something that has not been investigated in this thesis
but should be studied in further research.
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8 Conclusions and further research

8.1Conclusions
Performing the non-linear analysis with the two different load cases yielded
significant differences in the results. It is therefore concluded that the effects of
strength reduction due to previous cracking is of great importance and have to be
considered when designing concrete structures subjected to multidirectional
loading. To consider uncracked concrete when calculating the ultimate capacity
could be erroneous since the structure is likely to have been subjected to earlier
unfavorable serviceability loads.

The STM is an established and permissible method to use in design of
discontinuities in reinforced concrete structures. The procedure used for the design
of the perimeter is wall has provided a working design why the STM is considered
to be an adequate method. However the work in this thesis reveals some
disadvantages with the STM when designing perimeter walls in Tubed Mega Frame
structures. The complex support conditions due to the connection with the tubes
are hard to model accurately in a STM where supports have to be discretized to
nodes. Also the amount of vertical reinforcement, critical to the shear capacity,
varies a lot with the choice of truss system. Both of these issues have the potential
to significantly alter the amount of reinforcement and change the resistance of the
wall and it is therefore important to use caution when designing the perimeter wall
with the STM. It is also suggested that the design should be verified with a non-
linear analysis to ensure sufficient capacity.

8.2Further research
The aim of this thesis has been to provide a basis for designing perimeter walls in
Tubed Mega Frame structures. Several aspects regarding the perimeter walls have
not been studied within the scope of this thesis and are therefore suggested to be
the subject for further research. For example the interaction between the perimeter
wall and the connecting floors are not considered in this thesis and since it is
believed to contribute to the stiffness and the overall resistance of the wall it is an
important subject for further research.
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The connection between the perimeter wall and the vertical tubes needs to be
studied in more detail in order to fully understand the interaction and the load
transfer between the vertical tubes and the perimeter wall.
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Appendix A – Global analysis
· Modal periods and frequencies
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Appendix B – Design of Wall
· Strut-and-tie design of 1250mm wall

· Results from STM calculations for all walls

· Torsion control

· Reinforcement ratio of 1250 mm wall



Strut-and-tie design of wall subjected to Moment according to
ACI 318-11 Appendix A
ϕ Fn× Fu³ (A-1) Design criterion

Fu The force acting in a strut, tie or node

Fn The nominal strength of the strut, tie or node

Strength reduction factor. 0,75 which is
equal the reduction factor taken for shear.ϕ 0.75:=

Ties should be permitted to cross struts. Struts shall cross or overlap only at nodes. (A.2.4)

The angle θ between the axes of any strut and any tie enetering a single node shall not be taken
as less than 25 deg. (A.2.5)

Geometry

Lw 12m:= wall length

hw 4.5m:= wall height

tw 1.25m:= thickness of wall

ex 0.4m:=
Distance from edge to elementsey 0.4m:=

α atan
hw 2ey-

Lw
3

æ
ç
ç
è

ö
÷
÷
ø

42.77 deg×=:= > 25 deg OK!



External loading
From maximum moment:

Mu 67.3MN m×:= => VM
2 Mu×

Lw
11.22 MN×=:=

From maximum shear force:

Vu 14.5MN:= => MV
Vu Lw×

2
87 MN m××=:=

Why the following are used in the strut-and-tie model in CAST:

Mstm max Mu MV, ( ) 87 MN m××=:= In this way the wall is designed for both moment
and shear at the same time

Vstm max Vu VM, ( ) 14.5 MN×=:=

Force applied in strut-and-tie model in CAST:

Fstm
Mstm

hw 2ey-
23513.51 kN×=:=

Truss forces - Factored loads calculated by CAST

Compression Tension

Longitudinal members Vertical members Diagonal members

Fu.AB 7838kN:= Strut Fu.AH 14500.3kN:= Tie Fu.AG 21354.1kN:= Strut

Fu.BC 7838kN:= Tie Fu.BG 14500.3kN:= Tie Fu.BF 21354.1kN:= Strut

Fu.CD 23514kN:= Tie Fu.CF 14500.3kN:= Tie Fu.CE 21354.1kN:= Strut

Fu.EF 7838kN:= Strut Fu.DE 14500.3kN:= Tie

Fu.FG 7838kN:= Tie

Fu.GH 23514kN:= Tie



Struts
(A-2) Nominal compressive strength of a strut w/o longitudinal reinforcement.
Where A.cs is the crosssectional area at one end of the strut and f.ce is the
smaller of a.) the effective compressive strength in the strut or b.) the effective
compressive strength of the concrete in the nodal zone

Fns fce Acs×:=

f ć 100MPa:= Specified compressive strength of concrete

Effective compressive strength of the concrete in a strut:

fce 0.85 βs× f´c×:= (A -3) ws 0:= Start value of strut width for eqn. solving

Strut with uniform corss-sectional area over its lenght

Bottle shaped strut with reinforcement satisfying A.3.3

βs

1.0

0.75

0.60

0.40

0.60

æ
ç
ç
ç
ç
ç
è

ö
÷
÷
÷
÷
÷
ø

:= Bottle-shaped strut w/o reinforcement*

Struts in tension members, or the tension flanges of members

For all other cases*

To account for the effect of cracks in the compressive struts the factor βs is set to the value
for bottle-shaped struts w/o satisfying reinforcement  for all struts in the model.βs 0.6:=

βn Factor to account for the effect of the anchorage of ties in nodal zones

Nodal zones bounded by struts or bearing areas, or both

βn

1.0

0.80

0.60

æç
ç
çè

ö÷
÷
÷ø

:= Nodal zones anchoring one tie

Nodal zones anchoring two or more ties

βn.A 0.8:= βn.C 0.6:= βn.E 0.8:= βn.G 0.6:=
Factor for each node in the model:

βn.B 0.6:= βn.D 0.6:= βn.F 0.6:= βn.H 0.6:=

Strut AB - Longitudinal strut
Fu.AB 7838 kN×=

The minimum of the effective
compressive strengths of concrete in
the strut and the connecting nodal
zones.

fce min f ć βs× 0.85× 0.85 βn.A× f ć×, 0.85 βn.B× f ć×, ( ) 51 MPa×=:=

Given

ϕ fce× tw× ws× Fu.AB=

ws.AB Find ws( ) 163.93 mm×=:= Minimum width of compressive strut

Acs.AB ws.AB tw× 0.2m2
=:= Cross sectional area at end of strut

Fns.AB Fu.AB> OK!Fns.AB fce Acs.AB× 10450.67 kN×=:= Nominal strength in strut

Strut EF - Longitudinal strut. Identical to strut AB due to symmetry
ws.EF ws.AB 163.93 mm×=:= Minimum width of compressive strut

Acs.EF Acs.AB 0.2m2
=:= Cross sectional area at end of strut



Strut AG - Diagonal strut
Fu.AG 21354.1 kN×=

fce min f ć βs× 0.85× 0.85 βn.A× f ć×, 0.85 βn.G× f´c×, ( ) 51 MPa×=:= The minimum of the effective
compressive strengths of concrete in
the strut and the connecting nodal
zones.

Given
ϕ fce× tw× ws× Fu.AG=

ws.AG Find ws( ) 446.62 mm×=:= Minimum width of compressive strut

Acs.AG ws.AG tw× 5.58 105
´ mm2

×=:= Cross sectional area at end of strut

Fns.AG fce Acs.AG× 28.47 MN×=:= Nominal strength in strut Fns.AG Fu.AG> OK!

Strut BF - Diagonal strut identical to AG

ws.BF ws.AG 446.62 mm×=:= Minimum width of compressive strut

Acs.BF Acs.AG 5.58 105
´ mm2

×=:= Cross sectional area at end of strut

Strut CE - Diagonal strut indentical to AG

ws.CE ws.AG 446.62 mm×=:= Minimum width of compressive strut

Acs.CE Acs.AG 5.58 105
´ mm2

×=:= Cross sectional area at end of strut



DESIGN OF TIES
Fnt Ats fy× Atp fse Δfp+( )×+:= (A-6) Nominal strength of a tie. Where (f.se + Df.p) shall not exeed

f.py and A.tp is zero for non-prestressed members.

Δfp Increase in stress in prestressing steel due to factored loads.

fse Effective stress in prestressing steel (after allowance for all prestress losses)

fy.60 420MPa:= Specified yield strength of reinforcement of grade 60.

fy.75 520MPa:= Specified yield strength of reinforcement of grade 75.

Ats 0:=Ats Area of nonprestressed reinforcement in a tie Start value for eqn solving

Atp Area of prestressing steel in a tie

wt Effective tie width. Can vary between the following limits, depending on the distribution of
the tie reinforcement.

a) If the bars in the tie are in one layer, the effective tie width can be taken as the diameter
of the bars in the ties plus twice the cover to the surface of the bars.

b) A practical upper limit of the tie width can be taken as the width corresponding to the
width in in a hydrostatic nodal zone, calculated as

wt.max
Fnt

fce bs×( )
:=

bs Width (thickness) of strut

Tie BC - Longitudinal tie
Fu.BC 7838 kN×= fy fy.75:=

Given

ϕ Ats× fy× Fu.BC=

Ats Find Ats( ):=

Ats.BC Ats 20097.44 mm2
×=:= Required area of reinforcement

Fnt.BC Ats.BC fy× 10.45 MN×=:= Nominal strength of non-presterssed tie

fce.C 0.85 βn.C× f ć× 51 MPa×=:= Concrete strength in nodal zone C

Upper limit value of effective tie width with respect to nodal
zone Cwt.BC.max

Fnt.BC
fce.C tw×( )

163.93 mm×=:=



Tie CD - Longitudinal tie
Fu.CD 23514 kN×= fy fy.75:=

Given

ϕ Ats× fy× Fu.CD=

Ats Find Ats( ):=

Ats.CD Ats 60292.31 mm2
×=:=

Fnt.CD Ats.CD fy× 31.35 MN×=:=

fce.D 0.85 βn.D× f ć× 51 MPa×=:= Concrete strength in nodal zone D

Upper limit value of effective tie width with respect to nodal
zone Dwt.CD.max

Fnt.CD
fce.D tw×( ) 491.8 mm×=:=

Tie FG - Symmetric to Tie BC

Ats.FG Ats.BC 20097.44 mm2
×=:=

wt.FG.max wt.BC.max 163.93 mm×=:= Upper limit value of effective tie width with respect to nodal
zone G

Tie GH - Symmetric to Tie CD

Ats.GH Ats 60292.31 mm2
×=:=

wt.GH.max wt.CD.max 491.8 mm×=:= Upper limit value of effective tie width with respect to nodal
zone H

Vertical ties - all symmetrical
Tie AH
Fu.AH 14500.3 kN×= fy fy.75:=

Given
ϕ Ats× fy× Fu.AH=

Ats Find Ats( ):=

Ats.AH Ats 37180.26 mm2
×=:=

Fnt.AH Ats.AH fy× 19.33 MN×=:=

fce.H 0.85 βn.H× f´c× 51 MPa×=:= Concrete strength in nodal zone H

wt.AH.max
Fnt.AH
fce.H tw×( ) 303.27 mm×=:= Upper limit value of effective tie width with respect to nodal

zone H

Tie BG
Ats.BG Ats.AH 37180.26 mm2

×=:=

Upper limit value of effective tie width with respect to nodal
zone Gwt.BG.max wt.AH.max 303.27 mm×=:=

Tie CF
Ats.CF Ats.AH 37180.26 mm2

×=:=

wt.CF.max wt.AH.max 303.27 mm×=:= Upper limit value of effective tie width with respect to nodal
zone C



Reinforcement design of 1250mm wall
The wall is designed for the possibility of loads acting in both directions.

Thus, due to symmetry of the wall and the loads acting on it, the parts AB, CD, EF and GH will be
designed with the same required area of longitudinal reinforcement and BC and FG with the same
required area of longitudinal reinforcement.

L1 longitudinal reinforcement design for parts AB, CD, EF and GH
As.L1.min Ats.CD 60292.31 mm2

×=:= Required reinforcement area

Selecting 6 layers of 7 #43 bars

db.43 43mm:= Nominal diameter of reinforcement bar

Ab.43 1452mm2
:= Area of one reinforcement bar

sL1 174mm:= Center-to-center spacing

slayer.L1 115mm:= Center-to-center spacing between layers

As.L1 6 7×( ) Ab.43× 60984 mm2
×=:= OK! Total area of choosen reinforment design

The clear distance between each parallell bar in the same layer is (ACI 7.6.1):

sL1 db.43- 131 mm×= > db.43 43 mm×= OK!

The clear distance between each layer (ACI 7.6.2):

slayer.L1 db.43- 2.83 in×= > 1in OK!

Concrete cover, vertical dir., from H1 to top of wall (ACI 7.7.1):

cv.L1 ey
5 slayer.L1× db.43+

2
- 91 mm×=:= > 2in 50.8 mm×= OK!

Concrete cover, transversal dir., f rom H1 to surface of wall (ACI 7.7.1):

ct.L1
tw 6 sL1×- db.43-

2
81.5 mm×=:= > 2in 50.8 mm×= OK!

Effective width of tie, considering reinforcement placment:

wt.L1 5 slayer.L1× db.43+ 2cv.L1+ 800 mm×=:= < 2 ey× 800 mm×= OK!

L2 Longitudinal reinforcement design for parts BC and FG

As.L2.min Ats.BC 20097.44 mm2
×=:= Required area of reinforcement

Slecting same reinforcement design as for L1 to enable continuous reinforment over the wall length.

As.L2 As.L1 60984 mm2
×=:= OK! Total area of choosen reinforment design



L3, Longitudinal web reinforcement

Total required longitudinal web reinforcement, H3, is determined by the following requirement
for minimum area of longitudinal reinforcement according to ACI 11.7.4.2 Minimum area of
longitudinal shear reinforcement for deep beams with corresponding max. c/c:

Minimum area of longitudinal shear
reinforcementAs.L3.min 0.0025 hw 2wt.L1- 2cv.L1+( )× tw× 9631.25 mm2

×=:=

slayer.L3.max 12in 304.8 mm×=:= Max. Layer center-to-center distance

slayer.L3 300mm:= Layer center-to-center distanceSelecting:

ct 80.4mm:= > 2in 50.8 mm×= OK! Concrete cover from outer bar to
surface of wall (ACI 7.7.1)

nb.v ceil
hw 2 wt.L1×- 2cv.L1+

slayer.L3

æ
ç
è

ö
÷
ø

1- 10=:= Number of bars nedded in
vertical dir. acc. to max c/c

nb.t 4:= Choosing 4 bars in transversal dir.

Needed reinforcement bar area:

Ab.19 284mm2
:=

Ab.min
As.L3.min
nb.t nb.v×

240.78 mm2
×=:= choose #19 bars

db.19 19.1mm:=

sL3.1 373mm:= Center-to-center spacing, to
allign with long. web
reinforcementsL3.2 325mm:=

Selecting 10 layers of 4 #29 bars s280 with a layer center-to-center spacing of 300 mm

As.L3 nb.t nb.v× Ab.19× 11360 mm2
×=:= OK! Total area of choosen reinforment design



Vertical reinforcement design
Mid-section

Lmid 8m:= Length of mid-section

Required vertical reinforcement area at mid-section for two ties BG and CF.

As.mid Ats.BG Ats.CF+ 74360.51 mm2
×=:=

Selecting 4 #25 bars at a layer center-to-center distance of 200 mm over the length of the
mid-section:

db.25 25.4mm:= Nominal diameter of reinforcement bar

Ab.25 509mm2
:= Area of one reinforcement bar

ct 55mm:= > 2in 50.8 mm×= OK! Concrete cover in transversal dir. to face of
wall (ACI 7.7.1)

slayer.mid 200mm:= Center-to-center spacing between layers

s1 417mm:= Center-to-center spacing, to
allign with long. web
reinforcements2 280mm:=

nb.l
Lmid

slayer.mid
40=:= Number of bars in longitudinal dir.

Number of bars in transversal dir.nb.t 4:=

As.mid Ab.25 nb.l× nb.t× 81440 mm2
×=:= OK! Total area of choosen reinforment design

Minimum vertical shear reinforcement in deep beams:

ρmid
As.mid

Lmid tw×
0.01=:= > 0.0025 OK!

(ACI 11.7.4.1)

The min. clear distance between each parallell bar in the same layer is:

min s1 s2, ( ) db.25- 254.6 mm×= > db.25 25.4 mm×= OK! (ACI 7.6.1)

The clear distance between each layer is:

slayer.mid db.25- 6.87 in×= > 1in OK! (ACI 7.6.2)

< 12in OK! (ACI 11.7.4.2)



Vertical reinforcement design
End-section

Lend 2m:= Length of end-section

Required vertical reinforcement area at end-section for tie AH.

As.end Ats.AH 37180.26 mm2
×=:=

Selecting 4 #25 bars at a layer center-to-center distance of 100 mm over the length of the
end-section:

db.25 25.4mm:= Nominal diameter of reinforcement bar

Ab.25 509mm2
:= Area of one reinforcement bar

ct 55mm:= > 2in 50.8 mm×= OK! Concrete cover in transversal dir. to face of
wall (ACI 7.7.1)

slayer.end 100mm:= Center-to-center spacing between layers

s1 417mm:= Center-to-center spacing, to
allign with long. web
reinforcements2 280mm:=

nb.l
Lend

slayer.end
20=:= Number of bars in longitudinal dir.

Number of bars in transversal dir.
nb.t 4:=

As.end Ab.25 nb.l× nb.t× 40720 mm2
×=:= OK! Total area of choosen reinforment design

Minimum vertical shear reinforcement in deep beams:

ρend
As.end

Lend tw×
0.02=:= > 0.0025 OK! (ACI 11.7.4.1)

The min. clear distance between each parallell bar in the same layer is:

min s1 s2, ( ) db.25- 254.6 mm×= > db.25 25.4 mm×= OK! (ACI 7.6.1)

The clear distance between each layer is:

slayer.end db.25- 2.94 in×= > 1in OK! (ACI 7.6.2)

< 12in OK! (ACI 11.7.4.2)



Final dimensions of struts and ties

After the reinforment design has been determined new widths for the longitudinal ties are obtained,
the effective widht required to fit the layers of reinforcement incl. concrete cover:

wt.BC wt.L1 800 mm×=:=

wt.CD wt.L1 800 mm×=:=

wt.GH wt.L1 800 mm×=:=

wt.FG wt.L1 800 mm×=:=

The two longitudinal struts AB and EF are assigned the same widht as the longitudinal ties:

ws.AB wt.L1 800 mm×=:=

ws.EF wt.L1 800 mm×=:=

Due to practical reasons the vertical ties will be constructed by distrubuting the amount of
reinforcement over the whole length of the wall. But in order to controll the nodal zones the width is
calculated as the required width of the ties in the strut-and-tie model:

wt.AH wt.AH.max 303.27 mm×=:=

wt.BG wt.BG.max 303.27 mm×=:=

wt.CF wt.CF.max 303.27 mm×=:=

The width of the three diagonal struts:

ws.AG 446.62 mm×=

ws.BF 446.62 mm×=

ws.CE 446.62 mm×=



DESIGN OF NODAL ZONES
Fnn fce Anz×:= (A-7) Nominal compression strength of a nodal zone.

fce 0.85 βn× fc×:= Effective compressive strength of the concrete in the nodal zone as
given in A.5.2

Anz The smaller value of

a) The area of the face of the nodal zone on which F.u acts, taken
perpendicular to the line of action of F.u

b) The area of a section through the nodal zone, taken perpendicular to
the line of action of the resultant force on the section.

βn Factor to account for the effect of the anchorage of ties

Nodal zones bounded by struts or bearing areas, or both

βn

1.0

0.80

0.60

æç
ç
çè

ö÷
÷
÷ø

:= Nodal zones anchoring one tie

Nodal zones anchoring two or more ties

βn.A 0.8:= βn.E 0.8:=

βn.B 0.6:= βn.F 0.6:=
Factors for each node , A-H

βn.C 0.6:= βn.G 0.6:=

βn.D 0.6:= βn.H 0.6:=

Since both the area of the struts and the width of the ties is designed with respect to the effective
compressive strength of the concrete in the nodal zones the design criteria for the nodal zones should
be fullfilled. A control that the capacity of the nodal zones are performed below:

Node A - CCT
fce.A ϕ 0.85× βn.A× f ć× 51 MPa×=:= Nominal compressive strength of nodal zone

Fu.AB
ws.AB tw×

7.84 MPa×=
Fu.AG

ws.AG tw×
38.25 MPa×=

Fu.AH
wt.AH tw×

38.25 MPa×= OK!

Node B - CTT
fce.B ϕ 0.85× βn.B× f´c× 38.25 MPa×=:= Nominal compressive strength stress of nodal zone

Fu.AB
ws.AB tw×

7.84 MPa×=
Fu.BF

ws.BF tw×
38.25 MPa×=

Fu.BG
wt.BG tw×

38.25 MPa×=
Fu.BC

wt.BC tw×
7.84 MPa×= OK!

Node C - CTT
fce.C ϕ 0.85× βn.C× f ć× 38.25 MPa×=:= Nominal compressive strength stress of nodal zone

Fu.BC
wt.BC tw×

7.84 MPa×=
Fu.CF

wt.CF tw×
38.25 MPa×=

Fu.CD
wt.CD tw×

23.51 MPa×=
Fu.CE

ws.CE tw×
38.25 MPa×= OK!



Node D - TTT
fce.D ϕ 0.85× βn.D× f ć× 38.25 MPa×=:= Nominal compressive strength stress of nodal zone

Fu.CD
wt.CD tw×

23.51 MPa×= OK!

Node E - CCT
fce.E ϕ 0.85× βn.E× f ć× 51 MPa×=:= Nominal compressive strength stress of nodal zone

Fu.CE
ws.CE tw×

38.25 MPa×=
Fu.EF

ws.EF tw×
7.84 MPa×= OK!

Node F - CTT
fce.F ϕ 0.85× βn.F× f ć× 38.25 MPa×=:= Nominal compressive strength stress of nodal zone

Fu.EF
ws.EF tw×

7.84 MPa×=
Fu.CF

wt.CF tw×
38.25 MPa×=

Fu.BF
ws.BF tw×

38.25 MPa×=
Fu.FG

wt.FG tw×
7.84 MPa×= OK!

Node G - CTT
fce.G ϕ 0.85× βn.G× f´c× 38.25 MPa×=:= Nominal compressive strength stress of nodal zone

Fu.FG
wt.FG tw×

7.84 MPa×=
Fu.BG

wt.BG tw×
38.25 MPa×=

Fu.GH
wt.GH tw×

23.51 MPa×=
Fu.AG

ws.AG tw×
38.25 MPa×= OK!

Node H - TTT
fce.H ϕ 0.85× βn.H× f´c× 38.25 MPa×=:= Nominal compressive strength stress of nodal zone

Fu.GH
wt.GH tw×

23.51 MPa×=
Fu.AH

wt.AH tw×
38.25 MPa×= OK!
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Text Box
Results from STM calculations for all wallsResults displaying the factored force and the calculated minimum- and effective width of each strut and tie for all wall thicknesses



Torsion control and torsion reinforcement
Torsion control for 1250mm wall
Geometry
tw 1250mm:= Wall dimensions
hw 4500mm:=

pcp 2 tw× 2 hw×+ 11.5m=:= Perimeter

Acp tw hw× 5.63m2
=:= Area inside perimeter

Ag Acp 5.63m2
=:= Gross sectional area

ϕ 0.75:= Strength reduction factor for torsion

f´c 100MPa:=

Loads
Nu 8000kN:= Vu 14500kN:= Tu 1900kN m×:= Mu 67300kN m×:=

(Compression is positive)

Threshold torsion

ϕ 0.083× 100 MPa×
Acp

2

pcp

æ
ç
ç
è

ö
÷
÷
ø

× 1
Nu

0.33 Ag× 100 MPa×
+× 2048.82 kN m××= > Tu 1900 kN m××=

Permitted to neglect torsion according to 11.5.1

Torsion control for 1000mm wall
Geometry
tw 1000mm:= Wall dimensions
hw 4500mm:=

pcp 2 tw× 2 hw×+ 11 m=:= Perimeter

Acp tw hw× 4.5m2
=:= Area inside perimeter

ph 10760mm:= Perimeter of centerline of outermost stirrup

Ag Acp 4.5m2
=:= Gross sectional area

ϕ 0.75:= Strength reduction factor for torsion

f´c 100MPa:=

Loads
Nu 8000kN:= Vu 14500kN:= Tu 1900kN m×:= Mu 67300kN m×:=

(Compression is positive)

Threshold torsion

ϕ 0.083× 100 MPa×
Acp

2

pcp

æ
ç
ç
è

ö
÷
÷
ø

× 1
Nu

0.33 Ag× 100 MPa×
+× 1421.52 kN m××= < Tu 1900 kN m××=

NOT Permitted to neglect torsion according to 11.5.1



Torsion criteria, stirrup reinforcement
ϕ Tn× Tu³

At 510mm2
:= Area of one leg of reinforcement stirrup

fy 520MPa:=

Aoh 4400mm 865× mm 3806000 mm2
×=:= Area enclosed by stirrup

Ao 0.85 Aoh× 3235100 mm2
×=:= According to ACI 11.5.3.6

θ 45deg:=

s 200mm:= center-to-center spacing of stirrups

Tn
2 Ao× At× fy×

s
cot θ( )× 8579.49 kN m××=:=

ϕ Tn× 6434.61 kN m××= > Tu 1900 kN m××= OK! No additional stirrup reinforcement
needed.

Additional Longitudinal reinforcement
The additional longitudinal reinforcement distrubuted around the outermost stirrup to resist torsion
shall not be less than Al.min

Al.min
At
s

ph× cot θ( )2
× 27438 mm2

×=:=

Changing the outermost bars in the longitudinal reinforcement L3 to #43 bars

Ab.43 1452mm2
:=

Al 20 Ab.43× 29040 mm2
×=:= > Al.min 27438 mm2

×= OK!



Reinforcement ratio in pure bending - Eurocode 2

fck 100MPa:= Ec 50GPa:= fyk 520MPa:= Es 200GPa:= γC 1.5:= γS 1.15:=

fcd
fck
γC

66.667 MPa×=:= fyd
fyk
γS

452.174 MPa×=:=

εcu 0.003:= εsy
fyd
Es

0.002=:=

hw 4.5m:= tw 1.25m:= d 4.1m:= Distance to reinforcement centre of gravity

As.t 60984mm2
:= Ac tw hw× 5.625m2

=:=

λ 0.8
fck 50MPa-( )

400MPa
- 0.675=:= β

λ
2

0.338=:=

η 1.0
fck 50MPa-( )

200MPa
- 0.75=:= α λ η× 0.506=:=

(Ansell et. al. 2012)

Fs fyd As.t× 27.575 MN×=:= Fc Fs:=

M Fc d β x×-( )×= Fc α fc× tw× x×=

x
Fc

α fcd× tw×
0.654m=:=

x
d

0.159=

εs
d x-

x
εcu× 0.016=:= > εsy Under reinforced

M Fs d β x×-( )× 106.976 MN m××=:=

ω
As.t fyd×

tw d× fck× η×
0.072=:= Mechanical reinforcement

content
ρ

As.t
Ac

0.011=:= Geometric reinforcement
content

Balanced reinforced section

Given
d xbal-

xbal
εcu× 0.003=

xbal Find xbal( ) 2.05 m×®:=

Fc.bal α fcd× tw× xbal× 86.484 MN×=:=

Fs.bal Fc.bal:= As.bal
Fs.bal

fyd
191263.522 mm2

×=:=
As.bal
As.t

3.136=

ωbal
As.bal fyd×

η Ac× fck×
0.205=:= Mechanical reinforcement ratio when balanced reinforced according

to EC2



Reinforcement ratio - ACI 318-11 (10.2-10.3)
f´c fck 14503.774 psi×=:=  > 8000psi β1 0.65:= dt 4430mm:= Distance to reinforcement closest to

tension face
Fs As.t fyd× 27.575 MN×=:= Fc Fs:=

M Fs dt
β1 c×

2
-

æ
ç
è

ö
÷
ø

= Fc β1 fc× c× b×=

c
Fc

β1 0.85× f´c tw×
399.281 mm×=:=

εs
d c-

c
εcu× 0.028=:= es 0.005> Tension controlled section

Compression controlled region εs εcu£
Given

d c-
c

εcu× 0.003=

c Find c( ) 2.05 m×®:=

Fc.cc 0.85f ć β1× c tw× 141.578 MN×=:=

Fs.cc Fc.cc:= As.cc
Fs.cc
fyd

0.313m2
=:=

As.cc
As.t

5.134=

ωcc
As.cc fyd×

Ac 0.85× f ć
0.296=:= Mechanical reinforcement ratio with compression controlled section

according to ACI

Compression controlled region if As.t 0.346m2
³
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Appendix C – Non-linear analysis
· Fictitious modulus of elasticity

· Concrete material properties

· Results from ATENA

· ECOV method



Calculation of fictitious modulus of elasticity

E 50GPa:= Actual E-module for the tubes

I
7.25m 5.25m( ) 3

×

12
4.75m 2.75m( ) 3

×

12
- 79.193 m4=:= Moment of inertia of the tube

L 16.9m:= Real free length of the tubes

I´
1.25m 2m( ) 3

×

12
0.833 m4=:= Moment of inertia of the fictitious tube section

Free length of modeled fictitious tubesL´ 2.5m:=

E´ 0GPa:=

Given

3E I×
L

3 E´× I´×
L´

=

Find E´( ) 702.89386094674554743 GPa×®

E´ 700GPa:= Fictitious modulus of elasticity



Concrete material properties
For the study of the perimeter wall in this thesis the material properties are assumed in accordance
with values available today.

The compressive strenght of concrete are assumed to a specified cylinder compressive strength (to
compare with characteristic strength in EC2) of 100 MPa and the modulus of elasticity is assumed to
be 50 GPa. These values are considered reasonable compared to values for high-strength concrete
used in buildings today.

Assumed specified values:
f´c 100MPa:= Specified cylinder compressive strength of concrete

E 50GPa:= Specified modulus of elasticity for concrete

Mean values
Below follows the calculations of the mean values of the concrete properties.The specified concrete
strength f'c is assumed to be comparable with the characteristic compressive strength f ck

Mean compressive strength according to Model Code 2010:
The mean compressive strength is determined in accordance to Model Code 2010 where the
mean compressive strength can be determined from the specified, characteristic, strength as:

Δf 8MPa:=

fcm f´c Δf+ 108 MPa×=:= Mean cylinder compressive strength

Tensile strength accordning to Model Code 2010

According to 5.1.5.1 in MC 2010  the mean value of the tensile strength of concrete can be
estimated from:

fctm 0.3
f´c

MPa

æ
ç
è

ö
÷
ø

2
3

MPa×

éê
ê
ê
ë

ùú
ú
ú
û

f ć 50MPa£if

2.12 ln 1 0.1
fcm
MPa

+
æ
ç
è

ö
÷
ø

× MPa×
æ
ç
è

ö
÷
ø

f´c 50MPa>if

:= fctm 5.232 MPa×=

In a way to account for shrinkage of the concrete when modeleing the wall in ATENA the tensile
strength is reduced. According to (Boverket, 2011) and (Pryl & Červenka, 2014):

Coefficient reducing strength to account
for shrinkageαct.pl 0.5:=

fctm αct.pl fctm× 2.616 MPa×=:= Reduced mean tensile strength



Fracture energy accordning to Model Code 1990:
For determine the fracture energy the older Model Code 1990 is used since it will give more
conservative values, after recommendations from Hallgren, 2014.
In absence of experimental data the fracture energy, GF, may be estimated as:

fcmo 10MPa:=

GFo is the base value depending on the maximum aggregate size.
In order to recive the most conservative (lowest) value of GF the lowest GFo is used.

GFo 0.025
N mm×

mm2
æ
ç
è

ö
÷
ø

dmax 8mm£if

0.030
N mm×

mm2
æ
ç
è

ö
÷
ø

8mm dmax< 16mm£if

0.038
N mm×

mm2
æ
ç
è

ö
÷
ø

16mm dmax< 32mm£if

:=

GFo 0.025
N mm×

mm2
:=

GF GFo
fcm

fcmo

æ
ç
è

ö
÷
ø

0.7

× 132.232
N
m
×=:= Fracture energy

In order to fully account for the effect of shrinkage the fracture energy are reduced the same
way as the tensile strength:

GF αct.pl GF× 66.116
N
m
×=:=

Plastic strain at compressive strength
The plastic strain at compressive strength is the permanent strain recieved after reaching the
compressive strength and the elastic part is recovered (accordnig to the initial E-modulus)

εc1 0.3- %:= The strain at maximum compressive stress
(MC 2010 Table 5.1-8)

Plastic strain at comp. strengthεcp εc1
fcm-

E
- 8.4- 10 4-

´=:=



Characteristic values
To determine the global safety factor using the ECOV method the characteristic resistance has to be
evaluated using characteristic values for the concrete properties. Below follows the calculation of the
characteristic values of the concrete properties. The specified concrete strength f'c is assumed to be
comparable with the characteristic compressive strength f ck and is therefore used as the characteristic
value.

Compressive strength:

f´c 100 MPa×=

Modulus of elasticity:
For concretes with grades 80 and above no reduction is made to E hence the
characteristic value of E is the same as the mean valueE 50 GPa×=

Tensile strength accordning to MC 2010:
(Already reduced to account for shrinkage)

fctk.min 0.7 fctm× 1.831 MPa×=:= lower bound value

fctk.max 1.3 fctm× 3.401 MPa×=:= upper bound value

The characteristic value of the tensile strength is set to the lower bound value:

fctk fctk.min 1.831 MPa×=:=

Fracture energy according to MC 90:

GFk GFo
f´c

fcmo

æ
ç
è

ö
÷
ø

0.7

× 125.297
N
m
×=:= Fracture energy

GFk αct.pl GF× 3.306 10 5-
´

MN
m

×=:= Fracture energy reduced to account for shrinkage



LS Displ. Load LS Displ. Load LS Displ. Load LS Displ. Load
[mm] [MN] [mm] [MN] [mm] [MN] [mm] [MN]

1 0,5 1,1 1 0,5 1,1 1 -0,5 -1,1 1 -0,5 -1,1
2 1,0 2,0 2 1,0 1,9 2 -1,0 -2,0 2 -1,0 -1,9
3 1,5 2,6 3 1,5 2,5 3 -1,5 -2,6 3 -1,5 -2,5
4 2,0 3,0 4 2,0 3,0 4 -2,0 -3,0 4 -2,0 -3,0
5 2,5 3,6 5 2,5 3,4 5 -2,5 -3,6 5 -2,5 -3,4
6 3,0 3,9 6 3,0 3,9 6 -3,0 -3,9 6 -3,0 -3,9
7 3,5 4,3 7 3,5 4,3 7 -3,5 -4,3 7 -3,5 -4,3
8 4,0 4,8 8 4,0 4,7 8 -4,0 -4,8 8 -4,0 -4,7
9 4,5 5,3 9 4,5 5,1 9 -4,5 -5,3 9 -4,5 -5,1

10 5,0 5,7 10 5,0 5,6 10 -5,0 -5,7 10 -5,0 -5,6
11 5,5 6,1 11 5,5 6,0 11 -5,5 -6,1 11 -5,5 -6,0
12 6,0 6,5 12 6,0 6,4 12 -6,0 -6,5 12 -6,0 -6,4
13 6,5 7,0 13 6,5 6,9 13 -6,5 -7,0 13 -6,5 -6,9
14 7,0 7,5 14 7,0 7,3 14 -7,0 -7,5 14 -7,0 -7,3
15 7,5 7,9 15 7,5 7,8 15 -7,5 -7,9 15 -7,5 -7,8
16 8,0 8,3 16 8,0 8,2 16 -8,0 -8,3 16 -8,0 -8,2
17 8,5 8,8 17 8,5 8,7 17 -8,5 -8,8 17 -8,5 -8,7
18 9,0 9,3 18 9,0 9,2 18 -9,0 -9,3 18 -9,0 -9,2
19 9,5 9,8 19 9,5 9,6 19 -9,5 -9,8 19 -9,5 -9,6
20 10,0 10,2 20 10,0 10,0 20 -10,0 -10,2 20 -10,0 -10,0
21 10,5 10,6 21 10,5 10,4 21 -10,5 -10,6 21 -10,5 -10,4
22 11,0 11,0 22 11,0 10,8 22 -10,0 -10,1 22 -10,0 -9,9
23 11,5 11,4 23 11,5 11,2 23 -9,5 -9,5 23 -9,5 -9,4
24 12,0 11,9 24 12,0 11,5 24 -9,0 -9,0 24 -9,0 -8,9
25 12,5 12,2 25 12,5 11,9 25 -8,5 -8,5 25 -8,5 -8,4
26 13,0 12,6 26 13,0 12,3 26 -8,0 -8,0 26 -8,0 -7,9
27 13,5 12,9 27 13,5 12,6 27 -7,5 -7,5 27 -7,5 -7,4
28 14,0 13,3 28 14,0 12,9 28 -7,0 -7,0 28 -7,0 -6,9
29 14,5 13,7 29 14,5 13,1 29 -6,5 -6,5 29 -6,5 -6,4
30 15,0 14,0 30 15,0 13,4 30 -6,0 -6,0 30 -6,0 -5,9
31 15,5 14,2 31 15,5 13,7 31 -5,5 -5,5 31 -5,5 -5,4
32 16,0 14,6 32 16,0 14,1 32 -5,0 -5,0 32 -5,0 -4,9
33 16,5 15,0 33 16,5 14,4 33 -4,5 -4,5 33 -4,5 -4,4
34 17,0 15,1 34 17,0 14,7 34 -4,0 -4,0 34 -4,0 -3,9
35 17,5 15,5 35 17,5 15,1 35 -3,5 -3,4 35 -3,5 -3,4
36 18,0 15,7 36 18,0 15,3 36 -3,0 -2,9 36 -3,0 -2,9
37 18,5 16,0 37 18,5 15,7 37 -2,5 -2,4 37 -2,5 -2,4
38 19,0 16,4 38 19,0 16,1 38 -2,0 -1,9 38 -2,0 -1,9
39 19,5 16,8 39 19,5 16,5 39 -1,5 -1,4 39 -1,5 -1,4
40 20,0 17,0 40 20,0 16,8 40 -1,0 -0,9 40 -1,0 -0,9
41 20,5 17,4 41 20,5 17,2 41 -0,5 -0,4 41 -0,5 -0,4

ATENA results: displacements and resulting load for each load step (LS)
Load Case 1 Load Case 2

Mean values Characteristic values Mean values Characteristic values



LS Displ. Load LS Displ. Load LS Displ. Load LS Displ. Load
[mm] [MN] [mm] [MN] [mm] [MN] [mm] [MN]

42 21,0 17,8 42 21,0 17,4 42 0,0 0,1 42 0,0 0,1
43 21,5 18,2 43 21,5 17,8 43 0,5 1,0 43 0,5 1,0
44 22,0 18,5 44 22,0 18,2 44 1,0 1,6 44 1,0 1,6
45 22,5 18,8 45 22,5 18,6 45 1,5 2,0 45 1,5 2,1
46 23,0 19,2 46 23,0 19,0 46 2,0 2,3 46 2,0 2,5
47 23,5 19,6 47 23,5 19,4 47 2,5 2,7 47 2,5 2,7
48 24,0 20,0 48 24,0 19,8 48 3,0 3,1 48 3,0 3,1
49 24,5 20,4 49 24,5 20,2 49 3,5 3,4 49 3,5 3,5
50 25,0 20,8 50 25,0 20,6 50 4,0 3,5 50 4,0 3,8
51 25,5 21,2 51 25,5 21,0 51 4,5 3,8 51 4,5 4,1
52 26,0 21,6 52 26,0 21,4 52 5,0 4,2 52 5,0 4,4
53 26,5 22,0 53 26,5 21,8 53 5,5 4,5 53 5,5 4,7
54 27,0 22,4 54 27,0 22,3 54 6,0 4,7 54 6,0 4,9
55 27,5 22,8 55 27,5 22,6 55 6,5 4,9 55 6,5 5,2
56 28,0 23,2 56 28,0 23,0 56 7,0 5,2 56 7,0 5,5
57 28,5 23,6 57 28,5 23,4 57 7,5 5,4 57 7,5 5,8
58 29,0 24,0 58 29,0 23,8 58 8,0 5,7 58 8,0 6,1
59 29,5 24,4 59 29,5 24,2 59 8,5 6,0 59 8,5 6,4
60 30,0 24,8 60 30,0 24,6 60 9,0 6,3 60 9,0 6,7
61 30,5 25,2 61 30,5 25,0 61 9,5 6,5 61 9,5 7,0
62 31,0 25,6 62 31,0 25,4 62 10,0 6,8 62 10,0 7,2
63 31,5 26,0 63 31,5 25,8 63 10,5 7,1 63 10,5 7,3
64 32,0 26,4 64 32,0 26,2 64 11,0 7,4 64 11,0 7,5
65 32,5 26,8 65 32,5 26,6 65 11,5 7,7 65 11,5 7,8
66 33,0 27,2 66 33,0 27,0 66 12,0 8,0 66 12,0 8,0
67 33,5 27,6 67 33,5 27,4 67 12,5 8,3 67 12,5 8,1
68 34,0 28,0 68 34,0 27,8 68 13,0 8,6 68 13,0 8,3
69 34,5 28,4 69 34,5 28,2 69 13,5 8,9 69 13,5 8,5
70 35,0 28,8 70 35,0 28,5 70 14,0 9,2 70 14,0 8,7
71 35,5 29,2 71 35,5 28,9 71 14,5 9,3 71 14,5 8,9
72 36,0 29,6 72 36,0 29,3 72 15,0 9,5 72 15,0 9,1
73 36,5 29,9 73 36,5 29,7 73 15,5 9,8 73 15,5 9,4
74 37,0 30,3 74 37,0 30,1 74 16,0 10,1 74 16,0 9,6
75 37,5 30,7 75 37,5 30,5 75 16,5 10,3 75 16,5 9,7
76 38,0 31,1 76 38,0 30,9 76 17,0 10,5 76 17,0 9,9
77 38,5 31,5 77 38,5 31,2 77 17,5 10,7 77 17,5 10,1
78 39,0 31,9 78 39,0 31,6 78 18,0 10,9 78 18,0 10,3
79 39,5 32,3 79 39,5 32,0 79 18,5 11,1 79 18,5 10,5
80 40,0 32,6 80 40,0 32,4 80 19,0 11,3 80 19,0 10,7
81 40,5 33,0 81 40,5 32,7 81 19,5 11,5 81 19,5 10,9
82 41,0 33,4 82 41,0 33,1 82 20,0 11,8 82 20,0 11,2
83 41,5 33,8 83 41,5 33,5 83 20,5 12,0 83 20,5 11,4

Load Case 1 Load Case 2
Mean values Characteristic values Mean values Characteristic values



LS Displ. Load LS Displ. Load LS Displ. Load LS Displ. Load
[mm] [MN] [mm] [MN] [mm] [MN] [mm] [MN]

84 42,0 34,2 84 42,0 33,9 84 21,0 12,1 84 21,0 11,6
85 42,5 34,5 85 42,5 34,2 85 21,5 12,2 85 21,5 11,9
86 43,0 34,9 86 43,0 34,6 86 22,0 12,2 86 22,0 12,1
87 43,5 35,3 87 43,5 35,0 87 22,5 12,3 87 22,5 12,3
88 44,0 35,7 88 44,0 35,3 88 23,0 12,5 88 23,0 12,6
89 44,5 36,0 89 44,5 35,7 89 23,5 12,8 89 23,5 12,8
90 45,0 36,4 90 45,0 36,1 90 24,0 13,0 90 24,0 13,0
91 45,5 36,8 91 45,5 36,5 91 24,5 13,3 91 24,5 13,3
92 46,0 37,2 92 46,0 36,8 92 25,0 13,6 92 25,0 13,5
93 46,5 37,5 93 46,5 37,2 93 25,5 13,8 93 25,5 13,7
94 47,0 37,9 94 47,0 37,6 94 26,0 14,0 94 26,0 13,9
95 47,5 38,3 95 47,5 37,9 95 26,5 14,3 95 26,5 14,2
96 48,0 38,7 96 48,0 38,3 96 27,0 14,5 96 27,0 14,4
97 48,5 39,0 97 48,5 38,6 97 27,5 14,8 97 27,5 14,6
98 49,0 39,4 98 49,0 39,0 98 28,0 15,0 98 28,0 14,8
99 49,5 39,8 99 49,5 39,4 99 28,5 15,3 99 28,5 15,1

100 50,0 40,1 100 50,0 39,7 100 29,0 15,5 100 29,0 15,3
101 50,5 40,5 101 50,5 40,1 101 29,5 15,8 101 29,5 15,5
102 51,0 40,9 102 51,0 40,4 102 30,0 16,0 102 30,0 15,7
103 51,5 41,2 103 51,5 40,8 103 30,5 16,2 103 30,5 15,9
104 52,0 41,6 104 52,0 41,1 104 31,0 16,5 104 31,0 16,0
105 52,5 41,9 105 52,5 41,4 105 31,5 16,7 105 31,5 16,2
106 53,0 42,3 106 53,0 41,8 106 32,0 16,9 106 32,0 16,4
107 53,5 42,6 107 53,5 42,1 107 32,5 17,2 107 32,5 16,6
108 54,0 43,0 108 54,0 42,5 108 33,0 17,4 108 33,0 16,8
109 54,5 43,3 109 54,5 42,8 109 33,5 17,6 109 33,5 17,0
110 55,0 43,7 110 55,0 43,1 110 34,0 17,8 110 34,0 17,1
111 55,5 44,0 111 55,5 43,4 111 34,5 18,1 111 34,5 16,5
112 56,0 44,3 112 56,0 43,7 112 35,0 18,3 112 35,0 13,5
113 56,5 44,7 113 56,5 44,1 113 35,5 18,5 113 35,5 8,4
114 57,0 45,0 114 57,0 44,3 114 36,0 18,7 114 36,0 4,3
115 57,5 45,3 115 57,5 44,6 115 36,5 18,9
116 58,0 45,6 116 58,0 44,9 116 37,0 19,1
117 58,5 45,9 117 58,5 45,2 117 37,5 18,3
118 59,0 46,2 118 59,0 45,5 118 38,0 16,5
119 59,5 46,5 119 59,5 43,5 119 38,5 13,4
120 60,0 46,6 120 39,0 9,8
121 60,5 46,8
122 61,0 45,0
123 61,5 35,4

Failure load step highlighted

Load Case 1 Load Case 2
Mean values Characteristic values Mean values Characteristic values



ECOV - ESTIMATE OF COEFFICIENT OF VARIATION
LOAD CASE 1

Rm 46.8MN:= Mean resistance from ATENA analysis

Rk 45.5MN:= Characteristic resistance from ATENA analysis

αR 0.8:= Sensitivity (weight) factor

β 4.7:= Reliability index

γRd 1.1:= Model uncertainty factor

VR
1

1.65
ln

Rm
Rk

æ
ç
è

ö
÷
ø

× 0.017=:= Coefficient of variation based on log-normal distribution

γR exp αR β× VR×( ) 1.066=:= Global safety factor based on ECOV

Rd
Rm

γR γRd×
39.9 MN×=:= Design resistance

LOAD CASE 2

Rm 19.1MN:= Rk 17.1MN:=

VR
1

1.65
ln

Rm
Rk

æ
ç
è

ö
÷
ø

× 0.067=:=

γR exp αR β× VR×( ) 1.287=:=

Rd
Rm

γR γRd×
13.495 MN×=:=
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