
Design

of Steel-to-Concrete Joints

Design Manual I

František Wald
Jan Hofmann
Ulrike Kuhlmann
et al

F
ra

n
tiše

k W
a
ld

, Ja
n
 H

o
fm

a
n
n
, U

lrike
 K

u
h
lm

a
n
n

  e
t a

l

Design of Steel-to-Concrete Joints

This Design manual I summarises the reached knowledge in the RFCS Project RFSR-
CT-2007-00051 New Market Chances for Steel Structures by Innovative Fastening 
Solutions between Steel and Concrete, INFASO. The material was prepared in 
cooperation  researchers from Institute of Structural Design and Institute of Construction 
Materials, Universität Stuttgart, Department of Steel and Timber Structures, Czech 
Technical University in Prague, and practitioners from Gabinete de Informática 
e Projecto Assistido Computador Lda., Coimbra, Goldbeck West GmbH, Bielefeld, 
stahl+verbundbau GmbH, Dreieich and European Convention for Constructional 
Steelwork, Bruxelles, one targeting on fastening technique modelling and others 
focusing to steel joint design.

The models in the text are based on component method and enable the design of steel to 
concrete joints in vertical position, e.g. beam to column or to wall connections, and 
horizontal ones, base plates. The behaviour of components in terms of resistance, 
stiffness, and deformation capacity is summed up for components in concrete and steel 
parts: header studs, stirrups, concrete in compression, concrete panel in shear, steel 
reinforcement, steel plate in bending, threaded studs, embedded plate in tension, beam 
web and flange in compression and steel contact plate. In the Chapters 5 and 6 are 
described the possibility of assembly of components behaviour into the whole joint 
behaviour for resistance and stiffness separately. The presented assembly enables the 
interaction of normal forces, bending moments and shear forces acting in the joint. The 
global analyses in Chapter 7 is taken into account the joint behaviour. The connection 
design is sensitive to tolerances, which are recapitulated for beam to column 
connections and base plates in Chapter 8. The worked examples in Chapter 9 
demonstrates the application of theory to design of pinned and moment resistant base 
plates, pinned and moment resistance beam to column connections and the use of 
predicted values into the global analyses.
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Symbols 

Lower case 

a factor considering the shoulder width, 
length	

b length 

c minimum edge distance,  
effective width, length 

ccr,N critical edge distance, ccr,N	ൌ	1.5	hef	

cw  drag coefficient 

d diameter 

db	  diameter of the bolt 

dh diameter of the head of headed stud 

ds diameter of the shaft of headed stud 

ds,re diameter of the stirrup 

ds,nom  nominal diameter of the anchor shaft 

dw diameter of the washer 

ex,y length between the bolt axis  
and the edge of the plate 

e eccentricity 

fbd	 design bond strength according  
to EN1992-1-1:2004 

fcd	 design strength of concrete 

fck characteristic strength of concrete 

fck,cube  characteristic square strength  
of concrete 

fu strength of structural steel 

fub strength of the bolt 

fuk characteristic strength of steel 

fy nominal yield strength of steel 

fya average yield strength 

fyb nominal value of yield strength  
of the bolt 

fyd design yield strength of steel 

fyd,re design yield strength of the stirrups 

fyk characteristic yield strength of steel 

h height 

hef effective embedment depth according 
to product specifications 

k coefficient depending on the type  
of forming 

k1 factor for concrete cone strength in 
case of headed studs 

k2 factor for the headed studs  
for component P 

kA factor considering the cross-section 

ka form factor at porous edge sections 

kb stiffness of the bolt 

kb,re bond stiffness due to supplementary 
reinforcement, stirrups 

kC1 stiffness due to the displacement  
of the anchorage in case of concrete 
cone failure with supplementary 
reinforcement, combination C1 

kC2  stiffness due to the displacement  
of the head, due to the pressure under 
the head on the concrete, and steel 
elongation, combination C2 

kc,de stiffness of the descending branch  
for component CC 

kc,soft stiffness of the concrete cone in the 
softening branch 

kj	 concentration factor 

kp stiffness coefficient of the plate 

kp,de stiffness of the descending branch  
for component P 

ks stiffness of the anchor shaft  
for component S 

ks,re steel stiffness due to supplementary 
reinforcement, stirrups 

kv empirical value depending  
on the type of anchor 

l1 anchorage length 

lep elongated length 

leff effective length of T-stub, defined  
in accordance with EN1993 1-8:2006 

lv,eff effective length of shear area 

m distance between threaded and 
headed studs 

mpl plastic moment resistance per unit, 

defined as m୮୪ ൌ
଴.ଶହ∙୲౜

మ∙୤౯

ஓ౉బ
	

n location of the prying force, number 

nre total number of legs of stirrups 

p internal pressure  

r radius of the fillet of a rolled profile 

s actual spacing of anchors 



 

VII	

scr,N critical spacing for anchors 

t thickness 

tf thickness of the T-stub, flange 

tw thickness of T-stub, column 

tp1 thickness of the anchor plate 

tp2 thickness of the base plate 

wfic  fictive effective width 

x distance between the anchor and  
the crack on the concrete surface 
assuming a crack propagation  
from the stirrup of the supplementary 
reinforcement to the concrete surface 
with an angle of 35° 

z distance of tension/compressed part 

 

Upper case	

A cross section area 

Ac0 loaded area 

Ac1 maximum spread area 

Ac,N actual projected area of concrete cone 
of the anchorage at the concrete 
surface, limited by overlapping 
concrete cones of adjacent anchors 
(s	൏	scr,N), as well as by edges of the 
concrete member (c	൏	ccr,N) 

Aୡ,୒
଴  reference area of the concrete cone  

of an individual anchor with large 
spacing and edge distance projected 
on the concrete surface 

Aeff effective area 

Ah area on the head of the headed stud 

Anet net cross section area 

As tensile stress area in the bolt 

As,nom  nominal cross section area of all shafts 

As,re  nominal cross section area of all legs 
of the stirrups 

Bt.Rd design tension resistance  
of a single bolt-plate assembly 

 B୲,ୖୢ ൌ 0.9 ∙ f୳ୠ ∙ Aୱ/γ୑ୠ 

D diameter of column 

E modulus of elasticity the steel  
E	ൌ	210	000	MPa 

F force or load 

Fc.Rd resistance of compressed part 

Fd	 design load 

Fk	 characteristic load 

Fmemb axial force 

Ft.Ed external tensile force 

Ft.Rd external ultimate resistance 

FT.Rd resistance of tension part 

I moment of inertia 

It  torsion constant 

K general stiffness 

L length 

Lb length of anchor bolt 

Lcr buckling length 

LD the elongation length of the bolt, which 
may be taken as the total grip length 
(thickness of material plus washers) 
plus half the sum of the height of the 
bolt head and the height of the nut 

Lh  length of the anchor shaft 

Ip,bp equivalent moment of inertia  

Mc,Rd bending moment capacity 

Mj,Rd design moment resistance of a joint 

MN,Rd interaction resistance bending with 
compression 

Mpl.Rd plastic moment resistance defined  
as M୮୪,ୖୢ ൌ lୣ୤୤ ∙ m୮୪	

Mt,Rd torsion capacity 

Nact actual load on the anchor 

Nb,Rd design buckling resistance 

Ncr critical buckling load 

NEd tension/compression load  

NETA tension load for which the 
displacements are derived  
in the product specifications 

Npl,Rd design capacity  
  in tension/compression 

NRd design capacity 

NRd,b,re design tension resistance  
for bond failure of stirrups 

NRd.C3 design failure load  
or the combined model 

NRd,c design tension resistance for concrete 
cone failure of headed stud 



	

VIII	

NRd,cs design failure load  
for the concrete strut 

NRd,p design tension resistance  
for pull out failure of headed stud 

NRd,re design failure load  
for the supplementary reinforcement 

NRd,s design tension resistance  
for steel failure of headed stud 

NRd,s,re design tension resistance  
for steel failure of stirrups 

Nୖ୩,ୡ
଴  characteristic resistance  

of a single anchor without edge and 
spacing effects 

Nu ultimate resistance 

Ny yielding resistance 

Q prying force 

Rd design capacity 

Rk characteristic resistance 

Si elastic stiffness 

Sj,ini initial stiffness 

VETA shear load for which the displacements 
are derived in the product 
specifications 

Vpl,Rd shear capacity 

VRd design failure load  
for the anchor under shear  

VRd,c design shear resistance  
for concrete cone failure  

VRd,cp  design shear resistance for concrete 
pryout 

VRd,p design shear resistance for pullout 

VRd,s design shear resistance  
for steel failure  

We external work 

Weff section modulus of effective area 

Wel elastic section modulus 

Wi	 internal work 

Wpl plastic section modulus 

 

 

Greek symbols 

α  factor according to EN1992:2006 for 
hook effect and large concrete cover 

αc factor of component concrete break 
out in tension 

αp  factor for the component head 
pressing 

αs factor of component stirrups 

βj material coefficient 

γF	 partial safety factor for actions 

γM material safety factor 

γMb partial safety factor for bolts		γMb = 1.25 

γMc partial safety factor for concrete  
γMc = 1.5 

γMs partial safety factor for steel γMs	= 1.15 

γMV partial safety factor for shear 
resistance of studs γMV	= 1.25 

γMw partial safety factor for welds			
γMw = 1.25 

γM0 partial safety factor for resistance  
of Class 1, 2 or 3 cross-sections   
γM0 = 1.0 

γM1  partial safety factor for resistance  
of a member to buckling γM1 = 1.0 

γM2  partial safety factor resistance  
of net section at bolt holes γM2 = 1.25 

δ deformation, displacement  

δact displacement corresponding to Nact 

δc displacement corresponding to Nact  
for concrete cone 

δf corresponding displacement  
at failure load NRd,sre or NRd,bre 

δN,ETA displacement given in the product 
specifications for a corresponding 
tension load 

δRd,b,re deformation corresponding to design 
resistance for bond failure of stirrups 

δRd,c deformation corresponding to design 
resistance for concrete cone failure 

δRd,p deformation corresponding  
to design resistance for pull out failure 

δRd,s deformation corresponding to NRd 

δRd,s deformation corresponding to design 
resistance for steel failure 

δRd,s,re deformation corresponding to design 
resistance for steel failure of stirrups 



 

IX	

δRd,sy deformation corresponding to design 
yield resistance for steel failure 

δu elongation 

δV,ETA displacement given in the product 
specifications for a corresponding 
shear load 

εbu,re strain limit for the stirrups due to bond 

εsu ultimate design strain limit for steel 

εsu,re strain limit for the stirrups  
under tension 

εsu,re strain limit for the stirrups  
under tension 

εu ultimate strain 

θ angle 

λ slenderness of member 

μ coefficient of friction 

ν Poisson`s ratio, ν	ൌ	0.30 

σ stress 

c reduction factor 

ψA,N factor accounting for geometric effects 
in anchor group, ψA,N = Aୡ,୒/Aୡ,୒

଴   

ψre,N factor accounting for negative effect 
of closely spaced reinforcement  
in the concrete member on strength 
of anchors with hef	൏	100	mm 

ψs,N factor accounting for the influence 
of edges of the concrete member 
on the distribution of stresses in the 
concrete ψs,N = 0.7 ൅ 0. ,3 ∙ c/cୡ୰,୒ ൑ 1.0 

ψsupp	 support factor considering the 
confinement of the stirrups  
ψsupp = 2.5 െ x/hୣ୤ ൒ 1.0 

Ф rotation 

 

Subscripts 

A area 

act actual 

b bolt, bond 

bd design bond 

c column, concrete 

cb concrete block 

ck characteristic concrete 

cp concrete pry out 

cs concrete strut 

cr critical 

d design 

e external 

eff effective 

ETA European technical approval 

g grout 

h head 

i internal 

k characteristic 

lim limit 

Mc material concrete 

Ms material steel 

N tension 

nom nominal 

po pullout 

p plate 

pl plastic 

Rd resistance design 

Rk characteristic resistance 

re failure 

rec reinforcement 

Sd internal design 

s shaft of anchor, stud  

soft softening 

supp support 

T tension part 

t tension 

tot total 

p  plate 

p1 anchor plate 

p2 base plate 

u ultimate 

uk characteristic ultimate 

V shear 

w column web 

x,	y directions 

y  yield 

yd design yield 

yk characteristic yield 
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1 INTRODUCTION   

The mixed building technology allows to utilise the best performance of all structural materials 
available such as steel, concrete, timber and glass. Therefore the building are nowadays 
seldom designed from only one structural material.  Engineers of steel structures in practice 
are often faced with the question of economical design of steel to concrete joints, because 
some structural elements, such as foundations, stair cases and fire protection walls, are 
optimal of concrete.  A gap in knowledge between the design of fastenings in concrete and 
steel design was abridged by standardized joint solutions developed in the INFASO project, 
which profit from the advantage of steel as a very flexible and applicable material and allow an 
intelligent connection between steel and concrete building elements.  The requirements for 
such joint solutions are easy fabrication, quick erection, applicability in existing structures, high 
loading capacity and sufficient deformation capacity.  One joint solution is the use of anchor 
plates with welded headed studs or other fasteners such as post-installed anchors.  Thereby 
a steel beam can be connected by butt straps, cams or a beam end plate connected by 
threaded bolts on the steel plate encased in concrete.  Examples of typical joint solutions for 
simple steel-to-concrete joints, column bases and composite joints are shown in Fig. 1.1. 

a) b) c) 

Fig. 1.1 Examples for steel-to-concrete joints,  
a) simple joint, b) composite joint, c) column bases 

The Design Manual I gives an overview of the existing design rules and introduces components 
developed.  To present the use of the developed design rules, worked examples are given 
within the Design Manual I.  More detailed information about the background documents, the 
experiments and development of the new design rules might be found in the final report, 
(Kuhlman et al 2013) and in Design manual II.  This manual is focused to more complex worked 
examples, the application of a software tool for design, sensitivity study of proposed analytical 
models and its boundary conditions as well as design tables of optimal solutions. 

Chapter 2 gives a general overview about the component method and presents the existing 
models for steel-to-concrete joints.  It also includes a short summary of the joint models and 
components developed in the project.  In Chapter 3 and Chapter 4 the concrete and the steel 
components for the modelling of steel-to-concrete joints are described in more detail.  The 
components already described in the codes as well as components of the newly derived 
models are introduced.  Values for stiffness and resistance are presented.  In Chapter 5 the 
single components are assembled to evaluate the overall joint resistance.  Chapter 6 shows 
how the joint stiffness can be derived due to the stiffness’s of the single components.  For the 
global analysis of a structure the joint behaviour/stiffness may have an influence.  The effects 
of the joint modelling on the global analysis are explained in Chapter 7.  The tolerances for 
steel-to-concrete joints and their effect on the construction are discussed in Chapter 8.  In the 
Chapter 9 worked examples for the whole range of the steel-to-concrete joints are prepared. 
This examples are demonstrating the possibilities of the new design rules and allow an easy 
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access for the engineers in practice.  The references are given to this Design manual I (DM I) 
and to Eurocodes (EN199x-1-x).  Chapter 10 summarises the offered opportunity for 
innovations. 

Chapters 1 and 2 were prepared by U. Kuhlman and J. Ruopp, Chapter 3 by J. Hofmann and 
A. Sharma, Chapters 4, 5 and 6 by F. Wald, Bečková Š. and Schwarz I., Chapter 7 by da Silva 
L. Simoes, H. Gervásio and J. Henriques and F. Gentili and Chapter 8 by M. Krimpmann.  The 
worked examples 9.1 to 9.3 were set by Š. Bečková and I. Schwarz, 9.4 by Š. Bečková, 
I. Schwarz and M. Krimpmann, 9.5 by J. Ruopp, 9.6 and 9.7 by J. Henriques and F. Gentili, 
with help of the headed studs design models by A. Sharma.   
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2 COMPONENT METHOD FOR STEEL TO CONCRETE JOINTS  

2.1 Design method 

In the past decades, the component method has been set as a unified approach for the efficient 
analysis of steel and composite joints, see (Da Silva 2008).  The basic principle of the 
component method consists of determining the complex non-linear joint response through the 
subdivision into basic joint components.  The joint can be regarded as a set of individual basic 
components that contribute to its structural behaviour by means of resistance, stiffness and 
deformation capacity.  The component method allows designers to take options more 
efficiently because the contribution of each component to the joint behaviour may be optimized 
according to the limiting components.  Thus, one of the main advantages of the component 
method is that the analysis of an individual component can be done independently of the type 
of joint.  In a second calculation step the single components are assembled by the designers 
according to the joint configuration.   

Joint components may be divided by the type of loading.  Accordingly, three groups 
of components are usually identified: components for tension, compression and shear. 
Additionally, a second division may be done according to their location: panel zone or 
connecting zone.  In Fig. 2.1 these two definitions are illustrated based on a double sided 
composite joint. 

  

Fig. 2.1 Division of joint into groups and zones 

 

In practice these components are modelled by translational springs with non-linear force-
deformation response that are exposed to internal forces.  The joint may then be represented 
by a spring model as illustrated in Fig. 2.2. 
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Fig. 2.2 Component model for composite joint with separated the panel zone in shear  

The component method is given by EN1993-1-8:2006 and EN1994-1-1:2010 for the analysis 
of steel and composite joints.  The application of the method requires following steps: 

1. Identification of the basic joint components 
2. Characterization of the structural properties of the basic joint components 
3. Assembly of the component properties 

In the referred codes, a list of basic joint components is provided for the most common joint 
configurations.  Basic joint components are then characterized in terms of strength, stiffness 
and deformation capacity allowing to obtain the F-δ curve, see Fig. 2.3, reproducing its 
behaviour.  Finally, through the assembly procedure the joint properties are determined.  The 
joint behaviour may be later reproduced by an M-Φ curve, see Fig. 2.4, in the structural 
analysis.  

  

Fig. 2.3 Component force deformation,  
F-δ, curve, experiment in black and 
model in grey line  

Fig. 2.4 Joint moment rotation,  
M-Φ, curve experiment in black and 
model in grey line 

2.2 Classification of joints 

2.2.1 Global analyses 

The classification of the joints is prepared to examine the extent to which the stiffness or 
strength have to be considered in the calculation according the design accuracy.  In total there 
are three different calculation methods which require different joint properties.  These 
calculation methods and the joint properties are compared within Tab. 2.1Tab. 2.1 Relation 
between method of global analysis and considered joint behaviour 
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Method of global analysis Considered joint behaviour 

Elastic  

 

Rigid plastic  

 

Elastic plastic  

 

Elastic method 

If the elastic calculation method is applied, only the joint stiffness Sj is considered.  Sj is 
implemented in the structural calculation as spring element or one-dimensional beam element 
in order to determine the internal forces.  If the bending moment does not exceed 2/3 of the 
moment resistance of the joint the initial stiffness Sj,ini can be used to describe the elastic 
behaviour.  For calculations, where the plastic moment capacity is reached, the joint stiffness 
can be calculated with the secant stiffness Sj,ini/.  The joints are classified for this method by 
taking into consideration the rotational stiffness. 

Rigid plastic method 

In the second calculation method the elastic behaviour of the joint is neglected. Internal forces 
of the structural calculation are calculated from 1st order plastic hinge theory only satisfying 
equilibrium conditions.  Within this method only the plastic moment capacity is considered, but 
the joints must have sufficient deformation capacity to allow full plastic redistribution.  In this 
case the joints are classified by the resistance. 

Elastic plastic method 

If the third method is applied the overall moment-rotation-relationship of the joint has to be 
considered.  This relationship is used within the joint modelling of the structural calculation.  
For simplification a bilinear approach of the moment rotation curve may be used.  Typically the 
reduced secant stiffness is applied.  If the elastic plastic method is used, the joint has to be 
classified by stiffness and strength.  

The advantages of this method are shown in the following example.  In Fig. 2.5 a steel frame 
with horizontal and vertical loading is shown.  Instead of modelling the column bases as a 
pinned joint as it is common in practice, the column bases may be classified as semi-rigid and 
modelled with a rotational spring.  Thereby the column bases may stabilise the structure and 
reduce the bending moment in the steel-to-steel beam to column joints.  So a classification of 
the column bases as semi-rigid instead of pinned makes the steel structure more safe and 
economical. 
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Fig. 2.5 Considering the rotation stiffness of joints with springs 

It is also important not to underestimate the stiffness of the column bases, because big 
rotational stiffness might cause unexpected high bending moments in the joints which may 
lead to failure.  The classification of the joints, may be found in cl 5 of EN1993-1-8:2006 and 
is explained in the following section. 

2.2.2 Stiffness 

The first part of this chapter deals with the classification of beam to column/wall and beam to 
beam joints, the second part with the classification of column bases.  Depending on its initial 
rotational stiffness S୨,୧୬୧ a joint may be classified as pinned, rigid or semi-rigid.  Normally pinned 
joints can transfer axial and shear force.  Rotation of the joint does not cause significant 
bending moments. If a joint cannot be classified as normally pinned or rigid it is classified as 
semi-rigid.  Rigid joints have a rotational stiffness which legitimise to treat the joint as rigid in 
the global analysis. 

 

Fig. 2.6 Classification due to stiffness 

Joints classified according to the connecting beams 

Rigid joints, in Fig. 2.6 zone 1, is classified as rigid if 

S୨,୧୬୧ ൒ Kୠ E Iୠ/Lୠ (2.1)

If a bracing system reduces the horizontal displacement more than 80 %, then Kb	ൌ	8. For 
other frames provided that in every storey the following equation (2.2) is valid, then Kb	ൌ	25. 

Kୠ
Kୡ

൒ 0.1 (2.2)
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Semi-rigid joints, in Fig. 2.6 zone 2, are all joints which are not classified as pinned or rigid. 
For frames where Eq. 2.3 applies the joints should be classified as semi rigid and not as rigid. 

Kୠ
Kୡ

൏ 0.1 (2.3)

Nominally pinned joints, in Fig. 2.6 zone 3, are expecting to have a limited bending stiffness 
compared to the bending stiffness of the connected beam.  

S୨,୧୬୧ ൑ 0.5 ൉ E ൉ Iୠ/Lୠ (2.4)

where 
Kୠ is mean value of Iୠ/Lୠ for all the beams at the top of that storey 
Kୡ is mean value of Iୡ/Lୡ for all columns of that storey 
Iୠ is the second moment of area of beam 
Iୡ is the second moment of area of column 
Lୠ is the span of beam 
Lୡ is the storey height of a column 

Column bases classified according to the connecting column 

Column bases are classified as rigid if the following conditions are satisfied.  There are two 
possible cases which have to be considered.  If there is an additional bracing in a frame and 
the additional bracing reduces the horizontal movement at least by 80 %, then the column base 
affects the accuracy of the column design, which depends on the column relative slenderness.  
This column base might be assumed as rigid according to EN1993-1-8:2006 cl. 5.2a, if 

λത଴ ൑ 0.5 (2.5)

for 

0.5 ൏ λത଴ ൏ 3.93 is S୨,୧୬୧ ൒ 7 ൫2 λത଴ െ 1൯E Iୡ/Lୡ (2.6)

and for 

λത଴ ൒ 3.93 and S୨,୧୬୧ ൒ 48 E Iୡ/Lୡ (2.7)

where  

λത଴ is the relative slenderness of a column in which both ends are assumed as pinned.  

For all other constructions, the cases where the storey´s sway is not prevented, the column 
base might be classified according to cl. 5.2d in EN1993-1-8:2006 as rigid if 

S୨,୧୬୧ ൒ 30 EIୡ/Lୡ (2.8)

 

2.2.3 Strength 

A joint is classified for strength as pinned, full-strength or partial-strength, see Tab. 2.1 and 
Fig. 2.7.  The classification by strength may be found in EN1993-1-8:2006 cl 5.2.3. Nominally 
pinned joint should have a design moment resistance less than 25 % of the design moment 
resistance, which would be required for a full-strength joint. They must have sufficient rotational 
capacity. A Partial-strength joint is a joint, which cannot be classified as pinned or full-strength. 
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The design moment resistance of a full-strength joint is bigger than the design moment 
resistance of the beam or column connected to it. 

 

Fig. 2.7 Classification due to resistance 

If the design resistance of the beam Mୠ,୮୪,ୖୢ	 is smaller than the design resistance of the column 
Mୡ,୮୪,ୖୢ	, Mୠ,୮୪,ୖୢ	 is replaced for connections at the top of a column by Mୡ,୮୪,ୖୢ see Fig. 2.7. If 
the design resistance of the beam Mୠ,୮୪,ୖୢ	 is smaller than the double design resistance of the 
column Mୡ,୮୪,ୖୢ	 than in the figure above Mୠ,୮୪,ୖୢ	 is replaced for connections within the column 
height by 2	Mୡ,୮୪,ୖୢ. 

2.2.4 Deformation capacity 

In EN1993-1-8:2006 an explicit classification for deformation or rotational capacity of the joint 
is not implemented.  The complexity on classification according to deformation capacity is in 
the lack of knowledge of the upper values of material properties by designers, which do not 
allow a safe prediction of the failing component.  In EN 1993-1-8 cl 6.4 design rules for the 
rotation capacity are given based on best engineering practice.  If the system is calculated with 
a plastic global analysis a sufficient rotation capacity is needed.  No investigation of the rotation 
capacity of the joint is necessary, if the moment resistance of the joint M୨,ୖୢ is at least 20 % 
bigger than the plastic moment resistance M୮୪,ୖୢ of the connected beam, see (2.9). Then the 
plastic hinge appears in the beam and the rotational capacity has to be satisfied by the beam 
section. 

M୨,ୖୢ ൒ 1.2 ൉ M୮୪,ୖୢ (2.9)

If the moment resistance of the joint is not 1.2 times the plastic moment resistance of the 
connected beam and a plastic hinge is assumed in the joint, minimum rotational capacities for 
bolted and welded joints have to be checked.  

Bolted joints  

The rules for bolted joints may be found in EN1993-1-8:2006 cl 6.4.2.  A bolted joint is assumed 
to have a sufficient rotation capacity if following conditions can be applied: 

If the failure load M୨,ୖୢ is determined by the resistance of the column web panel and for this 
panel d/t୵ ൑ 69	ε  

where  

d  is the nominal bolt diameter and  
tw  is the thickness of the web 
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If the thickness of the flange of the column or the beam end plate is sufficiently thin to satisfy 
the following formula. 

t	൑ 0.36 d ඥf୳ୠ/f୷ (2.10)

where 
f୳ୠ  is ultimate strength of the bolts 
f୷  is yield strength of the flange or the end plate 

Welded joints  

The rules for welded joints may also be found in EN1993-1-8:2006 cl 6.4.  For a welded beam 
to column connection the rotation capacity ∅େୢ may be calculated with the following equation. 
In this case the web has to be stiffened in the compression area but not in the tension are and 
the moment resistance is not determined by the resistance of the column web panel. 

∅஼ௗ ൌ 0.025 hୡ/hୠ (2.11)

where 
hୡ  is the depth of the column 
hୠ  is the depth of the beam 

For a welded beam to column connection where the compression and the tension area in the 
column are not stiffened, the rotation capacity may be assumed to be at least 0.015 rad. 

2.3 Steel-to-concrete joints 

2.3.1 Available models 

Design models for steel-to-concrete joints are currently available in the three standard 
documents:  

EN1993-1-8:2006 includes values for stiffness and resistance for all steel components and 
values for stiffness and resistance for concrete components in compression. There are no 
rules for concrete components in tension or shear. 

EN1994-1-1:2010 enhancement of the rules from EN 1993-1-8 on composite joints such as 
the connection of composite girder to steel columns. 

CEN/TS 1992-4-1:2009 summarises values for the design resistance of fasteners in concrete. 
But no values for stiffness and ductility are available. 

2.3.2 Steel and composite structures 

Design rules in the Eurocode are given for different joint configurations.  The model for the 
column bases is described in the EN1993-1-8:2006 and the model for the composite joint in 
EN1994-1-1:2010. 

Column bases with base plates  

The analytical prediction model for column base with base plate is described in the EN1993-
1-8:2006.  With these design rules column bases loaded by axial force and bending moments 
are calculated.  The model is only including concrete components for the compression forces. 
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For the tension force only steel components are considered.  The design resistance of column 
bases with steel base plates is described in EN1993-1-8:2006, cl 6.2.8.  First according to the 
eccentricity of the axial force ݁ and the geometry of the column base one of the four loading 
types is chosen, and the lever arm ݖ is calculated.  For this see Tab. 2.2.  Then the loading of 
the tension and the compression components are calculated. The failure load is determined 
by the weakest activated component. These components are for: 

Tension 

Base plate in bending under tension   cl 6.2.6.11 in EN1993-1-8  
Anchor bolt in tension     cl 6.2.6.12 in EN1993-1-8  
Column web in tension     cl 6.2.6.8 in EN1993-1-8  

Compression 

Base plate in bending under compression  cl 6.2.6.10 in EN1993-1-8  
Concrete in compression     cl 6.2.6.9 in EN1993-1-8  
Column web and flange in compression   cl 6.2.6.7 in EN1993-1-8  

Shear 

Anchor bolts in shear     cl 6.2.2.6 to 6.2.2.9 in EN1993-1-8  

According to procedure in EN1993-1-8:2006 cl 6.3.4 one of the four cases of the loading and 
geometry is chosen, see Tab.2.2.  Then the rotational stiffness is calculated.  One complexity 
creates change of the loading type depending on the loading cases.  From this different 
rotational stiffness values for different combinations of bending moment and axial forces are 
resulting.  The design of the embedded column base according to Eurocodes was developed 
by (Pertold et al, 2000) based on set of tests and finite element modelling. This model is 
prepared to approve resistance to combine base plate with embedding. 

Composite joints 

The composite joint is described in the Section 8 in EN1994-1-1:2010.  The composite joint 
may be used for the connection of composite beams to steel columns.  The design rules are 
an enhancement of the rules according to EN1993-1-8:2006 and new components are added. 
These additional components are: 

- Longitudinal steel reinforcement in tension   cl. 8.4.2.1 EN1994-1-1:2010  
- Steel contact plate in compression    cl 8.4.2.2 EN1994-1-1:2010  
- Column web in transverse compression   cl 8.4.3 EN1994-1-1:2010  
- Reinforced components     cl 8.4.4 EN1994-1-1:2010  
- Column web panel in shear     cl 8.4.4.1 EN1994-1-1:2010  
- Column web in compression    cl 8.4.4.2 EN1994-1-1:2010  

For all other components EN1993-1-8:2006 is applied.
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Tab. 2.2 The loading situations for the definition of the lever arm 

Number Description of loading Sketch Explanation 

1 

Left side in tension 

Right side in compression 

 

ݖ ൌ ௟,்ݖ ൅  ஼,௥ݖ

 

Bending moment  
is dominating 

2 

Left side in tension 

Right side in tension 

 

ݖ ൌ ௟,்ݖ ൅  ௥,்ݖ

Tensile force  
is dominating 

3 

Left side in compression 

Right side in tension 

 

ݖ ൌ ஼,௟ݖ ൅  ௥,்ݖ

Bending moment  
is dominating 

4 

Left side in compression 

Right side in compression 

 

ݖ ൌ ஼,௟ݖ ൅  ஼,௥ݖ

Compression force 
is dominating 

 

 
Fig. 2.8 Composite joint 
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Tab. 2.3 Failure modes observed for anchors in concrete 

Loading Failure modes 

Tension	

Steel failure	

	

Concrete cone failure	 Pull-out / Pull-through	

Splitting failure	 Local Blow-out failure	 Steel failure	

	

Shear		

Steel failure	

	

Concrete edge failure 
Pry-out failure	

Pull-out failure	

2.3.3 Concrete structures 

In CEN/TS1992-4-1:2009 the design of fastenings in concrete is given. In these rules the failure 
modes of the fasteners and the concrete are described in a detailed way. For tension and 
shear loading various failure modes exist. Failure modes are given according to CEN/TS 1992-
4-1:2009, see Tab. 2.3..  All possible failure modes are determined.  The smallest resistance 
defines the design resistance of the joint.  The design rules for the resistance include different 
types of geometries.  Also edge effects, concrete with and without cracks and different kinds 
of fasteners are considered.  However for stiffness no design rules are given and the use of 
additional stirrups is covered in a very conservative way. 

2.3.4 Components for joints with anchor plate 

Headed studs in tension / Headed studs with stirrups in tension 

Load-displacement-curves of test specimens have shown, that in cases were additional 
reinforcement is used, also other components besides the reinforcement have a contribution 
on the overall load bearing capacity of the fixture. If, for instance, the reinforcement starts to 
yield, compression struts may develop and a small concrete cone failure can be the decisive 
component.  With the design model the interaction of the concrete cone and the stirrups is 
considered.  This allows the increase of the design resistance and the determination of the 
stiffness of the two combined components concrete cone and stirrups in tension in cases, 
where both of them are interacting. In Fig. 2.9 a headed stud with additional reinforcement and 
the assembly of single components is shown.  
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Headed stud failure in tension 
 
Pull-out failure 

Concrete cone failure with stirrups in tension 

Fig. 2.9 Component headed studs with stirrups in tension 

Embedded plate in tension 

Ductile behaviour and a larger rotation capacity of column bases can be initiated with a thin 
anchor plate in combination with a base plate welded to the end of the column. In Fig. 2.10 
three different kinds of geometries of embedded plates are shown, see Kuhlman et al, 2013.  

a)      b)     c)  

Fig. 2.10 Example of different positions of headed and treaded studs, 
a) above, b) in distance in one major direction, c) in distance in general  

The headed studs are welded on the bottom side of the base plate to connect the thin plate to 
the concrete. The column base plate is connected to the anchor plate by the threaded bolts. If 
the threaded bolts and the headed studs are in one line like, see Fig. 2.10, the anchor plate 
has no influence on the behaviour of the joint. If the threaded bolts and the headed studs are 
not in one line the anchor plate is activated.  The model of the embedded plate represents an 
additional failure mode for the T-stub in tension.  If the T-stub reaches its limit state, the thin 
base plate may still increase its capacity due to the membrane effect.  The component 
embedded plate in tension shows a ductile behaviour as large deformations occur before 
failure.  A detailed explanation of this component is given in Chapter 7.  

The Tab. 2.4 summarises the components, which are used to model the simple and rigid steel 
beam to concrete column/wall joints and column bases using anchor plates. 

Tab. 2.4 Components for joints with anchor plates 

Component 
Headed 
stud in 
tension 

Concrete 
breakout in 

tension 

Stirrups in 
tension 

Pull-out 
failure of 

the headed 
stud 

Headed stud in shear 

Figure 

  

Chapter 3.1.1 3.1.2 3.1.4 3.1.5 3.1.6 

      

Component Friction 
Concrete in 
compression 

Concrete panel 
in shear 

Longitudinal 
steel 

Slip of the 
composite 

beam 
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reinforcement 
in tension 

Figure 

  
Chapter 3.3.7 3.4 3.5 3.6 3.7 
      

Component 

Threaded 
studs in 
tension/ 
shear 

Punching of the 
anchor plate 

Anchor plate in 
bending and 

tension 

Colum/beam 
flange and web 
in compression 

Steel contact 
plate 

Figure 

  
Chapter 4.7 4.3 4.4 4.5 4.6 



 

	

24	

3 COMPONENTS IN CONCRETE 

3.1 Component model for headed studs  

For components embedded in concrete the displacement behaviour and therefore 
the F-curve is influenced by the concrete properties itself and the interaction between the 
anchorage and the concrete.  The influence of concrete on the behaviour of anchorages in 
tension have to be considered.  The scatter in concrete is much larger than that observed for 
the material steel, see (Pallarés and Hajjar, 2009).  

For design, a material safety factor for concrete according to EN1992-1-1:2004 of Mc	ൌ	1.5 is 
used.  The characteristic values for the resistances are derived by assuming a normal 
distribution and a probability of 90 % for the 5 % fractal that corresponds to the characteristic 
value.  The given displacements and stiffness’s are mean values and can scatter with 
coefficient of variation up to 50 %. 

The complete F‐curve for the design of a headed stud in tension is described by a rheological 
model using and combining different components for the headed stud.  The individual 
components for anchorages with supplementary reinforcement are:  

Component S  Steel failure of the headed stud (Rd,s	/	NRd,s) 
Component CC  Concrete cone failure (Rd,c	/	NRd,c) 
Component RS  Steel failure of the stirrups (Rd,s,re	/	NRd,s,re) 
Component RB  Bond failure of the stirrups (Rd,b,re	/	NRd,b,re) 
Component P  Pull out failure of the headed stud (Rd,p	/	NRd,p)   

The combination is given in Fig. 3.1. 

 

 
 
 
Components 
 
S 
P 
 
CC 
 
KS/RB 

  

 
 
 
Components 
 
S 
P 
 
 
CC 
 

a) with supplementary reinforcement b) without supplementary reinforcement 

Fig. 3.1 Spring models for the different components of anchorages embedded in concrete  

3.1.1 Headed studs in tension, component S 

If a headed stud is loaded in tension, the load is first transferred from the loading point at the 
base plate to the bearing areas of the headed stud.  Therefore the shaft will elongate up to the 
design yielding strength	f୷ୢ ൌ 	 f୷୩/γ୑ୱ.  For design the behaviour is assumed as linear elastic 
up to the yielding load of the headed stud.  The corresponding elongation due to the introduced 
stress is calculated with the equation using the Hooke´s law.  The elongation corresponding to 
the yield load is given by 
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δୖୢ,ୱ୷ ൌ
Nୖୢ,ୱ L୦
Aୱ,୬୭୫ Eୱ

ൌ
σୖୢ,ୱ L୦
Eୱ

[mm] (3.1)

where 
Lh  is length of the anchor shaft [mm] 
NRd,s  is design tension resistance of the headed stud [N] 
Es is elastic modulus of the steel, Es	ൌ	210	000 N/mm² [N/mm²] 
As,nom  is nominal cross section area of all shafts 

Aୱ,୬୭୫ ൌ
 dୱ,୬୭୫ଶ

4
ሾmm²ሿ (3.2)

where 
ds,nom  is nominal diameter of the shaft [mm] 

The design load at steel yielding failure is calculated as given below 

Nୖୢ,ୱ ൌ Aୱ,୬୭୫
f୳୩
γ୑ୱ

ൌ n π ቆ
dୱ,୬୭୫
ଶ

4
ቇ
f୳୩
γ୑ୱ

ሾNሿ (3.3)

where 
fuk is characteristic ultimate strength of the shaft material of the headed stud [N/mm²] 
n is number of headed studs in tension [-] 
Ms is partial safety factor for steel [-] 

Exceeding the design steel yielding strength fyd, the elongation will strongly increase without 
a significant increase in load up to a design strain limit su. For the design, this increase of 
strength is neglected on the safe side and the stiffness is assumed to be zero, ksൌ	0 N/mm. 
Depending on the product the failure shall be assumed at the yielding point. In general, 
fasteners as headed studs are deemed to have an elongation capacity of at least su	ൌ	0.8 %. 
This limit shall be used to determine the response of the fasteners unless it is proven by means 
of tests that they have a higher elongation capacity.  

Therefore the stiffness ks is described as given below depending on the displacement or load 

kୱଵ ൌ 	
Aୱ,୬୭୫	Eୱ

L୦
for Nୟୡ୲ ൏ Nୖୢ,ୱ୷ ሾN/mmሿ (3.4)

kୱଶ ൌ 0	for	δ	 ൒ δୖୢ,ୱ୷ ൑ eୱ୳ and Nୟୡ୲ ൌ Nୖୢ,ୱ୷ ሾN/mmሿ (3.5)

where 
δRd,sy is displacement at yielding of the shaft, see Eq. (3.1) [mm] 
εsu is maximum elongation capacity of the shaft, 0.8 %  [-] 

3.1.2 Headed studs in tension, component CC 

The component concrete breakout in tension is described using the design load NRd,c for 
concrete cone failure and the displacement in the softening branch after failure. Up to the 
design load the component can´t be assumed as absolutely rigid without any displacement. 
The displacement corresponding to design load is given by 
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δୖୢ,ୡଵ ൌ
Nୖୢ,ୡ
kୡ,୮୮

[mm] (3.6)

The design load at concrete cone failure is calculated as  

Nୖୢ,ୡ ൌ Nୖ୩,ୡ
଴ ψ୅,୒ ψୱ,୒

ψ୰ୣ,୒
γ୑ୡ

[N] (3.7)

where 
Nୖ୩,ୡ
଴  is characteristic resistance of a single anchor without edge and spacing effects 

Nୖ୩,ୡ
଴ ൌ kଵ hୣ୤

ଵ.ହ fୡ୩
଴.ହ [N] (3.8)

where 
k1 is basic factor 8.9 for cracked concrete and 12.7 for non-cracked concrete [-] 
hef is embedment depth given according to the product specifications [mm] 
fck is characteristic concrete strength according to EN206-1:2000 [N/mm²] 
ψ୅,୒ is factor accounting for the geometric effects of spacing and edge distance [-] 

ψ୅,୒ ൌ
୅ౙ,ొ

୅ౙ,ొ
బ  [-] (3.9)

where 

ψୱ,୒ is factor accounting for the influence of edges of the concrete member on the 
distribution of stresses in the concrete 

ψୱ,୒ ൌ 0.7 ൅ 0.3
c

cୡ୰,୒
൑ 1 ሾെሿ (3.10)

where 
ψ୰ୣ,୒ is factor accounting for the negative effect of closely spaced reinforcement in the 

concrete member on the strength of anchors with an embedment depth hef	൏	100 mm 
 0.5	൅	hef	/	200  for s	൏	150 mm (for any diameter) [-] 
     or s	൏	100 mm (for ds	൑	10 mm) 
 1.0    for s	൒	150	mm (for any diameter) [-] 
γMc is 1.5 for concrete [-] 
Aୡ,୒
଴   is reference area of the concrete cone of an individual anchor with large spacing and 

edge distance projected on the concrete surface [mm²].  The concrete cone is idealized 
as a pyramid with a height equal to hef and a base length equal to scr,N with 

sୡ୰,୒ ൌ 3.0 hୣ୤ [mm]  (3.11)

cୡ୰,୒ 	ൌ 	0.5 sୡ୰,୒ ൌ 1.5 hୣ୤ [mm]  (3.12)

where 
Ac,N is actual projected area of concrete cone of the anchorage at the concrete surface, 

limited by overlapping concrete cones of adjacent anchors, s	൏	scr,N, as well as by edges 
of the concrete member, c	൏	ccr,N.  It may be deduced from the idealized failure cones 
of single anchors [mm²] 

To avoid a local blow out failure the edge distance shall be larger than 0.5	hef.  Due to sudden 
and brittle failure, the initial stiffness for concrete cone is considered as infinity, i.e. till the actual 
load, Nact is less than or equal to the design tension resistance for concrete cone, the 
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displacement c	is zero.  Once the design load is exceeded, the displacement increases with 
decreasing load, descending branch.  Thus, the load-displacement behaviour in case of 
concrete cone breakout is idealized as shown in Fig. 3.2.  

 

Fig. 3.2 Idealized load-displacement relationship for concrete cone breakout in tension 

The stiffness of the descending branch kc,de for the design is described with the following 
function 

kୡ,ୢୣ ൌ αୡ	ඥfୡ୩	hୣ୤ ൉ ψ୅,୒ ൉ ψୱ,୒ ൉ ψ୰ୣ,୒ [N/mm] (3.13)

where 
αc  is factor of component concrete break out in tension, currently αc	ൌ	‐537 
hef  is embedment depth of the anchorage [mm] 
fck is characteristic concrete compressive strength [N/mm²] 
Ac,N  is projected surface of the concrete cone [mm2] 
Aୡ,୒
଴  projected surface of the concrete cone of a single anchorage [mm2] 

The displacement δc as a function of the acting load Nact is described using the design 
resistance and the stiffness of the descending branch. 

For ascending part 

Nୟୡ୲ ൑ Nୖୢ,ୡ and δc ൌ 0 (3.14)

For descending branch 

δୡ ൐ 0	mm and δୡ ൌ
Nୟୡ୲ െ Nୖୢ,ୡ

kୡ,ୢୣ
 (3.15)

3.1.3 Stirrups in tension, component RS 

The component stirrups in tension was developed based on empirical studies.  Therefore the 
tests results were evaluated to determine the displacement of the stirrups depending on the 
load Nact acting on the stirrup.  The displacement is determined like given in the following 
equation 

 

δୖୢ,ୱ,୰ୣ ൌ
2 Nୖୢ,ୱ,୰ୣ

ଶ

αୱ fୡ୩ dୱ,୰ୣ
ସ n୰ୣ

ଶ [mm] (3.16)

where 

Nact

NRd,c

kc,de

δc
1 
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αs	 is factor of the component stirrups, currently αs	ൌ	12	100 [-] 
NRd,s,re  is design tension resistance of the stirrups for tension failure [N] 
ds,re		 is nominal diameter of thereinforcement leg [mm] 
fck is characteristic concrete compressive strength [N/mm²] 
nre is total number of legs of stirrups [-] 

The design load for yielding of the stirrups is determined as given 

Nୖୢ,ୱ,୰ୣ ൌ Aୱ,୰ୣf୷ୢ,୰ୣ ൌ n୰ୣ π ቆ
dୱ,୰ୣ
ଶ

4
ቇ f୷ୢ,୰ୣ [N] (3.17)

where 
As,re	 is nominal cross section area of all legs of the stirrups [mm²] 
ds,re  is nominal diameter of the stirrups [mm] 
fyd is design yield strength of the shaft material of the headed stud [N/mm²] 
nre is total number of legs of stirrups [-] 

Exceeding the design steel yielding strength fyd,re the elongation will increase with no significant 
increase of the load up to a strain limit εsu,re of the stirrups.  For the design this increase of 
strength is neglected on the safe side.  In general reinforcement steel stirrups shall have an 
elongation capacity of at least εsu,re = 2,5 %.  So the design strain limit εsu,re is assumed to be 
2.5 %.  The displacement as a function of the acting load is determined as 

kୱ,୰ୣଵ ൌ
ටn୰ୣ

ଶ 	αୱ	fୡ୩ dୱ,୰ୣ
ସ

√2	δ
 for δ ൏ δୖୢ,ୱ,୰ୣ [N/mm] 

(3.18)

kୱ,୰ୣଶ ൌ 0			 for		δ ൒ δୖୢ,ୱ,୰ୣ ൑ εୱ୳,୰ୣ [N/mm] (3.19)

3.1.4 Stirrups in tension - bond failure, component RB 

The displacement of the concrete component stirrups in tension is determined under the 
assumption that bond failure of the stirrups will occur.  This displacement is calculated with 
equation (3.19) as 

δୖୢ,ୠ,୰ୣ ൌ
2 Nୖୢ,ୠ,୰ୣ

ଶ

αୱ fୡ୩ dୱ,୰ୣ
ସ n୰ୣ

ଶ [mm] (3.20)

where 
αs	 is factor of the component stirrups, currently αs	ൌ	12	100 [-] 
NRd,b,re is design tension resistance of the stirrups for bond failure [N] 
ds,re  is nominal diameter of the stirrups [mm] 
fck is characteristic concrete compressive strength [N/mm²] 

The design anchorage capacity of the stirrups according CEN/TS-model [5] is determined the 
design tension resistance of the stirrups for bond failure 

Nୖୢ,ୠ,୰ୣ ൌ෍nୱ,୰ୣ ൬
lଵ π dୱ,୰ୣ fୠୢ

α
൰ [N] (3.21)

where 
ns,re	 is number of legs [-] 
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l1  is anchorage length [mm] 
ds,re	 is nominal diameter of the stirrups [mm] 
fbd	 is design bond strength according to EN1992-1-1:2004 [N/mm²] 
α	 is factor according to EN1992-1-1:2004 for hook effect and large concrete cover,  

currently 0.7 · 0.7 = 0.49 [-] 

kୠ,୰ୣଵ ൌ
ටn୰ୣ

ଶ 		αୱ	fୡ୩ dୱ,୰ୣ
ସ

√2	δ
for δ ൏ δୖୢ,ୠ,୰ୣ  [N/mm] 

(3.22)

kୠ,୰ୣଶ ൌ 0				for	δ ൒ δୖୢ,ୠ,୰ୣ ൑ εୱ୳,୰ୣ  [N/mm] (3.23)

3.1.5 Headed studs in tension, component P 

The pull out failure of the headed studs will take place if the local stresses at the head are 
larger than the local design resistance.  Up to this level the displacement of the headed stud 
will increase due to the increasing pressure under the head.  

δୖୢ,୮,ଵ ൌ k୮ ∙ ൬
Nୖୢ,ୡ

A୦ ∙ fୡ୩ ∙ n
൰
ଶ

[mm] (3.24)

δୖୢ,୮,ଶ ൌ 2	k୮ ∙ ቆ
min ሺNୖୢ,୮; Nୖୢ,୰ୣሻ

A୦ ∙ fୡ୩ ∙ n
ቇ

ଶ

െ δୖୢ,୮,ଵ [mm] (3.25)

k୮ ൌ α୮ ∙
kୟ ∙ k୅
kଶ

ሾെሿ (3.26)

where 
Ah	 is area on the head of the headed stud [mm²] 

A୦ ൌ
π

4
∙ ሺd୦

ଶ െ dୱ
ଶሻ (3.27)

where 
ka	 is form factor at porous edge sections [-] 

kୟ ൌ ඥ5/a ൒ 1 (3.28)

where 
ap is factor considering the shoulder width [mm] 

a୮ ൌ 0.5 ∙ ሺd୦ െ dୱሻ (3.29)

where 
kA  is factor considering the cross section depending on factor ka [-] 

k୅ ൌ 0.5 ∙ ටdୱ
ଶ ൅ m ∙ ൫d୦

ଶ െ dୱ
ଶ൯ െ 0.5 ∙ d୦ (3.30)

where 
n is number of the headed studs [-] 
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αp is factor of the component head pressing, currently is αp	ൌ	0.25 [-] 
k2 is factor for the headed studs in non-cracked concrete, currently 600 [-] 
 is factor for the headed studs in cracked concrete, currently 300 [-] 
m is pressing relation, m	ൌ	9 for headed studs [-] 
dh is diameter of the head [mm] 
ds is diameter of the shaft [mm] 
NRd,p is design load at failure in cases of pull out  

Nୖୢ,୮ ൌ n p୳୩ A୦/γ୑ୡ (3.31)

where 
puk is characteristic ultimate bearing pressure at the headed of stud [N/mm2] 
NRd,c is design load for concrete cone failure without supplementary reinforcement 

Nୖୢ,ୡ ൌ 	Nୖ୩,ୡ
଴ ψ୅,୒ ψୱ,୒

ψ୰ୣ,୒
γ୑ୡ

[N] (3.32)

where 
NRd,re design load at failure of the supplementary reinforcement minimum value of  

Nୖୢ,ୱ,୰ୣ ൌ Aୱ,୰ୣ	f୷ୢ,୰ୣ ൌ n	π	
ୢ౩,౨౛
మ

ସ
f୷ୢ,୰ୣ and  Nୖୢ,ୠ,୰ୣ ൌ ∑

୪భ∙஠∙ୢ౩,౨౛∙୤ౘౚ

஑୬౩,౨౛    [N] (3.33)

The stiffness as a function of the displacement is determined as 

k୮,ଵ ൌ ඨ
ሺA୦ fୡ୩ nሻ

ଶ

δୟୡ୲ k୮
[N/mm] (3.34)

k୮,ଶ ൌ 	ඨ
ሺA୦	fୡ୩ nሻ

ଶ ൫δ ൅ δୖୢ,୮ଵ൯

2 δୟୡ୲
ଶ k୮

[N/mm] (3.35)

k୮,ଷ ൌ minሺNୖୢ,୮; Nୖୢ,୰ୣሻ/δ ൅ k୮,୮୮ൣ1 െ δୖୢ,୮,ଶ/δ൧ [N/mm] (3.36)

The stiffness kp,de depends on the failure modes. If the supplementary reinforcement fails by 
yielding (NRd,s,re	൏	NRd,b,re and NRd,s,re	൏	NRd,p) the design stiffness kp,de is assumed as 104 N/mm², 
negative due to descending branch.  

In all other cases (e.g. NRd,s,re	൐	NRd,b,re or NRd,s,re	൐	NRd,p) kp,de shall be assumed as infinite due to 
brittle failure.  The stiffness in case of pull out failure is calculated using the minimum value of 
the stiffness’s calculated with equation (3.34) to (3.36). 

k୮,ୢୣ ൌ minሺk୮,ଵ; k୮,ଶ; k୮,ଷሻ [N/mm] (3.37)

3.1.6 Headed studs in shear, component V 

The load-displacement behaviour mainly depends on the pressure to the concrete near the 
surface of the concrete member.  Due to concrete crushing at the surface of the concrete 
member, the displacement under shear loading varies very large with a coefficient of variation 
about 40 % to 50 %.  However a semi-empirical calculation shows that the displacement at 
failure mainly depends on the acting loading, the diameter of the anchors and the embedment 
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depth.  Therefore the displacement under shear loading for a given load level is calculated, 
see (Hofmann 2005), using the following equation only as an estimation 

δୖୢ,୴ ൌ k୴
ඥVୖୢ
d

hୣ୤
଴.ହ [mm] (3.38)

where 
kv empirical value depending on the type of anchor [-], for headed studs	kv	ൌ	2 to 4  
VRd design failure load as the minimum of the design failure loads calculated for the different 

failure modes (VRd,s, VRd,cp, VRd,c , VRd,p) given according to the technical product 
specification CEN/TS 1992-4-1 or (FIB Bulletin 58, 2011) 

 
The displacement at ultimate load up three times larger than the displacement at the design 
load level due to the assumption, that the concrete near the surface is not fully crushed at 
design load level. 

3.2 Combination of components 

To come up with the total stiffness of the connection with headed studs anchored in concrete 
with or without supplementary reinforcement, the stiffness’s must be combined. The 
combination depends on whether the components are acting in parallel, equal displacements, 
or in serial, equal load.  Three combinations are given, see (Hofmann, 2005): 

Combination C1  
Concrete cone failure with or without supplementary reinforcement, ks,re	= 0 and kb,re	= 0  

Combination C2  
Displacement due to steel elongation and head pressure, pull out 

Combination C3  
Total connection of headed studs anchored in concrete with supplementary reinforcement 

Fig. 3.3 Combinations of different single components  
for an anchorage with supplementary reinforcement 

3.2.1 Combination of concrete cone and stirrups, C1 = CC + RS/RB 

If both components are summarized, the load is calculated using the sum of the loads at the 
same displacement due to the combination of the components using a parallel connection 
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from the rheological view.  Two ranges must be considered.  The first range is up to the load 
level at concrete failure NRd,c the second up to a load level of failure of the stirrups NRd,s,re or 
NRd,b,re.  

kେଵ.ଵ ൌ kୡଵ ൅ kୱ,୰ୣ ൌ ∞ for Nୟୡ୲ ൑ Nୖୢ,ୡ [N/mm] (3.39)

This leads to the following equation 

kେଵ.ଵ ൌ
ටn୰ୣ

ଶ 	αୱ	fୡ୩ dୱ,୰ୣ
ସ

√2	δ
for Nୟୡ୲ ൑ Nୖୢ,ୡ [N/mm] 

(3.40)

In the second range the load is transferred to the stirrups and the stiffness decreases.  The 
stiffness is calculated if Nact is larger than NRd,c with the following equation 

kେଵ.ଶ ൌ kୡଶ ൅ kୱ,୰ୣ for Nୟୡ୲ ൐ Nୖୢ,ୡ [N/mm] (3.41)

This leads to a relative complex equation 

kେଵ.ଶ ൌ
Nୖୢ,ୡ
δ

൅ kୡ,ୢୣ െ kୡ,ୢୣ
δୖୢ,ୡଵ
δ

൅
ටn୰ୣ

ଶ αୱ fୡ୩ dୱ,୰ୣ
ସ

√2 δ
 (3.42)

for	Nୟୡ୲ ൏ Nୖୢ,ୱ,୰ୣ ൏ Nୖୢ,ୠ,୰ୣ [N/mm] 

If the load exceeds the ultimate load given by NRd,s,re or NRd,b,re the stiffness of the stirrups are 
negligible.  Therefore the following equation applies: 

kେଵ.ଷ ൌ kୡ ൅ kୱ,୰ୣ ൌ 0			for Nୟୡ୲ ൌ Nୖୢ,ୱ,୰ୣ ൒ Nୖୢ,ୠ,୰ୣ [N/mm] (3.43)

3.2.2 Combination of steel and pullout, C2 = S + P  

If both components are summarized the load is calculated using the sum of the displacements 
at the same load Nact due to the combination of the components using a serial connection from 
the rheological view.  This is done by summing up the stiffness’s as given below 

kେଶ ൌ ቆ
1

kୱ
൅
1

k୮
ቇ

ିଵ

[N/mm] (3.44)

This loads to the following equation 

kେଶ ൌ ቆ
L୦

Aୱ,୬୭୫ Eୱ
൅
1

k୮
ቇ

ିଵ

ൌ ቆ
L୦

Aୱ,୬୭୫ Eୱ
൅

1

minሺk୮ଵ; k୮ଶ; k୮ଷሻ
ቇ

ିଵ

[N/mm] (3.45)

where 
kp is the minimum stiffness in case of pullout failure as the minimum of kp1,	kp2	and kp3 
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3.2.3 Combination of all components, C3 = CC + RS/RB + P +S 

To model the whole load- displacement curve of a headed stud embedded in concrete with a 
supplementary reinforcement the following components are combined: 

concrete and stirrups in tension, components CC and RB/RS, as combination C1,  
shaft of headed stud in tension, component S, and  
pull-out failure of the headed stud component P as Combination 2. 

The combinations C1 and C2 is added by building the sum of displacements.  This is due to 
the serial function of both components.  That means that these components are loaded with 
the same load but the response concerning the displacement is different.  The combination of 
the components using a serial connection leads to the following stiffness of the whole 
anchorage in tension: 

1/kେଷ ൌ 1/kେଵ ൅ 1/kେଶ [N/mm] (3.46)

where 
kC1   is the stiffness due to the displacement of the anchorage in case of concrete cone 

failure with supplementary reinforcement, see combination C1 [N/mm], if no 
supplementary reinforcement is provided kC1 is equal to kc 

kC2  is the stiffness due to the displacement of the head, due to the pressure under the head 
on the concrete, and steel elongation, see combination C2 [N/mm] 

3.2.4 Design failure load 

In principle two failure modes are possible to determine the design failure load NRd,C3 for the 
combined model. These modes are failure of  

the concrete strut NRd,cs, 

the supplementary reinforcement NRd,re. 

The design failure load in cases of concrete strut failure is calculated using the design load in 
case of concrete cone failure and an increasing factor to consider the support of the 
supplementary reinforcement, angle of the concrete strut, 

Nୖୢ,ୡୱ ൌ ψୱ୳୮୮ Nୖୢ,ୡ ሾNሿ (3.47)

where 
NRd,c   is design failure load in case of concrete cone failure, see Eq. 3.7 [N] 
Ψsupport  is support factor considering the confinement of the stirrups 

2.5 െ
x

hୣ୤
൒ 1 ሾെሿ (3.48)

where 
x is distance between the anchor and the crack on the concrete surface assuming a crack 

propagation from the stirrup of the supplementary reinforcement to the concrete surface 
with an angle of 35° [mm] 
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Fig. 3.4 Distance between the anchor and the crack on the concrete surface 

The load is transferred to the stirrups and the concrete cone failure load is reached.  Depending 
on the amount of supplementary reinforcement the failure of the stirrups can decisive 
NRd,re	൏	NRd,cs.  Two failure modes are possible:  

steel yielding of stirrups NRd,s,re, see equation (3.16), 

anchorage failure of stirrups NRd,b,re, see equation (3.20). 

The corresponding failure load is calculated according to equation (3.49) summarizing the 
loads of the corresponding components 

Nୖୢ,୰ୣ ൌ minሺNୖୢ,ୱ,୰ୣ; Nୖୢ,ୠ,୰ୣሻ ൅ Nୖୢ,ୡ ൅ δ୤ ∙ kୡ,ୢୣ [N] (3.49)

where 
NRd,c  is design failure load in case of concrete cone failure, see equation (3.7), [N] 
NRd,s,re  is design failure load in case of yielding of the stirrups of the supplementary 

reinforcement, see equation (3.16) [N] 
NRd,b,re  is design failure load in case of bond failure of the stirrups of the supplementary 

reinforcement, see equation (3.20) [N] 
kc,de is stiffness of the concrete cone in the descending branch, see equation (3.13) [N/mm] 
δf is corresponding displacement at failure load NRd,s,re	or NRd,b,re [mm] 

3.2.5 Combination of tension and shear components 

The displacements in tension and shear is calculated by the sum of the displacement vectors.  

3.3 Simplified stiffness’s based on technical specifications 

3.3.1 Headed stud in tension without supplementary reinforcement 

For simplification the displacements and the stiffness of headed studs or anchorages is 
estimated using technical product specifications.  The elongation δRd is estimated up to the 
design load NRd using the displacements given in the technical product specification.  The 
displacement is estimated by the following equation 

δୖୢ,୒ ൌ
δ୒,୉୘୅
N୉୘୅

Nୖୢ (3.50)

where 
δN,ETA is displacement given in the product specifications for a corresponding load 
NETA is tension load for which the displacements are derived in the product specifications 
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NRd is design tension resistance 

The stiffness of the anchorage is calculated with the following equation 

kୖୢ,୒ ൌ
δ୒,୉୘୅
N୉୘୅

 (3.51)

where 
δN,ETA is displacement given in the product specifications for a corresponding load 
NETA is tension load for which the displacements are derived in the product specifications 

3.3.2 Headed stud in shear 

For the design the displacement δv is estimated up to the design load VRd using the 
displacements given in the technical product specification.  The displacement is estimated 
using the displacements far from the edge δv,ETA for short term and long term loading.  The 
displacement is estimated by the following equation 

δୖୢ,୴ ൌ
δ୴,୉୘୅
V୉୘୅

Vୖୢ (3.52)

where 
δV,ETA is displacement given in the product specifications for a corresponding load 
VETA is shear load for which the displacements are derived in the product specifications 
VRd,c is design shear resistance 

The stiffness of the anchorage is calculated with the following equation 

kୖୢ,୴ ൌ
δ୴,୉୘୅
V୉୘୅

 (3.53)

where 
δV,ETA is displacement given in the product specifications for a corresponding load 
VETA is shear load for which the displacements are derived in the product specifications 

3.3.3 Concrete breakout in tension 

The characteristic load corresponding to the concrete cone breakout in tension for a single 
headed stud without edge influence is given by equation 

Nୖ୩,ୡ
଴ ൌ kଵ hୣ୤

ଵ.ହ ඥfୡ୩ (3.54)

where 
k1 is basic factor for concrete cone breakout, which is equal to 8.9 for cracked concrete 

and 12.7 for non-cracked concrete, for headed studs, [-] 
hef is effective embedment depth given according to the product specifications [mm] [-] 
fck is characteristic concrete strength according to EN206-1:2000 [N/mm²] 

The design load for concrete cone breakout for a single anchor, Nୖୢ,ୡ
଴  is obtained by applying 

partial safety factor of concrete γ୑ୡ to the characteristic load as 
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Nୖୢ,ୡ
଴ ൌ

Nୖ୩,ୡ
଴

γ୑ୡ
 (3.55)

For concrete, the recommended value of is γ୑ୡ = 1.5. 

For a group of anchors, the design resistance corresponding to concrete cone breakout is 
given by equation (3.56), which is essentially same as equation (3.7) 

Nୖୢ,ୡ ൌ Nୖ୩,ୡ
଴ ψ୅,୒ ψୱ,୒ ψ୰ୣ,୒/γ୑ୡ (3.56)

where 
Nୖ୩,ୡ
଴  is characteristic resistance of a single anchor without edge and spacing effects 

ψ୅,୒ is factor accounting for the geometric effects of spacing and edge distance  

given as ψ୅,୒ ൌ 	
୅ౙ,ొ

୅ౙ,ొ
బ  

Aୡ,୒
଴  is reference area of the concrete cone for a single anchor with large spacing and 

edge distance projected on the concrete surface [mm²].  
The concrete cone is idealized as a pyramid with a height equal to hef	and a base 
length equal to scr,N with sୡ୰,୒ ൌ 3.0	hୣ୤, thus Aୡ,୒

଴ ൌ 9	hୣ୤
ଶ . 

Aୡ,୒
଴   is reference area of the concrete cone of an individual anchor with large spacing and 

edge distance projected on the concrete surface [mm²].   
The concrete cone is idealized as a pyramid with a height equal to hef and a base 
length equal to scr,N with sୡ୰,୒ 	ൌ 	3,0	hୣ୤	ሾmmሿ	 

Ac,N is actual projected area of concrete cone of the anchorage at the concrete surface, 
limited by overlapping concrete cones of adjacent anchors s	൏	scr,N,  
as well as by edges of the concrete member c	൏	ccr,N.  
It may be deduced from the idealized failure cones of single anchors [mm²] 

c is minimum edge distance c	ൌ	1.5	hef [mm] 
ccr,N is critical edge distance ccr,N	ൌ	1.5	hef [mm] 
ψre,N is factor accounting for the negative effect of closely spaced reinforcement in the 

concrete member on the strength of anchors with an embedment depth hef	< 100 mm 
 0.5 +	hef	/ 200   for s	൏ 150 mm, for any diameter [-] 
     or s	< 100 mm, for ds ≤ 10 mm 
 1.0   for s	൒ 150 mm (for any diameter) [-] 
γMc is 1.5 for concrete [-] 

3.3.4 Pull out failure of the headed studs 

The design load corresponding to the pull out failure of the headed stud, NRd,p is given by 

Nୖୢ,୮ ൌ p୳୩ A୦/γ୑ୡ (3.57)

where 
puk is characteristic ultimate bearing pressure at the head of stud [N/mm2] 
Ah is area on the head of the headed stud [mm²] 

A୦ ൌ
π

4
∙ ሺd୦

ଶ െ dୱ
ଶሻ (3.57b)

dh is diameter of the head [mm] 
ds is diameter of the shaft [mm] 
γMc is 1.5 for concrete [-] 
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3.3.5 Interaction of components for concrete and stirrups 

In case of headed stud anchored in concrete with supplementary reinforcement, stirrups, the 
stirrups do not carry any load till the concrete breakout initiates, i.e. till Nact is less than or equal 
to NRd,c.  Once, the concrete breakout occurs, the load shared by concrete decreases with 
increasing displacement as depicted in Fig. 3.4.  The load shared by concrete Nact,c 
corresponding to a given displacement δ is therefore given by equation 

Nୟୡ୲,ୡ ൌ Nୖୢ,ୡ ൅ kୡ,ୢୣ δ (3.57)

where kc,de is the slope of descending branch of Fig. 3.4, negative value, given by Eq. (3.7).  
Simultaneously, in case of concrete with supplementary reinforcement, the stirrups start to 
carry the load.  The load carried by the stirrups corresponding to a given displacement δ is 
given by equation 

Nୟୡ୲,୰ୣ ൌ n୰ୣ dୱ,୰ୣ
ଶ ඨ

αୱ fୡ୩ δ

2
 (3.58a)

where 
s  is factor of the component stirrups, currently is αs = 12 100 [-] 
ds,nom  is nominal diameter of the stirrups [mm] 
fck is characteristic concrete compressive strength [N/mm²] 
nre is total number of legs of stirrups [-] 

The total load Nact carried by concrete cone and stirrups corresponding to any given 
displacement δ is therefore given as the sum of the two components: 

Nୟୡ୲ ൌ Nୟୡ୲,ୡ ൅ Nୟୡ୲,୰ୣ ൌ Nୖୢ,ୡ ൅ kୡ,ୢୣ δ ൅ minሺn୰ୣ dୱ,୰ୣ
ଶ ඨ

αୱ fୡ୩ δ

2
; Nୖୢ,ୱ,୰ୣ; 	Nୖୢ,ୠ,୰ୣሻ (3.59)

The displacement corresponding to peak load of the system is obtained by differentiating the 
right hand side of Eq. (3.60) and equating it to zero.  If the bond failure or steel failure of stirrups 
is not reached at an earlier displacement then the design peak load carried by the system Nu,c൅s 
is given by  

N୳,ୡାୱ ൌ Nୖୢ,ୡ ൅
ଷ

଼

୬౨౛
మ ୢ౩,౨౛

ర ஑౩ ୤ౙౡ

୩ౙ,ౚ౛
  (3.60)

where 
NRd,c is design load at concrete cone failure given by equation (3.7) 
s  is factor of the component stirrups, currently is s = 12 100 [-] 
ds,re  is Nominal diameter of the stirrups [mm] 
fck is characteristic concrete compressive strength [N/mm²] 
nre is total number of legs of stirrups [-] 
kc,de is stiffness of descending branch for concrete cone failure, given by eq. (3.13) 

In a relatively rare case of all studs loaded in tension, both the legs of the hanger reinforcement 
are not uniformly loaded and the distribution of forces is difficult to ascertain.  Due to this reason 
and also to avoid the problems with serviceability requirements, it is recommended that in such 
a case, the contribution of hanger reinforcement is ignored.  
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3.3.6 Determination of the failure load 

The failure load Nu is given by the minimum of the failure load corresponding to each 
considered failure mode 

3.3.7 Friction 

For base plates the friction is defined in EN1993-1-8 cl 6.2.2.  For the resistance the resistance 
values of friction and bolts may be added as long as the bolt holes are not oversized.  For the 
friction between a base plate and the grout underneath the plate the following calculation may 
be used. 

F୤,ୖୢ ൌ C୤,ୢ Nୡ,୉ୢ (3.61)

where 
C୤,ୢ is coefficient for friction, for sand-cement mortar C୤,ୢ ൌ 0.2  
Nୡ,୉ୢ is axial compressive force of the column 

In this design manual the friction is not only applied to compression forces caused by axial 
forces but also for compression forces generated by bending moments.  This principle is 
applied in EN1993-1-8:2006 for beam to the column end joints with end plates in cl 3.9.2(3). 

3.4 Base plate in bending and concrete block in compression  

3.4.1 Concrete 3D strength 

The components concrete in compression and base plate in bending represent the behaviour 
of the compressed part of a steel to concrete connection.  The resistance of these components 
depends primarily on the bearing resistance of the concrete block under the flexible base plate, 
see (Melchers, 1992).  The resistance of concrete is influenced by flexibility of base plate.  In 
case of loading by an axial force, the stresses in concrete are not uniformly distributed, they 
are concentrated around the footprint of the column under the plate according to its thickness, 
see (Dewolf, Sarisley, 1980).  For the design the flexible base plate is replaced by reducing 
the effective fully rigid plate.  The grout layer between the base plate and concrete block 
influences the resistance and stiffness of the component.  That is why this layer is also included 
into this component, see (Penserini, Colson, 1989).  Other important factors which influence 
the resistance are the concrete strength, the compression area, the location of the plate on the 
concrete foundation, the size of the concrete block and its reinforcement.   

The stiffness behaviour of column base connection subjected to bending moment is influenced 
mostly by elongation of anchor bolts.  The Component concrete in compression is mostly stiffer 
in comparison to the component anchor bolts in tension. The deformation of concrete block 
and base plate in compression is important in case of dominant axial compressive force. 

The strength of the component FRd,u, expecting the constant distribution of the bearing stresses 
under the effective area, is given by 

Fୖୢ,୳ ൌ Aୡ଴ f୨ୢ (3.62)

The design value of the bearing strength fjd in the joint loaded by concentrated compression, 
is determined as follows.   The concrete resistance is calculated according to cl. 6.7(2) in 
EN1992-1-1:2004 see Fig. 3.6 is  
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Fୖୢ,୳ ൌ Aୡ଴ fୡୢඨ
Aୡଵ
Aୡ଴

൑ 3.0 Aୡ଴ fୡୢ (3.63)

where 

Aୡ଴ 	ൌ bଵ	dଵ  and Aୡଵ ൌ bଶ dଶ  (3.64)

where Ac0 is the loaded area and Ac1 the maximum spread area.  The influence of height of the 
concrete block to its 3D behaviour is introduced by  

h 	൒ b2 െ	b1 and h ൒ d2 െ d1  

3	bଵ 	൒ bଶ and 3 dଵ ൒ dଶ 
(3.65)

Load axes

 

Fig. 3.5 Concrete compressive strength for calculation of 3D concentration  

From this geometrical limitation the following formulation is derived 

f୨ୢ ൌ
β୨	Fୖୢ,୳

bୣ୤୤ lୣ୤
ൌ
β୨	Aୡ଴	fୡୢට

Aୡଵ
Aୡ଴

Aୡ଴
ൌ β୨ fୡୢ k୨ ൑

3 Aୡ଴ fୡୢ
Aୡ଴

ൌ 3.0 fୡୢ 
(3.66)

The factor j represents the fact that the resistance under the plate might be lower due to the 
quality of the grout layer after filling.  The value 2/3 is used in the case of the characteristic 
resistance of the grout layer is at least 0.2 times the characteristic resistance of concrete and 
thickness of this layer is smaller than 0.2 times the smallest measurement of the base plate. 
In different cases, it is necessary to check the grout separately.  The bearing distribution under 
45° is expected in these cases, see (Steenhuis et al, 2008) and Fig. 3.5 Concrete compressive 
strength for calculation of 3D concentration  

Fig. 3. The design area Ac0 is conservatively considered as the full area of the plate	Ap.  
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Fig. 3.6 Modelling of grout 

3.4.2 Base plate flexibility  

In case of the elastic deformation of the base plate is expected homogenous stress distribution 
in concrete block is expected under the flexible base plate based on the best engineering 
practice.  The formula for the effective width c is derived from the equality of elastic bending 
moment resistance of the base plate and the bending moment acting on the base plate, see 
(Astaneh et al., 1992).  Acting forces are shown in Fig. 3.7. 

 

Fig. 3.7 Base plate as a cantilever for check of its elastic deformation only 

Elastic bending moment of the base plate per unit length is 

Mᇱ ൌ
1

6
tଶ

f୷

γ୑଴
(3.69)

and the bending moment per unit length on the base plate of span c and loaded by distributed 
load is 

M′ ൌ
1

2
f୨ c

ଶ (3.70)

where fj is concrete bearing strength and from Eq. (3.69) and (3.70) is 

c ൌ tඨ
f୷

3 ∙ f୨ୢ ∙ γ୑଴
 (3.71)

The flexible base plate, of the area Ap, is replaced by an equivalent rigid plate with area Aeq, 
see Fig. 3.8. Then the resistance of the component, expecting the constant distribution of the 
bearing stresses under the effective area is given by 

c 

f 
j 

Column 

Base plate 

F 

t 

c tw

Sd F
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L 
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Fୖୢ,୳ ൌ Aୣ୯ ∙ f୨ୢ (3.72)

The resistance FRd should be higher than the loading FEd 

F୉ୢ ൑ Fୖୢ,୳ (3.73)

 

Fig. 3.8 Effective area under the base plate  

3.4.3 Component stiffness 

The proposed design model for stiffness of the components base plate in bending and concrete 
in compression is given also in (Steenhuis et al, 2008).  The stiffness of the component is 
influenced by factors: the flexibility of the plate, the Young´s modulus of concrete, and the size 
of the concrete block.  By loading with force, a flexible rectangular plate could be pressed down 
into concrete block.  This flexible deformation is determined by theory of elastic semi-space   

δ୰ ൌ
F α a୰
Eୡ A୮

 (3.74)

where 
F is acting load 
α is shape factor of the plate 
ar	 is width of equivalent rigid plate 
Ec  is elastic modulus of concrete 
Ap	 is area of the plate 

The factor  depends on the material characteristics.  The Tab. 3.1 gives values of this factor 
dependent on the Poison's ratio, for concrete is 	 0.15.  The table shows also the approximate 
value of factor α, that is	0.58 ∙ ඥL/a୰.  

Tab. 3.1 Factor α and its approximation for concrete 

l	/	ar	 α	 Approximation as α	ൌ	0.58 ∙ ඥL/a୰. 
1 0.90 0.85 

1.5 1.10 1.04 
2 1.25 1.20 
3 1.47 1.47 
5 1.76 1.90 
10 2.17 2.69 

 

For steel plate laid on concrete block it is 

Aeq

Ap
A

c cc

c

c

c
Aeq

Ap
A

Aeq

Ap
A
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δ୰ ൌ
0.85 F

Eୡඥl ∙ a୰
 (3.75)

where 
σr is deformation under the rigid plate 
l is length of the plate 

The model for the elastic stiffness behaviour of component is based on a similar interaction 
between concrete block and steel plate.  The flexible plate is expressed as an equivalent rigid 
plate based on the same deformation, modelled in Fig. 3.9. 

  

Fig. 3.9 A flange of flexible T-stub  

Independent springs support the flange of a unit width.  Then, the deformation of the plate is a 
sine function. 

δሺ୶ሻ ൌ δ sin ሺ½ π x / c୤୪ሻ (3.76)

The uniform stress on the plate is rewritten by the fourth differentiate and multiplied  
by E	I´p 

δሺ୶ሻ ൌ E	l′୮	ሺ½ π/c୤୪ሻ
ସ	δ	sin ൬½ π

x

c୤୪
൰ ൌ E

tଷ

12
൬½

π

c୤୪
൰

ସ

δ sin ሺ½ π x	/c୤୪ሻ (3.77)

where 
E is elastic modulus of steel 
I´p is moment of inertia per unit length of the steel plate (I´p	ൌ	t3	/	12) 
t is thickness of the plate  

δሺ୶ሻ ൌ σሺ୶ሻ hୣ୤/Eୡ (3.78)

where 
hef is equivalent concrete height of the portion under the steel plate  

Assume that 

hୣ୤ ൌ ξ c୤୪ (3.79)

Factor ξ expresses the rotation between hef and cfl. Hence 

δሺ୶ሻ ൌ σሺ୶ሻ ξ c୤୪/Eୡ (3.80)

After substitution and using other expressing it is 

 E  Ip

x
cfl
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c୤୪ ൌ tඨ
ሺπ/2ሻସ

12
ξ
E

Eୡ

య

 (3.81)

The flexible length cfl may be replaced by an equivalent rigid length 

c୰ ൌ c୤୪ 2 / π (3.82)

The factor  shows the ratio between heq and cfl.  The value ar represents height heq.  Factor α 
is approximated to 1.4 ∙ a୰ ൌ t୵ ൅ 2c୰	and	t୵ ൌ 0.5	c୰. Then it is written 

hୣ୯ ൌ 1.4 ∙ ሺ0.5 ൅ 2ሻ c୰ ൌ 1.4 ∙ 2.5 ∙ c୤୪ ∙
2

π
ൌ 2.2 c୤୪ (3.83)

Hence 	ൌ	2.2. 

For practical joints is estimated by Ec  30 000 N / mm2 and E  210 000 N / mm2, what leads 
to 

c୤୪ ൌ tඨ
ሺπ/2ሻସ

12
ξ
E

Eୡ

య

ൌ tඨ
ሺπ/2ሻସ

12
2.2

210000

30000

య

ൌ 1.98 t (3.84)

or 

c୰ 	ൌ 	 c୤୪ 	
2

π
ൌ 1.98 ∙

2

π
∙ t ൌ 1.25 t (3.85)

The equivalent width ar is in elastic state replace with 

aୣ୯,ୣ୪ ൌ t୵ ൅ 2.5 t ൌ 0.5 c୰ ൅ t (3.86)

or 

aୣ୯,ୣ୪ ൌ 0.5 ∙ 1.25 t ൅ 2.5 t ൌ 3.125 t (3.87)

From the deformation of the component and other necessary values which are described 
above, the formula to calculate the stiffness coefficient is derived 

kୡ ൌ
F

δ	E
ൌ
Eୡ		ඥaୣ୯,ୣ୪ L

1.5 ∙ 0.85 E
ൌ
Eୡ ඥaୣ୯,ୣ୪ L

1.275 E
ൌ
Eୡ ∙ √t ∙ L

0.72 ∙ E
 (3.88)

where 
aeq,el is equivalent width of the T-stub 
L is length of the T-stub 

3.5 Concrete panel 

The resistance and deformation of the reinforced concrete wall in the zone adjacent to the joint 
is hereby represented by a joint link component, see (Huber and Cermeneg, 1998).  Due to 
the nature of this joint, reinforced concrete, the developed model is based on the strut-and-tie 
method, commonly implemented in the analysis of reinforced concrete joints.  The problem is 
3D, increasing its complexity, as the tension load is introduced with a larger width than the 
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compression, which may be assumed concentrated within an equivalent dimension of the 
anchor plate, equivalent rigid plate as considered in T-stub in compression.  Thus, a numerical 
model considering only the reinforced concrete wall and an elastic response of the material 
has been tested to identify the flow of principal stresses.  These show that compression 
stresses flow from the hook of the longitudinal reinforcement bar to the anchor plate. In this 
way the strut-and-tie model (STM) represented in Fig. 10a is idealized. Subsequently, in order 
to contemplate the evaluation of the deformation of the joint, a diagonal spring is idealized to 
model the diagonal compression concrete strut, as illustrated in Fig. 10. The ties correspond 
to the longitudinal steel reinforcement bars.  The properties of this diagonal spring are 
determined for resistance and stiffness. 

The resistance is obtained based on the strut and nodes dimension and admissible stresses 
within these elements. The node at the anchor plate is within a tri-axial state. Therefore, high 
stresses are attained as confinement effect. In what concerns the strut, because of the 3D 
nature, stresses tend to spread between nodes. Giving the dimensions of the wall of infinite 
width, the strut dimensions should not be critical to the joint. Thus, the node at the hook of the 
bar is assumed to define the capacity of the diagonal spring. The resistance of the spring is 
then obtained according to the dimensions of this node and to the admissible stresses in the 
node and in the strut. For the latter, the numerical model indicates the presence of transverse 
tension stresses which have to be taken into consideration.  

The deformation of the diagonal spring is obtained by assuming a non-linear stress-strain 
relation for the concrete under compression, as defined in (Henriques, 2012). The maximum 
stress is given by the limiting admissible stress as referred above. Then, deformation is 
calculated in function of the length of the diagonal strut and the concrete strain. 

  

a) Strut-and-tie model b) Single diagonal spring 

Fig. 3.10 Joint link modelling 

Tab. 3.2 provides the stresses for nodes and struts according to EN1992-1-1:2004. Node 1 is 
characterized by the hook longitudinal reinforcement bar. The represented dimension is 
assumed as defined in CEB-FIP Model Code 1990. In what concerns the width of the node, 
based on the numerical observations, it is considered to be limited by the distance between 
the external longitudinal reinforcement bars within the effective width of the slab. The numerical 
model demonstrates that the longitudinal reinforcement bars are sufficiently close, as no 
relevant discontinuity in the stress field is observed. Though, this is an issue under further 
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C

Strut
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investigation and depending on the spacing of the reinforcing bars, this assumption may or 
may not be correct (Henriques, 2013). 

Tab. 3.2 Stresses in strut-and-tie elements according to EN1992-1-1:2004 

Element Limiting stresses 
Node 1 0.75	ν	fcd
Node 2 3 ν fcd 
Strut 0.6 ν fcd 																																with ν	ൌ 1 ‐	fck/250 

 

Fig. 3.11 Definition of the dimension related to the hook  
of the longitudinal reinforcement bar in Node 1, according to the CEB Model Code 

Finally, to simplify the assembling of the joint model, the diagonal spring representing the joint 
link component is converted into a horizontal spring.  The properties of the horizontal spring 
are directly obtained from the diagonal spring determined as a function of the angle of the 
diagonal spring. 

3.6 Longitudinal steel reinforcement in tension 

In the composite joint configuration under consideration, the longitudinal reinforcement in 
tension is the only component able to transfer tension forces introduced by the bending 
moment to the supporting member e.g. a reinforced concrete wall.  This component determines 
the behaviour of the joint.  According to EN1994-1 the longitudinal steel reinforcement may be 
stressed to its design yield strength.  It is assumed that all the reinforcement within the effective 
width of the concrete flange is used to transfer forces.  The resistance capacity of the 
component may then be determined as in Eq. (3.89).  Regarding the deformation of the 
component, the code provides stiffness coefficients for two composite joint configurations, 
single and double-sided joints.  The stiffness coefficient for single-sided joints may be 
estimated as in Eq. (3.90).  This stiffness coefficient depends essentially on the elongation 
length of the longitudinal reinforcement contributing to the deformation of the component. 
Analogous to the code provisions, the dimension h involved in Eq. (3.90) is assumed as shown 
in Fig. 3.12.  

Fୱ,୰ ൌ Aୱ,୰ f୷୰ (3.89)

kୱ,୰ ൌ
Aୱ,୰
3.6 h

 (3.90)
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2 02 .35 26

Fc

Ft1

Ft2
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θ

r
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Fig. 3.12 Dimension h for elongation length 

The tension component of the joint is calculated according to  

F୲ ൌ െM୷,୉ୢ/hୱ (3.91)

3.7 Slip of the composite beam 

The slip of composite beam does not directly influence the resistance of the joint. However, 
the level of interaction between concrete slab and steel beam defines the maximum load the 
longitudinal reinforcement can achieve.  Therefore in such joint configuration, where 
reinforcement is the only tension component, the level of interaction affects the joint resistance. 
In the EN1994-1-1:2008, the influence of the slip of composite beam is taken into account.  
The stiffness coefficient of the longitudinal reinforcement, see Eq. (3.92) should be multiplied 
with the reduction factor kslip determined as follows: 

kୱ୪୧୮ ൌ
1

1 ൅
Eୱ kୱ୰
kୗେ

 (3.92)

Kୗେ ൌ
N kୱୡ

ϑ െ ൬
ϑ െ 1
1 ൅ ξ

൰
hୱ
dୱ

 (3.93)

ϑ ൌ ඨ
ሺ1 ൅ ξሻ N kୱୡ l dୱ

ଶ

Eୟ Iୟ
 (3.94)

ξ ൌ
Eୟ Iୟ

dୱ
ଶ Eୱ Aୱ

 (3.95)

where  

hs	 is the distance between the longitudinal reinforcing bars and the centre of compression of 
the joint, that may be assumed as the midpoint of the compression flange of the steel 
beam 

ds  is the distance between the longitudinal reinforcing bars and the centroid of the steel beam 
section, see Fig. 13 
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Ia  is the second moment area of the steel beam section 

l  is the length of the beam in hogging bending adjacent to the joint, in the case of the tested 
specimens is equal to the beam’s length 

N  is the number of shear connectors distributed over the length l  

ksc  is the stiffness of one shear connector 

 

Fig. 3.13 Dimensions hs and ds 

4 STEEL COMPONENTS 
4.1 T-stub in tension 

The base plate in bending and anchor bolts in tension is modelled by the help of T-stub model 
based on the beam to column end plate connection model.  Though in its behaviour there are 
some differences. Thickness of the base plate is bigger to transfer compression into the 
concrete block.  The anchor bolts are longer due to thick pad, thick base plate, significant layer 
of grout and flexible embedding into concrete block.  The influence of a pad and a bolt head 
may be higher. 

eff

Column flange

Base plate

F

t

e m



 

Fig. 4.1 The T stub - anchor bolts in tension and base plate in bending 

Due to longer free lengths of bolts, bigger deformations could arise.  The anchor bolts, compare 
to bolts, are expecting to behave ductile.  When it is loaded by tension, the base plate is often 
separated from the concrete surface.  This case is shown in (Wilkinson et al, 2009).  By bending 
moment loading different behaviour should be expected.  The areas of bolt head and pad 
change favourably distribution of forces on T-stub.  This influence is not so distinctive during 
calculation of component stiffness.  The all differences from end plate connections are involved 
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in the component method, see EN1993-1-8:2006.  The design model of this component for 
resistance as well for stiffness is given in (Wald et al, 2008). 

Lbf

L

d

be
Lb

 

Fig. 4.2  Length of anchor bolt 

4.1.1 Model 

When the column base is loaded by bending moment as it is shown in Fig. 4.3, anchor bolts 
transfer tensile forces.  This case of loading leads to elongation of anchor bolts and bending 
of the base plate.  Deformed bolts can cause failure as well as reaching of the yield strength 
of the base plate.  Sometimes failure in this tensile zone is caused by both, see (Di Sarno et 
al, 2007). 

 

Fig. 4.3  Tensile zone and equivalent T-stub in case of loading by bending moment 

Column with connected base plate taken, as it is shown in Fig. 4.4, into model of T-stub.  

nm

F

Q = 0 Q = 0  

Fig. 4.4  T-stub separated from the concrete block with no prying force 

There are two models of deformation of the T-stub of the base plate according to presence of 
prying.  In the case the base plate separated from the concrete foundation, there is no prying 
force Q, see Fig. 4.4.  In other case, the edge of the plate is in contact with concrete block, the 
bolts are loaded by additional prying force Q.  This force is balanced just by the contact force 
at the edge of the T-stub, see Fig. 4.5. 

When there is contact between the base plate and the concrete block, beam theory is used to 
describe deformed shape of the T-stub.  
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Fig. 4.5 Beam model of T-stub and prying force Q  

Deformed shape of the curve is described by differential equation 

E I δ" ൌ െM (4.1)

After writing the above equation for both parts of the beam model 1 and 2, application of 
suitable boundary conditions, the equations could be solved.  The prying force Q is derived just 
from these solved equations as 

Q ൌ
F

2
∙

3ሺmଶ n A െ 2 Lୠ Iሻ

2	nଶ A ሺ3 m ൅ nሻ ൅ 3 Lୠ I
 (4.2)

When the base plate is in contact with concrete surface, the prying of bolts appears and on the 
contrary no prying forces occur in the case of separated base plate from the concrete block 
due to the deformation of long bolts.  This boundary, between prying and no prying has to be 
determined.  Providing that n	ൌ	1.25 m	it may be expressed as 

Lୠ,୫୧୬ ൌ
8.82 mଷAୱ
lୣ୤୤t

ଷ
൏ Lୠ (4.3)

where 
As  is the area of the bolt 
Lb	 is equivalent length of anchor bolt 
leff	 is equivalent length of T-stub determined by the help of Yield line method, presented in 

following part of work 

For embedded bolts length Lb is determined according to Fig. 4.2 as  

Lୠ ൌ Lୠ୤ ൅ Lୠୣ (4.4)

where 
Lbe  is 8 d effective bolt length 

When the length of bolt Lୠ ൐ Lୠ,୫୧୬there is no prying.  Previous formulae is expressed for 
boundary thickness tlim, see (Wald et al, 2008), of the base plate as  

t୪୧୫ ൌ 2.066 m ∙ ඨ
Aୱ

lୣ୤୤ Lୠ

య

 (4.5)
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If the base plate are loaded by compression force and by bending moment and not by tensile 
force it is recommended to neglect these prying forces.  In other cases it needs to be checked. 

4.1.2 Resistance 

The design resistance of a T-stub of flange in tension of effective length ℓeff is determined as 
minimum resistance of three possible plastic collapse mechanisms.  For each collapse 
mechanism there is a failure mode. Following collapse modes, shown in Fig. 4.6, is used for 
T-stub in contact with the concrete foundation, see in EN1993-1-8:2006. 
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Fig. 4.6 Failure modes of the T-stub in contact with the concrete foundation  

Mode 1 

According to this kind of failure the T-stub with thin base plate and high strength anchor bolts 
is broken.  In the base plate plastic hinge mechanism with four hinges is developed.  

Fଵ,ୖୢ ൌ
4 lୣ୤୤ m୮୪,ୖୢ

m
 (4.6)

Mode 2  

This mode is a transition between failure Mode 1 and 3.  At the same time two plastic hinges 
are developed in the base plate and the limit strength of the anchor bolts is achieved.  

Fଶ,ୖୢ ൌ
2 lୣ୤୤ m୮୪,ୖୢ ൅ Σ B୲,ୖୢ ∙ n

m ൅ n
 (4.7)

Mode 3  

Failure mode 3 occurs by the T-stub with thick base plate and weak anchor bolts.  The collapse 
is caused by bolt fracture.  

Fଷ,ୖୢ ൌ Σ B୲,ୖୢ (4.8)

The design strength FRd of the T-stub is derived as the smallest of these three possible modes: 

Fୖୢ ൌ min൫Fଵ,ୖୢ, Fଶ,ୖୢ, Fଷ,ୖୢ൯ (4.9)
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Because of the long anchor bolts and thick base plate different failure mode arises compare 
to an end plate connection.  When the T-stub is uplifted from the concrete foundation, there is 
no prying, new collapse mode is obtained, see Fig. 4.7.  This particular failure mode is named 
Mode 1-2. 

F

B B

Rd,1-2

Fig. 4.7 T-stub without contact with the concrete foundation, Mode 1-2 

Mode 1-2 

The failure results either from bearing of the anchor bolts in tension or from the yielding of the 
plate in bending, where a two hinges mechanism develops in the T-stub flange.  This failure 
does not appear in beam to column connection because of the small deformation of the bolts 
in tension, see (Wald et al, 2008). 

Fଵିଶ,ୖୢ ൌ
2 lୣ୤୤ m୮୪,ୖୢ

m
 (4.10)

The relationship between Mode 1-2 and modes of T-stub in contact with concrete is shown in 
Fig. 4.8. 

F B/  T,Rd
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4  eff mpl,Rd  /   B T,Rd

 

Fig. 4.8 Failure mode 1-2 

The boundary between the mode 1-2 and others is given in the same way like the boundary of 
prying and no prying – according to the limiting bolt length Lb,min.  

During the Mode 1-2 large deformations of the base plate can develop.  Finally these 
deformations could lead to contact between the concrete block and the edge of the T-stub 
(prying forces can arise even in this case).  After loading Modes 1 or 2 should be obtained like 
the first.  But for reaching this level of resistance, which is necessary to obtain these modes, 
very large deformations are required. And so high deformations are not acceptable for design. 
In conclusion, in cases where no prying forces develop, the design resistance of the T-stub is 
taken as 
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Fୖୢ ൌ min ൫Fଵିଶ,ୖୢ, Fଷ,ୖୢ൯ (4.11)

where 

Fଷ,ୖୢ ൌ ΣB୲,ୖୢ (4.12)

The equivalent length of T-stub leff, which is very important for the resistance determination, is 
calculated by the help of the yield line method, which is explained in the following part of the 
work. 

Yield line method 

Although numerical methods, based on extensive use of computers, are potentially capable of 
solving the most difficult plate problems, yield-line analysis is such an alternative computational 
technique (Thambiratnam, Paramasivam, 1986).  It provides such an alternative design 
method for plates.  This simple method, which uses concepts and techniques familiar to 
structural engineers, provides realistic upper bounds of collapse loads even for arbitrary 
shapes and loading conditions.  The advantages of the yield-line method are: simplicity and 
economy, information is provided on the real load-carrying capacity of the slab, the basic 
principles used are familiar to structural engineers, the method also gives acceptable estimates 
for the ultimate load-carrying capacity of structural steel plates, and resulting designs are often 
more economical.  On the other hand, the present limitations of the method are: the method 
fails in vibration analysis and cannot be used in the case of repeated static or dynamic loads 
(but is applied effectively for suddenly applied one-time loads), and theoretically, the law of 
superposition is not valid.  The yield-line method offers, especially for the practicing engineer, 
certain advantages over the elastic stress analysis approaches. 

Assumptions 

The correct failure pattern is known, the critical load is obtained either from virtual work or from 
equilibrium considerations.  Both approaches use the following basic assumptions: at 
impending collapse, yield lines are developed at the location of the maximum moments, the 
yield lines are straight lines, along the yield lines, constant ultimate moments mu are 
developed, the elastic deformations within the slab segments are negligible in comparison with 
the rigid body motions, created by the large deformations along the yield lines, from the many 
possible collapse mechanisms, only one, pertinent to the lowest failure load, is important. In 
this case the yield-line pattern is optimum, when yield lines are in the optimum position, only 
ultimate bending moments, but no twisting moments or transverse shear forces are present 
along the yield lines.  The location and orientation of yield lines determine the collapse 
mechanism.  The Fig. 4.9 introduces an example of yield line. 

Free edge

 

Fig. 4.9  Possible yield line patterns 
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The work method 

The work method, see (Johansen, 1949), gives an upper-bound solution to the critical load at 
which the slab, with a certain ultimate resisting moment, fails.  A particular configuration is 
searched, from a family of possible yield-line patterns which gives the lowest value of the 
ultimate load.  The solution is based on the principle of virtual work. 

The effective length of T-stub  

The effective length leff of a T-stub is influenced by the failure mode of the T-stub. When there 
are more than one possible failure modes, it means more than one effective length, the 
calculation is done with the smallest (shortest) length, see EN1993-1-8:2006.  The Fig. 4.10 
shows, that two groups of yield line patterns can arise circular yield line and non-circular yield 
line.  The main difference between these two types is related to contact between the T-stub 
and concrete foundation. By the non-circular patterns prying forces are developed.  In this work 
there are taken into account only the modes without the contact of the edge of the base plate 
to the concrete foundation, it means without prying forces in bolts.  

 

Fig. 4.10 The yield line patterns 

As it was written in previous paragraphs, the effective length could be determined by the yield 
line method.  Hence the yield line of the base plate must be designed.  The collapse Mode 1 
of the plate, which is shown in Fig. 4.11, is expected. 

 

Fig. 4.11 Expected collapse mode 

For this collapse mode there are following formulas: 

m୮୪,ୖୢ ൌ
1

4
tଶ f୷ୢ (4.13)

tan θ ൌ
δ

m
ൎ θ (4.14)

F୮୪ ൌ
4lୣ୤୤ m୮୪,ୖୢ

m
 (4.15)

where 
mpl,Rd  is plastic bending moment resistance of the base plate per unit length  
Fpl	 is force acting in the bolt position   

a) Circular pattern, eff,cp b) Non-circular pattern, eff,np
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The assumptions to determine the yield line of the base plate are following the yield line is a 
straight line, this line is perpendicular to a line which pass through the bolt and tangent to the 
column, or this line is tangent to the column and parallel to the edge of the base plate.  With 
these assumptions are determined.  Following calculation procedure of the effective length of 
the T-stub in plate corner is given in (Wald et al, 2000) and (Heinisuo et al, 2012). 

 

Fig. 4.12 The yield line parameters 

 represents the angle between the yield line and the edge and c the minimal distance between 
the corner of the plate and the yield line.  With the previous geometrical relation, the following 
relations is obtained 

tan α ൌ
x

y
 (4.16)

where 
x,	y  are coordinates of the bolt, which could vary 

For the design of the parameter c, the work method of the yield line theory is used.  The internal 
work is 

W୧ ൌ෍ൣθ఩ഥ ;m୳఩തതതതത; 1൧ ൌ m୮୪ ൬
1

y
x ൅

1

x
y൰

୬

 (4.17)

The external work is 

Wୣ ൌ P୳Δ ൌ F୮୪Δ (4.18)

where  represents the deformation of the plate in the bolt position, see Fig. 4.13. 

 

Fig. 4.13 The deformation of the plate represented by value Δ 

According to previous figure is Δ	replaced with  
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Δ

1
ൌ
d

c
ൌ
ඥxଶ ൅ yଶ

c
 (4.19)

After replacement Δ in the formula of the external work and putting it into equality with the 
internal work as 

ඥxଶ ൅ yଶ

c
F୮୪ ൌ m୮୪ ൬

x

y
൅
y

x
൰ (4.20)

and then the effective length of the T-stub is 

lୣ୤୤ ൌ
c m

4

ඥxଶ ൅ yଶ

c
 (4.21)

The ultimate load is given by 

F୮୪ ൌ c m୮୪

ඥxଶ ൅ yଶ

x y
 (4.22)

∂	F୮୪

∂	c
ൌ m୮୪

ඥxଶ ൅ yଶ

x y
ൌ cst (4.23)

With the yield line assumption the characteristics of the different possible failure models could 
be designed.  

The effective length of T-stub 

Two groups of yield line patterns called circular and non-circular yield lines are distinguished 
in EN1993-1-8:2006.  The major difference between circular and non-circular patterns is 
related to contact between the T-stub and rigid foundation.  The contact may occur only for 
non-circular patterns and prying force will develop only in this case.  This is considered in the 
failure modes as follows: 

Mode 1  

The prying force does not have influence on the failure and development of plastic hinges in 
the base plate.  Therefore, the formula (4.2) applies to both circular and non-circular yield line 
patterns. 

Mode 2  

First plastic hinge forms at the web of the T-stub.  Plastic mechanism is developed in the base 
plate and its edges come into contact with the concrete foundation.  As a result, prying forces 
develop in the anchor bolts and bolt fracture is observed.  Therefore, Mode 2 occurs only for 
non-circular yield line patterns, which allow development of prying forces. 
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Fig. 4.14a The effective length of T-stub  
for bolts inside the flanges 

Fig. 4.14b The effective length of T-stub  
for bolts outside the flanges 

Mode 3  

This mode does not involve any yielding of the plate and applies therefore to any T-stub. In the 
design procedure, the appropriate effective length of the T-stub should be used for Mode 1 

lୣ୤୤,ଵ ൌ min൫lୣ୤୤,ୡ୮; lୣ୤୤,୬୮൯ (4.24)

and for Mode 2 

lୣ୤୤,ଶ ൌ min൫lୣ୤୤,୬୮൯ (4.25)

The design resistance of the T-stub is given by the formula (4.8).  Tab. 4.1 and Tab. 4.2 indicate 
the values of leff for typical base plates in cases with and without contact.  See Fig. 4.14 for the 
used symbols. 

Tab. 4.1 The effective length leff	of a T-stub with bolts inside the flanges (Wald et al, 2008) 

Prying case No prying case 

l1	ൌ	2	α	m	‐ ሺ4	m	‐	1,25	eሻ	 l1 ൌ	2 α m	‐ ሺ4 m	൅	1,25	eሻ	

l2	ൌ	2	π	m	 l2 ൌ	4 π	m	

leff,1	ൌ	min	ሺl1;	l2ሻ	 leff,1 ൌ	min	ሺl1;	l2ሻ	

leff,2 ൌ	l1	 leff,2 ൌ	l1	

 

Tab. 4.2 Effective length leff	for bolts outside the flanges (Wald et al, 2008) 

Prying case No prying case 

l1	ൌ	4	α	mx	൅	1,25	ex	 l1 ൌ	4 α mx ൅	1.25	ex	

l2	ൌ	2	π	mx	 l2 ൌ	2 π mx	

l3	ൌ	0.5bp	 l3 ൌ	0.5	bp	

l4	ൌ	0.5	w	൅	2 mx	൅	0.625	ex	 l4 ൌ	0.5 w	൅	2 mx	൅	0.625	ex	

l5	ൌ	e	൅	2	mx	൅	0.625	ex	 l5 ൌ	e	൅	2 mx ൅	0.625	ex	

l6	ൌ	π mx	൅	2	e	 l6 ൌ	2	π mx	൅	4	e	

l7	ൌ	π mx	൅	w	 l7 ൌ	2	ሺπ mx	൅	w	ሻ	

leff,1	ൌ	min	ሺl1	;	l2	;	l3	;	l4	;	l5	;	l6	;	l7 ሻ leff,1 ൌ	min	ሺl1 ;	l2	;	l3	;	l4	;	l5	;	l6	;	l7	ሻ	

leff,2	ൌ	min	ሺl1 ;	l2	;	l3	;	l4	;	l5	ሻ	 leff,2 ൌ	min	ሺl1 ;	l2	;	l3	;	l4	;	l5	ሻ	

e m a, 280

bp

mx

ex

e w e

a, 280
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4.1.3 Stiffness 

The prediction of the base plate stiffness is based on (Steenhuis et al, 2008).  The stiffness of 
the component analogous to the resistance of the T-stub is influenced by the contact of the 
base plate and the concrete foundation (Wald et al, 2008).  The formula for deformation of the 
base plate loaded by the force in bolt Fb is 

δ୮ ൌ
1

2

Fୠm
ଷ

3EI
ൌ

2Fୠm
ଷ

E ∙ lୣ୤୤t
ଷ
ൌ

2Fୠ
E ∙ k୮

 (4.26)

and deformation of the bolt is 

δ୮ ൌ
FୠLୠ
EୠAୠ

ൌ
Fୠ
Eୠkୠ

 (4.27)

The stiffness of the T-stub is written as 

k୘ ൌ
Fୠ

E ൫δ୮ ൅ δୠ൯
 (4.28)

In following conditions cases prying force are appearing in the T-stub  

Aୱ
Lୠ

൒
lୣ୤୤,୧୬୧ t

ଷ

8.82 mଷ
 (4.29)

Formulas for stiffness coefficient of the base plate and of the bolt are 

k୮ ൌ
lୣ୤୤,୧୬୧ t

ଷ

mଷ
ൌ
0.85 lୣ୤୤t

ଷ

mଷ
 (4.30)

kୠ ൌ 1.6
Aୱ
Lୠ

 (4.31)

In case of no prying, it means when 

Aୱ
Lୠ

൑
lୣ୤୤,୧୬୧ t

ଷ

8.82 mଷ
 (4.32)

Formulas are as following: 

k୮ ൌ
F୮

E	δ୮
ൌ
lୣ୤୤,୧୬୧ t

ଷ

2 mଷ
ൌ
0.425 lୣ୤୤ t

ଷ

mଷ
 (4.33)

kୠ ൌ
F୮

Eδ୮
ൌ 2.0

Aୱ
Lୠ

 (4.34)

The stiffness of the component of base plate in bending and bolts in tension is summarised 
from above simplified predictions as  

1

k୘
ൌ

1

kୠ,୧
൅

1

k୮,୧
 (4.35)
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For base plates are used the bolt pads under the bolt nut to help to cover the tolerances. The 
impact of an area of the bolt pad/nut changes the geometrical characteristics of T-stub.  The 
influence is taken into account by the help of equivalent moment of inertia Ip,bp and addition of 
stiffness kw to the previous stiffness kp.  By practical design this influence is neglected for 
simplicity, see (Hofmann, 2005), even if it may be significant for resistance. 

4.2 Threaded stud in tension  

The threaded studs are efficient connectors welded by fabricator or on side with high level of 
automation, see (Metric studs 2009,2013 and Pitrakkos and Tizani, 2013) . The tension 
resistance of a threaded stud may be limited by  

yielding resistance 

N୷,ୱ ൌ nୟ Aୱ f୷୩ (4.36)

ultimate resistance 

N୳,ୱ ൌ nୟ Aୱ f୳୩ (4.37)

initial stiffness 

S୧,ୱ ൌ nୟ
E Aୱ
lୣ୤୤

 (4.38)

where  

na	 is the number of threaded studs in a row 

As	 is the area in tension of one threaded stud 

lୣ୤୤   is the effective length of the threaded stud 

fyk	 is the yield stress of the threaded stud 

fuk  is the ultimate stress of the threaded stud 

This solution procedure is applied to the headed stud connection the anchor plate to concrete 
block. 

4.3 Punching of the anchor plate 

The anchor plate under the threaded stud or above the headed stud may reach its load 
capacity due to shear resistance  

Fୟ୮,ୖୢ ൌ
A୮ଵ,ୣ୤୤ ∙ f୷,୩

γ୑଴
 (4.39)

The stress area Ap1,eff is determined from the thickness of the anchor plate tp1	and effective 
length lv1,eff of the sheared area 

Aୟ୮,ୣ୤୤ ൌ l୴ଵ,ୣ୤୤ ∙ t୮ଵ (4.40)
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Due to high bending of the threaded stud under the large deformations of the thin plate is 
assumed the effective length of shear area as half of the circumference only  

l୴ଵ,ୣ୤୤ ൌ 2π ∙ ൬a୵ ൅
d୲ୱ
2
൰ (4.41)

where 

aw	 is throat thickness of weld of threaded stud  [mm] 

dts is diameter of the headed/threaded stud [mm] 

This failure is assumed at all places, where a stud loaded by tension force is welded directly 
to a steel plate.  The endless stiffness of this component should be assumed in calculations 
as no visible significant deformation performs due to punching trough steel plate during 
loading. 

4.4 Anchor plate in bending and tension 

The anchor plate is designed as a thin steel plate located at the top of concrete block and 
loaded predominantly in compression and shear.  By loading the column base by the bending 
or tension is the anchor plate exposed to the tensile force from the treaded studs.  If the 
threaded studs are not located directly under the headed studs, which are embedded in 
concrete, the anchor plate is exposed to bending, see Fig. 2.15.  After the plastic hinges of the 
T-stub are developed, the anchor plate between the plastic hinges is elongates by tensile force.  

 

Base plate and anchor plate T stub plastic deformation under threaded stud 

 

Plastic hinges at anchor plate Anchor plate elongation under the threaded stud 

Fig. 4.15 Model of the anchor plate in bending and tension 

The resistance of the component, see (Kuhlman et al, 2012), is not restricted to plastic 

mechanism only.  The deformed shape with the elongated anchored plate between the 

threaded and headed studs is caring the additional load and may be taken into account.  The 

behaviour, till the plastic hinges are developed, is modelled as the based plate in bending with 

help of T stub model, see Chapter 3.4.  The anchor plate in tension resistance is 
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F୲,ୟ୮,ୖୢ ൌ Aୟ୮,ଵ ∙
f୷୩

γ୑଴
ൌ t୮ଵ ∙ bୟ୮,ୣ୤୤ ∙

f୷୩

γ୑଴
 (4.42)

where 

t୮ଵ  is the thickness of the anchor plate 

bୟ୮,ୣ୤୤ ൌ nଵ ∙ ൫dଵ ൅ 2 ∙ √2 ∙ a୵൯  is the anchor plate effective width  

aw  is throat thickness of weld of threaded stud   

n1  is the number of treaded studs  

d1  is the diameter of treaded stud 

As the tensile force is developing in anchor plate the headed and threaded studs are exposed 
to horizontal force, see in Fig. 4.16.  The elastic-plastic deformation at the stage of full 
plastification of the T stub is evaluated, see in Fig 4.17, by model of beam with four supports 
and three plastic hinges, see Fig. 4.15.  The elongation of the anchor plate allows the uplift of 
the threaded stud.  The model assumes that the supports, i.e. the headed and threaded studs, 
don’t move in the horizontal direction and the headed stud in the vertical direction.  E.g. the 
horizontal force depends linearly to the vertical one, see Fig. 4.18 and Fig. 4.19.  The resulting 
horizontal force from tension in anchor plate is taken into account for evaluation of resistance 
of the components in shear and for the interaction of shear and tensile resistances. 

 

Fig. 4.16 Plastic hinges and bending moments in the anchor plate 

In case of activation of the membrane action in anchor plate is verified the resistance of the 
related components in tension in vertical direction and in shear in horizontal direction.  In the 
procedure is derived: 

- the bending resistance of the anchor plate, 
- the tensile resistance of the anchor plate, 
- the bending and tensile deformation of the anchor plate. 
and further is limited the resistance of the component anchor plate in bending and tension by 
- the vertical resistance of the threaded stud (tensile and punching resistance) and the 

headed studs (tensile resistance, concrete cone failure, stirrups failure, bond failure).  
- the horizontal resistance of the threaded stud (shear and bearing resistance) and the 

headed studs (shear and pry out resistance). 
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- the interaction in the threaded stud (tension and shear resistances) and the headed studs 
(tension and shear resistances). 

The plastic resistance of the anchor plate is 

Mୟ୮,୮୪ ൌ
lୣ୤୤,ଵ ൉ t୮ଵ

ଶ

4
൉
f୷୩

γ୑଴
(4.43)

where  

tp1 is thickness of the anchor plate [mm] 

leff,1 is the effective width of the anchor plate [mm] 

The effective width of the anchor plate is minimum of the   

lୣ୤୤,ଵ ൌ min

ە
ۖۖ

۔

ۖۖ

ۓ
4 mଵ ൅ 1.25 eୟଵ

2 π mଵ

5	nଵ	dଵ ∙ 0.5
2	mଵ ൅ 0.625	eୟଵ ൅ 0.5	pଵ
2	mଵ 	൅ 0.625	eୟଵ ൅ eୠଵ

π mଵ ൅ 2 eୠଵ
π mଵ ൅ pଵ ۙ

ۖۖ

ۘ

ۖۖ

ۗ

 
(4.44)

 

where 5	hଵ	dଵis the effective width of the T stub between the headed and threaded studs. 

The vertical deformation of the anchor plate under bending may be assumed for a beam with 
four supports and three plastic hinges as 

δ୘ ൌ
1

E	Iୠ
∙
1

6
∙ bଶ ∙ Mୟ୮,୮୪ ൅

1

E Iୡ
∙
1

3
∙ b ∙ c ∙ Mୟ୮,୮୪ 

(4.45a)
 

The elastic part of the deformation is 

δ୘,ୣ୪ ൌ
2

3
∙ δ୘

(4.45b)

The elastic-plastic part of the deformation, see Fig. 4.17, is 

δ୘,୮୪ ൌ 2.22 δ୘,ୣ୪
(4.45c)

The force at the bending resistance of the anchor plate is evaluated from equilibrium of internal 
forces  

N୮୪ ∙ δ୘ ∙
bଶ
b
൅ M୉ୢ ∙

δ୘
b
ൌ 2 ∙ Mୟ୮,୮୪ ∙

δ୘
a
൅ 2 ∙ Mୟ୮,୮୪ ∙

δ୘
b

 (4.45)

N୮୪ ∙ bଶ ൅ M୉ୢ ൌ 2 ∙ Mୟ୮,୮୪ ∙ b ∙ ൬
1

a
൅
1

b
൰ (4.46)

forM୉ୢ ൌ Nୖୢ ∙ e

is	N୮୪ ∙ bଶ ൅ Nୖୢ ∙ e ൌ 2 ∙ Mୟ୮,୮୪ ∙ b ∙ ൬
1

a
൅
1

b
൰ (4.47)
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N୮୪ ൌ 2 ∙ Mୟ୮,୮୪ ∙ b ∙
ቀ
1
a
൅
1
b
ቁ

ሺbଶ ൅ eሻ
(4.48)

The vertical resistance of the component anchor plate in tension is limited by the resistance of 
the components: threaded stud in tension, punching of the threaded stud and tensile resistance 
of the anchor plate.  For the thin anchor plate is decisive the punching of the threaded stud.  
The deformed length of the anchor plate between the threaded and headed studs at the 
resistance in punching of the anchor plate under the threaded stud is 

aୟ୮ ൌ a ൅ ∆a ൌ a ൅
a ∙ Fୟ୮,ୖୢ

t୮ଵ ∙ bୟ୮,ୣ୤୤ ∙ E
(4.49)

 

Fig. 4.17 Linear relation of acting vertical forces Fv and vertical deformation δv  

The component of vertical deformation by the elongation of the anchor plate, see Fig. 4.14, is 

δ୮,୲୭୲ ൌ δ୘,୮୪ ൅ ටaୟ୮
ଶ െ aଶ (4.50)

The component of the horizontal force at the resistance in punching of the anchor plate under 
the threaded stud, see Fig. 4.18, is  

F୮,ୖୢ,ୌ ൌ
a

δ୮,୲୭୲
∙ F୲,୮,ୖୢ (4.51)

 

Fig. 4.18 Linear relation of vertical Fv and horizontal forces	FH 

The horizontal force Fୟ୮,୴ is limited by shear resistance of the threaded and headed studs VRd, 
see in Figs 4.19.  The resistance to vertical force is 

Fv	

δT

Ft,p,Rd	

δ	δp,tot

FT,pl	

FT,el	

δT,el	

Fp,1,Rd	

δp,1δT,pl

Fv	

Ft,p,Rd	
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ሺ

Fp,Rd,H

FT,pl	
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F୮,ଵ,ୖୢ ൌ F୘,୮୪ ൅
F୲,୮,ୖୢ െ F୘,୮୪

F୮,ୖୢ,ୌ
൉ Vୖୢ (4.52)

 

Fig. 4.19 Linear relation of vertical Fv	and horizontal forces FH at resistance 

The interaction of the tensile and shear forces is verified for the threaded and headed studs, 
see Tab. 3.4 in EN1993-1-8:2006 by  

F୴,୉ୢ
F୴,ୖୢ

൅
F୲,୉ୢ

1.4 ∙ F୲,ୖୢ
൑ 1 (4.53)

The interaction of tensile and shear forces is verified for the headed stud anchoring to concrete, 
see Chapter 3.2.5 by 

ቆ
F୴,୉ୢ
F୴,ୖୢ

ቇ

ଷ
ଶ

൅ ቆ
F୲,୉ୢ
F୲,ୖୢ

ቇ

ଷ
ଶ

൑ 1 (4.54)

4.5 Column/beam flange and web in compression 

The resistance of the column flange and web in compression may be expected as for the beam 
flange, see Chapter 6.2.6.7 in EN1993-1-8:2006. In this model the column/beam web has its 
full plastic resistance on the lever arm of column/beam flanges 

Fୡ,୤,ୖୢ ൌ
Mୡ,ୖୢ

ሺh െ t୤ሻ
 (4.55)

in EN1993-1-8:2006 Eq. (4.1), where 

Mc,Rd  is the design moment resistance of the beam cross-section, see EN1993-1-1:2004  

h  is the depth of the connected column/beam 

tf  is the column/beam flange thickness 

If the height of the column/beam including the haunch exceeds 600 mm the contribution of the 
beam web to the design compression resistance should be limited to 20%.  If a beam is 
reinforced with haunches the proposal for design is in cl 6.2.6.7(2).  The stiffness of this 
component in compression is expected to be negligible.  

Fv	

VRd

Ft,p,Rd	

FH
ሺ

Fp,Rd,H

Fp,1,Rd	

FT,pl	



 

	

64	

4.6 Steel contact plate 

The resistance of the steel contact plate in joint may be taken as its full plastic resistance 

Fୡ୮ ൌ f୷,ୡ୮ Aୡ୮ (4.56)

where 

fy,cp  is the yield strength of the steel contact plate 

Acp  is the effective area of the contact plate under compression  

A height or breadth of the contact plate exceeds the corresponding dimension of the 
compression flange of the steel section, the effective dimension should be determined 
assuming dispersion at 45° through the contact plate.  It should be assumed that the effective 
area of the contact plate in compression may be stressed to its design yield strength fyd, see 
EN1994-1-1:2010.  The stiffness of the component the steel contact plate is negligible  

4.7 Anchor bolts in shear 

In most cases the shear force is transmitted via friction between the base plate and the grout.  
The friction capacity depends on the compressive normal force between the base plate and 
the grout and the friction coefficient, see Chapter 3.3.7.  At increasing horizontal displacement 
the shear force increases till it reaches the friction capacity.  At that point the friction resistance 
stays constant with increasing displacements, while the load transfer through the anchor bolts 
increases further.  Because the grout does not have sufficient strength to resist the bearing 
stresses between the bolts and the grout, considerable bending of the anchor bolts may occur, 
as is indicated in Fig. 4.20, see (Bouwman et al, 1989).  The tests shows the bending 
deformation of the anchor bolts, the crumbling of the grout and the final cracking of the 
concrete.  Based on the work (DeWolf and Sarisley, 1980) and (Nakashima,1998) and of tests 
(Bouwman et al, 1989) the analytical model for shear resistance of anchor bolts was derived 
in EN1993-1-8 cl 6.2.2, see (Gresnight at al, 2008).  Also, the preload in the anchor bolts 
contributes to the friction resistance.  However, because of its uncertainty, e.g. relaxation and 
interaction with the column normal force, it was decided to neglect this action in current 
standard. 

 

Fig. 4.20 Test specimen loaded by shear force and tensile force 

The design shear resistance Fv.Rd may be derived as follows 

F୴,ୖୢ ൌ F୤,ୖୢ ൅ n F୴ୠ,ୖୢ (4.57)
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where 

Ff,Rd is the design friction resistance between base plate and grout layer 

Ff.Rd ൌ Cf,d Nc,Edv,Rd (4.58)

Cf,d is the coefficient of friction between base plate and grout layer.  The following values 
may be used for sand-cement mortar Cf,d		=  0.20, see Chapter 3.3.7.   

Nc,Sd is the design value of the normal compressive force in the column.  If the normal force 
in the column is a tensile force Ff,Rd = 0 

n   is the number of anchor bolts in the base plate 

Fvb,Rd is the smallest of F1.vb.Rd and F2.vb.Rd 

F1.vb.Rd is the shear resistance of the anchor bolt and 

Fଶ,୴ୠ,ୖୢ ൌ
αୠ f୳ୠ Aୱ
γ୑ଶ

 (4.59)

As is the tensile stress area of the bolt or of the anchor bolt 

bc is a coefficient depending on the yield strength fyb the anchor bolt 

αୠୡ ൌ 0.44 െ 0.0003 f୷ୠ (4.60)

fyb is the nominal yield strength the anchor bolt 

 where 235 N/mm2  ≤  fyb  ≤  640 N/mm2 

2  is the partial safety factor for anchor bolt 
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5 ASSEMBLY FOR RESISTANCE 

5.1 Column base 

5.1.1 Column base with base plate 

The calculation of the column base resistance, based on the plastic force equilibrium on the 
base plate and applied in EN1993-1-8:2006, is described in (Wald et al, 2008).  Based on the 
combination of acting load, see Fig. 5.1, three patterns may be distinguished: 

Pattern 1  without tension in anchor bolts occurs due to high normal force loading.   
The collapse of concrete appears before developing stresses in the tension part.   

Pattern 2  with tension in one anchor bolt row arises when the base plate is loaded by small 
normal force compared to the ultimate bearing capacity of concrete.  During 
collapse the concrete bearing stress is not reached.  The breaking down occurs 
because of yielding of the bolts or because of plastic mechanism in the base plate. 

Pattern 3  with tension in both rows of anchor bolts occurs when the base plate is loaded by 
tensile normal force.  The stiffness is guided by yielding of the bolts or because of 
plastic mechanism in the base plate.  This pattern occurs often in base plates 
designed for tensile force only and may lead to contact of baseplate to the concrete 
block. 

The connection is loaded by axial force NEd and bending moment MEd, see Fig. 5.1.  The 
position of the neutral axis is calculated according to the resistance of the tension part FT,Rd.  
Then the bending resistance MRd is determined assuming a plastic distribution of the internal 
forces, see (Dewolf, Sarisley, 1980).  For simplicity of the model, only the effective area is 
taken into account.  The effective area Aeff under the base plate, which is taken as an active 
part of equivalent rigid plate, is calculated from an equivalent T-stub, with an effective width c, 
see Chapter 3.4.2.  The compression force is assumed to act at the centre of the compressed 
part.  The tensile force is located at the anchor bolts or in the middle when there are more rows 
or bolts, see (Thambiratnam, Paramasivam, 1986).  Like for another cross sections of the 
composite structures there should be a closer look at the resistance for the ultimate limit state 
ULS and to the elastic behaviour under the serviceability limit state SLS.  In the ultimate limit 
state the failure load of the system is important.  Under service loads is checked the elastic 
behaviour and that the concrete cone will not fail.  This would lead to cracks and with the time 
to a corrosion of the reinforcement of the concrete wall and finally to a failure of the 
construction.   

a) b) c)  

Fig. 5.1 The force equilibrium of the base plate a) no tension in anchor bolts, 
b) one row of the anchor bolts in tension, c) two rows of the anchor bolts in tension 
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Fig. 5.2 Force equilibrium for the column base, one row of the anchor bolts in tension 

The equilibrium of forces is calculated according to Fig. 5.2 as follows: 

N୉ୢ ൌ Fୡ,ୖୢ ൅ F୲,ୖୢ (5.1)

Mୖୢ ൌ Fୡ,ୖୢ ∙ zୡ ൅ F୲,ୖୢ ∙ z୲ (5.2)

where 

Fୡ,୰ୢ ൌ Aୣ୤୤ ∙ f୨ୢ (5.3)

Aୣ୤୤  is effective area under the base plate. 

The resistance of the compressed part Fc,Rd and the resistance of the part in tension Ft,Rd are 
determined in previous Chapters.  If the tensile force in the anchor bolts according to Fig. 5.2 
occur for 

e ൌ
Mୖୢ

N୉ୢ
൒ zୡ (5.4)

formulas for tension and compressed part is derived 

MRd

z
െ
NEd ∙ zc

z
൑ Fc1,Rd (5.5)

MRd

z
൅
NEd ∙ zc1

z
൑ Fc,Rd (5.6)

Then, the column base moment resistance MRd under a constant normal force NEd is expressed 
as follow: 

with tension force in the anchor bolts 

MRd ൌ min ൜
Ft,Rd ∙ z ൅ NEd ∙ zc
Fc,Rd ∙ z െ NEd ∙ zt

 (5.7)

without tension force, both parts are compressed 
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MRd ൌ min ൜
Fc1,Rd ∙ z ൅ NEd ∙ zc
Fc,Rd ∙ z െ NEd ∙ zc1

 (5.8)

The procedure is derived for open section of I/H cross section.  For rectangular hollow section 
RHS may be taken directly taking into account two webs.  For circular/elliptical hollow sections 
CHS/EHS may be modified, see Fig. 5.2 and (Horová, 2011).  Using sector coordinates 
depends the effective area Aeff	ൌ	2		r	c on the angle .		The lever arm and the resistance of the 
component in compression is 

zc ൌ r ∙ cos
θ

2
 (5.9)

Fc,Rd ൌ Fc1,Rd ൌ π ∙ r ∙ c (5.10)

The resistance of the base plate connection under different loading is illustrated in M-N 
interaction diagram.  In Fig. 5.3a there is an example of this diagram with its important points.  
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Important points of interaction diagram  

Fig. 5.3a An example of M-N interaction diagram for the base plate connection 

5.1.2 Column base with anchor plate 

The bending resistance of the base plate with anchor plate is assembled from the 
tensile/compression resistances of its component.  The additional components to the column 
bases without the anchor plate is the anchor plate in bending and in tension.  The procedure 
for evaluation of the resistance is the same in all connections loaded by bending moment and 
normal force.   

First the resistance of the components in tension is evaluated: the base plate, the threaded 
studs, the anchor plate and the headed studs.  The activated area in contact under the base 
and anchor plate is calculated from the equilibrium of internal forces for the tensile part 
resistance.  From the known size of the contact area is calculated the lever arm and the 
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bending resistance of the column base for particular acting normal force by the same 
procedure like for column base with the base plate only without the anchor plate.   

During design of the base plate with the anchor plate is the elastic-plastic stage at serviceability 
limit verified separately, similar to the composite steel and concrete beam design.  If the 
headed and threaded studs are not over each another the resistance of the base plate is 
influenced by the resistance of the component the anchor plate in tension and related 
components like punching of treated studs. The elastic-plastic resistance at Serviceability limit 
state is calculated based on the bending resistance of the anchor plate only.  Moment rotational 
diagram at Fig. 5.4b sums up the behaviour of column base which is influenced by the elastic 
bending of the anchor plate (1), its elastic-plastic bending (2) and its tension (3). 

 

Fig. 5.3b Moment rotational diagram of column base with anchor plate  

5.2 Simple steel to concrete joint 

This joint typically represents a connection of a steel structure to a concrete wall.  The anchor 
plate is loaded by shear load V୉ୢ and a bending momentM୷,୉ୢ.  The developed model assumes 
a stiff anchor plate and deformations due to the anchor plate are neglected.  The connection 
between the girder and the anchor plate may be regarded as pinned, rigid or semi-rigid.  For 
most structures the connection between the beam and the anchor plate may be assumed as 
pinned. In this case of a simple connection the anchor plate is only loaded by shear load and 
a corresponding bending moment caused by the eccentricity of the shear load.  The connection 
between the girder and the anchor plate may be realised with butt straps or cams or any other 
simple connection, see Fig. 5.4. 

M, kNm 

, mrad 

Elastic-plastic behaviour

1 
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 
 

 

Initial stiffness 
Elastic behaviour 

Anchor plate in tension
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Fig. 5.4a Simple joint with butt straps                         Fig. 5.4b Simple joint with cams 

If the connection between the girder and the anchor plate cannot be assumed as pinned, there 
might be larger bending moments in the joint. In this Chapter the system described is a pinned 
connection between the beam and the anchor plate with an eccentricity	e୴.  However if there 
is a bending moment derived in the global analysis, the eccentricity e୴ may be assumed no 
longer a purely geometrical value anymore but is calculated by 

e୴ ൌ
M୷,୉ୢ

V୉ୢ
 (5.11)

The developed component model describes the structural behaviour of the simple joints.  The 
joints are consisting of an anchor plate with headed studs with and without additional 
reinforcement in cracked as well as non-cracked concrete.  To prove a sufficient resistance for 
the ultimate limit state, the following steps have to be done: 

- evaluation of the tension force caused by the shear load, 
- verification of the geometry of the tension zone, 
- evaluation of the tension resistance, 
- evaluation of the shear resistance, 
- verification of interaction conditions. 

In the following the mechanical joint model for the simple joints is described.  Due to the 
eccentricity of the applied shear load a moment is acting on the anchor plate. This moment 
causes forces, which are shown in Fig. 5.5.  The anchor row on the non-loaded side of the 
anchor plate is in tension.  This anchor row represents the tension component of the joint NEd,2 
and forms a vertical equilibrium with the compression force CEd under the anchor plate on the 
loaded side.  The shear forces are carried by the headed studs, VEd,1 and VEd,2, and the friction 
between steel and concrete Vf. 

The tension component of the joint, which is represented by the headed studs in tension or 
headed studs with stirrups in tension, in the case of using additional reinforcement, is described 
in Chapter 3.  If no additional reinforcement is used, the following failure modes may occur: 
steel failure of the shaft, pull-out failure of the headed stud due to the high compression of the 
stud head on the concrete and concrete cone failure of the anchorage.  When using additional 
reinforcement however, the stirrups contribute to the deformation and the resistance of the 
tension component.  Besides the steel failure and the pull-out failure of the headed studs, a 
concrete failure due to yielding of the stirrups, an anchorage failure of the stirrups and a smaller 
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concrete cone failure may appear.  A detailed description of these components is found in 
Chapter 3. 

 

Fig. 5.5 Forces at the anchor plate caused by the shear force VEd and its eccentricity eV 

For the compression zone a rectangular stress block is assumed under the loaded side of the 
plate.  The stresses in the concrete are limited according to EN1993 1-8 cl 6.2.5.  The design 
bearing strength of the concrete is fjd.  When there is no grout and the anchor plate has a 

common geometry, fjd may be assumed as fjd ൌ 3fcd.  The stress area Ac is given by the width 
of the anchor plate b and the length of the compression zone xc perpendicular to the load, 
resulting from the equilibrium with the assumed tension force in the studs on the non-loaded 
side NEd,2.  As the anchor plate is regarded as stiff, the compression zone starts at the edge of 
the plate.  The stiffness of this component is assumed according to Chapter 3. 

Equilibrium ෍N: C୉ୢ ൌ N୉ୢ,ଶ (5.12)

Compression force 
C୉ୢ ൌ f୨ୢ ∙ xୡ ∙ b 

for most cases  f୨ୢ ൌ 3 fୡୢ 
(5.13)

The position of the shear load VEd,1 and VEd,2 has been derived according to the stress 
distribution given by the results of numerical calculations.  There it is seen that the resulting 
shear force is placed with a distance of about d in average from the anchor plate, when d is 
the diameter of the headed stud.  As a simplification of the mechanical joint model it is assumed 
that the shear forces of both anchor rows appear in the same line, see Fig. 5.6.  In case of a 
high tension in the first row of studs only small additional shear forces VEd,2 is applied the 2nd 
stud row.  The position of the friction force Vf is assumed between the concrete surface and 
the anchor plate. 
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Fig. 5.6 Stress distribution σx in load direction 

Forming the moment equilibrium according to (5.14), the size of the tension and the 
compression component of the joint is calculated.  The rotational equilibrium is calculated for 
the point in the middle of the compression zone in one line with VEd,1 and VEd,2.  The shear force 
is turning clockwise with a lever arm of ev	൅	d	൅	tp.  The tension force NEd,2 is turning counter 
clockwise with a lever arm of z.  The friction force is turning counter clockwise with a lever arm 
of d.  The tension component carried by the second stud row NEd,2 is calculated with the 
following formula. 

V୉ୢ ∙ ሺe୴ ൅ d ൅ t୮ሻ ൌ N୉ୢ,ଶ ∙ z ൅ V୤ ∙ d (5.12)

N୉ୢ,ଶ ൌ
V୉ୢ ൉ ൫e୴ ൅ d ൅ t୮൯ െ V୤ ∙ d

z
 (5.13)

If the pinned joint is loaded by diagonal pull, additional normal forces have to be considered in 
the moment equation, see Eq. (5.16).  This equation requires, that the normal force does not 
lead to an uplift of the anchor plate. In this case both anchor rows would be subjected to tension 
forces and no shear resistance due to friction forces is carried by the pinned joint.  

V୉ୢ ∙ ൫e୴ ൅ d ൅ t୮൯ ൅ N୉ୢ ∙ ቀz െ
sଶ
2
ቁ ൌ N୉ୢ,ଶ ∙ z ൅ V୤ ∙ d (5.14)

As already described above, the assumed tension load in the headed studs on the non-loaded 
side and the compression component form a vertical equilibrium.  This approach requires an 
iterative process, as the area of the compression zone is dependent on the assumption for the 
tension load in the studs on the non-loaded side.  But the shear resistance of the joint is not 
only limited by the acting moment.  Therefore as a last step the resistance of the shear 
components have to be verified.  The joint shear resistance is defined by the sum of the shear 
resistance of the studs and the friction between the concrete surface and the anchor plate, see 
Fig. 5.7 The resistance due to friction Vf	is defined by the coefficient μ for friction between steel 
and concrete. In cl 6.2.2 of EN1993-1-8:2006 a friction coefficient of μ = 0.2 is proposed.  The 
stiffness is assumed as infinite, as the displacement is zero if the shear force is smaller than Vf. 

V2V1

d

d
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Friction between steel and concrete Vf 

 

1st stud row of headed studs in shear VEd,1  

 

2nd stud row of headed studs in shear  VEd,2 

Fig. 5.7  Shear components 

After subtracting the component of the friction force, the rest of the applied shear load has to 
be carried by the headed studs.  The total shear resistance depends on two possible failure 
modes due to shear: Steel failure of the headed studs as well as Concrete cone failure 
respectively pry-out failure.  Also the distribution of the shear load among the anchor rows 
depends on the failure mode.  Furthermore interaction between tension and shear loads in the 
stud row on the non-loaded side of the anchor plate has to be considered resulting in a reduced 
resistance of these studs. In case of a steel failure of the headed studs, it is assumed that at 
ultimate limit state the front anchor row is subjected to 100% of its shear resistance, as there 
are acting no tensional forces.  The remaining part of the shear load is carried by the back row 
of anchors, depending on the interaction conditions. In contrast when verifying the anchorage 
for concrete failure, the shear load is distributed half to the front and half to the back row of 
anchors.  Thereby the interaction condition for concrete failure has to be considered.  The 
following interaction conditions are used: 

Concrete failure n
୒

ଷ
ଶൗ ൅ n

୚

ଷ
ଶൗ ൑ 1 (5.15)

Steel failure n୒
ଶ ൅ n୚

ଶ ൑ 1 
(5.16)

where 

n୒  is the minimum value for  
୒ుౚ,౟

୒౎ౚ,౟
 

n୚  is the minimum value for 
୚ుౚ,౟

୚౎ౚ,౟
 

Additional verifications required 

In the preceding description not all verifications are covered.  Additional checks, which are not 
described in this manual have to be done: 

 Verification of the steel components connected to the anchor plate. 
 Calculation of the anchor plate.  The calculated tension and compression forces causes 

bending moments in the anchor plate.  The anchor plate must be able to carry these 
bending moments.  The anchor plate has to be stiff and therefore in the plate no yielding 
is allowed. 

 Additional checks for the reinforcement in the concrete wall to prevent local failure of the 
concrete due to the compression force with have to be done, see EN19921-1:2004. 

 The concrete wall must be able to carry the loads transferred by the anchor plate. 

The verification of the design resistance of the joint is described in the Table 5.1 in a stepwise 
manner.  
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Tab. 5.1 Verification of the design resistance of the joint 

Step Description Formula 

The eccentricity e୴ and the shear force V୉ୢ are known. 

1 

 

Evaluation of the 
tension force caused by 
the shear load 

Estimation of xc and 
calculation of the tension 
component NEd,2. 

z is depending on xc 

 

NEd,2 ൌ
VEd ∙ ൫ev ൅ d ൅ tp൯ െ Vf ∙ d

z
 

2 Verification of 
compression height.  

Check if the assumption 
for xc is OK. 

෍N: CEd ൌ NEd,2 			xc ൌ
CEd

b ∙ 	 fjd
 

If x is estimated too small go back to Step 1 and try again. 

For most cases  fjd ൌ 3 fcd 

3 Evaluation of the 
tension resistance 

Calculation of NRd,u 

Without Stirrups With Stirrups 

Nୖୢ,୳ ൌ min

ە
ۖ
۔

ۖ
ۓ
Nୖୢ,୳,ୱ
Nୖୢ,୮
		Nୖୢ,୳,ୡ NRd,u ൌ min

ە
ۖ
۔

ۖ
ۓ
	NRd,u,s
NRd,p

			NRd,cs
NRd,re,1
NRd,re,2

 

4 Calculation of the shear 
resistance 

VRd,s ൌ 0.7 ∙ NRd,u,s 

VRd,cp ൌ k minൣNRd,cs, NRd,re,1, NRd,re,2, NRd,u,group൧ 

5 Verification of 
interaction conditions 

Possible failure modes 

Steel failure  
of the headed studs 

Concrete failure 

VEd,2 ൌ VEd െ VRd,s െ Vf VEd,2 ൌ 	
VEd െ Vf

2
 

ቆ
NEd,2

NRd,u,s
ቇ

2

൅ ቆ
VEd,2

VRd,s
ቇ

2

൑ 1 
ቆ
NEd,2

NRd,u
ቇ

3/2

൅ ቆ
VEd,2

VRd,cp
ቇ

3/2

൑ 1 

NRd,u is not including NRd,u,s 

Are both interaction equations OK? 

YES NO 

Design  calculation 
finished 

The load carrying capacity  
of the joint is not sufficient.  
The joint has to be improved. 
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5.3 Moment resistant steel to concrete joint 

A representative spring and rigid link model was idealized for the behaviour of composite beam 
to reinforced concrete wall joint, subjected to hogging bending moment, which is illustrated in 
Fig. 5.8. The joint components are: 

 longitudinal steel reinforcement in the slab, at Fig. component 1 

 slip oft he composite beam ,component 2; 

 beam web and flange, component 3;  

 steel contact plate, component 4; 
 components activated in the anchor plate connection, components 5 to 10 and 13 to 15;  

 the joint link, component 11.  

 
Fig. 5.8: Joint component model for the composite beam to reinforced concrete wall joint 

In order to obtain the joint properties, the assembly of the components and of the joint models 
is described in the present section. For the joint under hogging bending moment, the assembly 
procedure was based on the mechanical model depicted in Fig. 5.8b. The determination of the 
joint properties to bending moment may be performed using a direct composition of 
deformations.  The longitudinal steel reinforcement bar in slab, the slip of the composite beam, 
and the anchor plate components consider the models described in section 3. These models 
enable a good approximation to the real behaviour of the components, see (Henriques, 2008). 
The models may be described and composed also based on its stiffness coefficients as used 
in EN1993-1-8:2006. 

The mechanical model represented in Fig. 5.9 presents only one row of components in tension 
and another in compression. This implies that the assembly procedure is much simpler, as no 
distribution of load is required amongst rows, as in steel/composite joint with two or more 
tension rows. Thus, the first step is the assembly of the components per row. Equivalent 
springs are defined per row, as represented in Fig. 5.9. The equivalent component/spring 
should perform as the group of components/springs it represents. The determination of its 
properties takes into consideration the relative position of the components: acting in series or 
in parallel. In the present case, either for the compression row either for the tension row, all 
joint components are acting in series. Thus, the determination of the properties of equivalent 
components/springs was performed as expressed in (5.17) for resistance Feq,t and Feq,c, see 
(Henriques, 2008).  
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Fig. 5.9 Simplified joint model with assembly of components per row 

 

Fୣ୯ ൌ minሼF୧toF୬ሽ (5.17)

where, the indexes i to n	 represent all components to consider either in tension either in 
compression, depending on the row under consideration.  

Then, because only one tension row and one compression row was considered, the 
determination of the joint properties, Mj,	Φj, becomes relatively easy. In order to determine the 
joint rotation, it is important to define the lever arm hr. According to the joint configuration, it 
was assumed that the lever arm is the distance between the centroid of the longitudinal steel 
reinforcement bar and the mid thickness of bottom flange of the steel beam. The centroid of 
steel contact plate is assumed to be aligned with this reference point of the steel beam. 
Accordingly, the joint properties are obtained as follows: 

Fୣ୯ ൌ min൛Fୣ୯,୲, Fୣ୯,ୡ, F୎୐ൟ h୰ (5.18)

where, Feq,tand Feq,care the equivalent resistance of the tension and compression rows, 
respectively, determined using Eq. (5.17).  
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6 ASSEMBLY FOR STIFFNESS 

6.1 Column base 

6.1.1 Column base with base plate 

The calculation of stiffness of the base plate, given in (Wald et al, 2008), is compatible with 
beam to column stiffness calculation.  The difference between these two procedures is in the 
fact that by the base plate joint the normal force has to be introduced, see (Ermopoulos, 
Stamatopoulos, 1996).  In Fig. 6.1 there is the stiffness model which shows a way of loading, 
compression area under the flange, allocating of forces under the base plate, and a position 
of the neutral axes. 

NEd

MEd

Ft,l,Rd

z

zt,l z c,r

Fc,r,Rd

 

Fig. 6.1 The stiffness model of the base plate connection of the column base 

By the calculation of the stiffness the effective area is only taken into account.  The position of 
compression force Fc.Rd is located at the centre of compression area.  The tensile force Ft.Rd	is 
located at the anchor bolts.  The rotational bending stiffness of the base plate is usually 
determined during proportional loading with constant eccentricity  

e ൌ
M୉ୢ

N୉ୢ
ൌ const. (6.1)

According to the eccentricity three possible basic collapse modes can arise with activation of 
anchor bolts, see (Wald et al, 2008). For large eccentricity with tension in one row of anchor 
bolts Pattern 1, see Fig. 6.2a, without tension in row of anchor bolts, small eccentricity, Pattern 
2 in Fig. 6.2b, and with tension in both row of anchor bolts Pattern 3.  

Pattern 1  with tension in one bolt row of anchor bolts arises when the base plate is loaded 
by small normal force compared to the ultimate bearing capacity of concrete. 
During collapse the concrete bearing stress is not reached. The breaking down 
occurs because of yielding of the bolts or because of plastic mechanism in the 
base plate. 

Pattern 2  without tension in anchor bolts grows up during high normal force loading. The 
collapse of concrete appears before developing stresses in the tension part. 
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Pattern 3  with tension in one bolt row of anchor bolts arises when both bolt row of anchor 
bolts may be activated and column base is exposed to tension force in not so 
common, and the theorems may be derived similarly. 

 

NEd

MEd

NEd

MEd

t,l c,r
c,l c,r

  

zz
zt,l zc,r zc,l zc,r

 
NEd

MEd

t,l

z
z t,l zc,r



t,r

 

Fig. 6.2 The mechanical model of the base plate a) one anchor bolt row activated,   
b) no anchor bolt activated c) both anchor bolt rows activated 

Deformations δt and δc of components depend on the stiffness of tension part kt and the 
stiffness of the compression part kc.  

δt,l ൌ

MEd

z
െ
NEd zt
z

E kt
ൌ
MEd െ NEd zt

E z kt
 (6.2)

δc,r ൌ

MEd

z
െ
NEd zt
z

E kc
ൌ
MEd െ NEd zt

E z kc
 (6.3)

The rotation of the base plate could be determined from formulas above 

ϕ ൌ
δ୲,୪ ൅ δୡ,୰

z
ൌ

1

E	zଶ
∙ ൬
M୉ୢ െ N୉ୢ ∙ zୡ

k୲
൅
M୉ୢ ൅ N୉ୢ ∙ z୲

kୡ
൰ (6.4)

From the rotation the initial stiffness is derived 

S୨,୧୬୧ ൌ
E zଶ

1
kୡ
൅
1
k୲

ൌ
E zଶ

∑
1
k

 (6.5)

Nonlinear part of the moment-rotation curve is given by coefficient μ, which express the ratio 
between the rotational stiffness in respect to the bending moment, see (Weynand et al, 1996) 
and EN1993-1-8:2006 

μ ൌ
S୨,୧୬୧

S୨
ൌ ൬κ

M୉ୢ

M୉ୢ
൰
ஞ

൒ 1 (6.6)

where 

κ is coefficient introducing the beginning of non-linear part of curve, κ = 1.5 

ξ	 is shape parameter of the curve, ξ = 2.7 

The rotation stiffness is calculated as 
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Sj ൌ
E z2

μ ∑
1
k

 (6.7)

For above described components, the stiffness coefficients, showed in Fig. 6.3, is revised from 
bolt in tension kb, base plate in bending kp, and concrete in compression kc.  

 

Fig. 6.3 The mechanical simulation with stiffness coefficients 

As it is evident in Fig. 6.3, the stiffness of the tension part kt consists of the stiffness of the base 
plate kp and the stiffness of bolts kb.  With these parameters, Sj,	µ, and MRd, we obtain the 
moment rotation curve, which is the best way how to describe behaviour of the base plate 
connection, see Fig. 6.4. 

The procedure for evaluation of stiffens is derived for open section of I/H cross section.  For 
rectangular hollow section RHS may be taken directly taking into account two webs.  For 
circular/elliptical hollow sections CHS/EHS may be modified, see (Horová, 2011).   

 

Fig. 6.4 Moment rotation curve for proportional loading 

6.1.2 Column base with anchor plate 

The bending stiffness of the base plate with anchor plate is assembled from the deformation 
stiffness’s of its components, e.g. in the tensile part the base plate, the threaded studs, the 
anchor plate, and the headed studs and in the compressed part the concrete block in 
compression and base plate plus anchor plate in bending.  The additional components are the 
anchor plate and treated studs.  The deformation springs representing the individual 
components and its lever arms are summarized in Fig. 6.5. The effective stiffness coefficient, 
see Chapter 6.3 in EN1993-1-8:2005, is applied to transfer all deformational springs into the 
position of the threated stud. 
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Fig. 6.5 Deformational springs representing in the model the components 

6.2 Simple steel-to-concrete joint 

The stiffness of the concrete components are not yet considered in the CEN/TS 1992-4-2 to 
calculate the deformation behaviour of the Simple joint.  In the following the stiffness that have 
been developed within the INFASO project were applied to the Simple joint and from this the 
rotational stiffness of the joint is developed.  A detailed description of this components may be 
found in Chapter 3.  Thereby the rotational behaviour of the joint caused by the shear load VEd 
is calculated.  It is assumed that in the case of a Simple joint the rotation does not influence 
the global analysis or the bending resistance of the joint to a high extend, see Fig. 6.6 and 6.7.  
The Simple joint is primarily a shear force connection and the rotation or the rotational stiffness 
of the joint is not relevant. 

 

Fig. 6.6 Model for the global analysis  
of a simple joint  

between the beam and the anchor plate 

Fig. 6.7 Model for the global analysis  
of a rigid joint  

between the beam and the anchor plate 

If the connection between the girder and the anchor plate cannot be assumed as pinned, there 
might be larger bending moments in the joint.  In the following Chapters the system described 
is a simple connection between the beam and the anchor plate with an eccentricity	ev.  
However if there is a real bending moment derived in the global analysis, the eccentricity ev 
may be assumed no longer a purely geometrical value anymore but is calculated by  

The anchor plate in bending and tension 

Headed studs in tension 

Pull-out of headed studs 

Concrete cone with/without reinforcement 

Base plate in bending and concrete in compression Base plate in bending 

Threaded studs in tension 
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ev ൌ
My,Ed

VEd
. In this case it is very important to determine the rotational stiffness of the joint 

because the rotational stiffness may influence the load distribution in the global analysis and 
the size of the bending moment of the joint, see Fig. 6.8. In order to model the rotational 
behaviour of the joint, at minimum two components are necessary, a tension component and 
a compression component.  The tension component is represented by the headed stud in 
tension, see Chapter 3, and the compression component by the component concrete in 
compression.  With these two components and the lever arm z and the rotational behaviour of 
the joint may be modelled. 

 

Fig. 6.8 Forces at the anchor plate caused by the shear force VEd and its eccentricity eV 

The shear load VEd causes a tension force NEd,2in the headed stud on the non-loaded side of 
the anchor plat. In equilibrium with the tension force there is a compression force CEd.  For the 
equilibrium of moments and forces also see Chapter 3. 

This forces are leading to a deformation δT caused by the tension force on the non-loaded side 
of the anchor plate and a deformation δC caused by the compression force on the loaded side 
of the anchor plate, see Fig. 6..  With these two deformation values and the lever arm z the 
rotation of the stiff anchor plate may be calculated according to the following formula 

φ ൌ
δ୘ ൅ δେ

z
 (6.8)
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Fig. 6.9 Rotation of the anchor plate caused by the shear load VEd 

In the following an overview over the tension and over the compression component is given. 

The tension component 

The tension component is described in detail in Chapter 3.  For these components two 
alternatives exist, one with additional stirrups and one without, see Fig. 6.10.  For every 
alternative a model including several springs has been developed. 

Headed studs in tension Headed studs with stirrups in tension 

 

 

Steel failure in tension 

 

 

Pull-out failure 

 

 

Concrete cone failure  

 

 

Steel failure in tension 
 

 

Pull-out failure 

 

 

Concrete cone failure  

with stirrups in tension 

Fig. 6.10 Spring model for headed stud in tension, with and without stirrups 

Depending on, whether additional reinforcement is used or not, the deformations of the headed 
studs are defined as follow: 

Headed studs in tension 

N ൌ 0	to	N ൌ N୳,ୡ and  δଵ ൌ δ୮ଵ ൅ δ୦ (6.9)

N ൌ N୳,ୡ	to	N ൌ 0 and  δଶ ൌ δଵሺN୳,ୡሻ ൅
N െ N୳,ୡ

kୡ
 (6.10)

Headed studs with stirrups in tension 

N ൌ 0	to	N ൌ N୳,ୡ and  δଵ ൌ δ୮ଵ ൅ δ୦ (6.11)
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N ൌ N୳,ୡ	to	N ൌ N୳ and  δଶ ൌ δ୮ଶ ൅ δ୦ ൅ ሺδୡ ൅ δୱሻ  (6.12)

N ൌ N୳	to	N ൌ 0 and  δଷ ൌ δଶሺN୳ሻ ൅
N െ N୳
kୡ

൅
N୳ െ N

10 000
 (6.13)

In both cases it is necessary to ensure that neither yielding nor pull-out failure of the headed 
studs is the decisive failure mode.  The load-displacement behaviour after of these failure 
modes are not considered in the equations above. 

The compression component 

For the compression force the spring stiffness may be calculated as follows: 

Kୡ ൌ
Eୡ ∙ ඥAୣ୤୤
1.275

 (6.14)

The formula is taken from EN1993-1-8.  The influence of the concrete stiffness is not very large 
on the rotational behaviour.  

Determination of the lever arm z 

Due to the equilibrium for each value of the shear load	V୉ୢ, a corresponding tension force NEd,2 
and the compression force CEd have to be calculated.  As every value of VEd corresponds to 
a different compression force	C୉ୢ, there is also a different height of the compression area xc 
and another corresponding lever arm z.  For example if a small VEd causes a small NEd,2 and 
CEd, the height of the compression zone xc is small and the lever arm z is relatively large. If the 
shear load is increased, the size of the compression force rises and the height of the 
compression area xc also grows, whereas the lever arm z decreases. 

The changing of the lever arm z is easily taken into account in a computer based calculation.  
For a calculation without computer a constant lever arm should be assumed.  For the most 
structures the best solution to determine the lever arm is to calculate the maximum resistance 
of the tension load of the headed studs.  Based on this value the maximum compression force 
and the minimum z may be calculated.  Only if the anchor plate is extreme small and the 
tension resistance is extremely large the lever arm should be determined in a different way. 

The rotational stiffness 

Not only the rotation caused by the shear load, but also the rotational stiffness of the joint is 
calculated.  With the help of the rotational stiffness it is possible to model the joint in the global 
analysis assuming his realistic behaviour.  The initial rotational stiffness Sj,ini may be calculated 
according to EN1993-1-8.  The following equation may be found in EN1993-1-8:2006, cl 6.3.1 

S୨,୧୬୧ ൌ
z²

ሺ
1
K୘

൅
1
Kୡ
ሻ
 (6.15)

where 

KT  is the stiffness of the tension component 

Kc  is the stiffness of the compression component 

If no ductile behaviour is expected, the initial stiffness Sj,ini is assumed up to the maximum load. 
In the case of ductility the stiffness Sj	of the joint is changed according to the utilization level of 
the joint.  Therefore the behaviour of the joint is represented by a moment-rotation curve with 
a trilinear shape, see equation 6.17.  The determination of the associated factor μ is taken from 
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EN1993-1-8.  It has to be mentioned that in this case large cracks that are undesirable might 
occur. 

S୨ ൌ S୨,୧୬୧/μ (6.16)

6.3 Moment resistant steel to concrete joint 

For the joint under hogging bending moment, the assembly procedure was based on the 
mechanical model represented in Fig. 5.8a.  The determination of the joint properties to 
bending moment is performed using two different approaches: the direct deformation 
superposition and model based on composition of stiffness coefficients by spring procedure. 

The mechanical model represented in Fig. 5.8b presents only one row of components in 
tension and another in compression.  The determination of the properties of equivalent 
components/springs was performed as expressed in (6.17), for deformation Δeq,t and Δeq,c. 

Δୣ୯ ൌ෍Δ୧

୬

୧ୀଵ

 (6.17)

where, the index i to n	 represent all components to consider either in tension either in 
compression, depending on the row under consideration. In order to determine the joint 
rotation, it is important to define the lever arm hr.  Accordingly, the joint properties are obtained 
as follows 

ϕ୨ ൌ
Δୣ୯,୲ ൅ Δୣ୯,ୡ ൅ Δ୎୐

h୰
 (6.18)

where 

Δeq,t and Δeq,c are the equivalent deformation of the tension and compression rows, respectively, 
determined using (6.17). 

7 GLOBAL ANALYSIS INCLUDING JOINT BEHAVIOUR 

7.1 Structural analysis  

The analysis of structures regarding the steel and composite joints modelling has been 
conventionally based on the concept of rigid, infinite rotational stiffness, or pinned, no rotational 
stiffness.  However, it is well recognized that the real behaviour is often intermediate between 
these extreme situations, see (Jaspart, 2002).  In these cases, the joints are designated as 
semi-rigid.  In such joints, partial relative rotation between connected members is assumed, 
contrarily to the traditional concept of no or free rotation. 

Consequently, the behaviour of the joint has a non-negligible influence on the structural 
analysis, see (Jaspart, 1997); and (Maquoi, Chabrolin, 1998) affecting: distribution of internal 
forces and deformations. In terms of resistance, the influence of the joint properties is obvious, 
as the structural capacity is limited if the joint is not fully capable of transmitting the internal 
forces, namely the bending moments. In such cases, the joint rotation capacity also becomes 
critical, defining the type of failure and the possibility to redistribute the internal forces.  Thus, 
joints are keys parts of the structure, playing an important role in the behaviour of the structure. 
In what regards to the reinforced concrete joints, the structural analysis remains in the classical 
concept of rigid or pinned joints EN1992-1-1:2004.  This is understandable due to the nature 
of the joints. In what concerns the steel-to-concrete joints, the joint behaviour is similar to steel 
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joints. In this way, the effect of the steel-to-concrete joint on the structural behaviour should be 
considered as in steel structures. 

With the component method (Jaspart, 1997), the real behaviour of the steel/composite joints 
may be efficiently evaluated and characterized in terms of rotational stiffness, bending moment 
resistance and rotation capacity.  Subsequently, their behaviour is introduced in the structural 
analysis.  This allows integrating the joint design with the structural design. Such type of 
analysis is recommended by the codes, EN1993-1-8:2006 and EN1994-1-1:2010, and should 
follow the subsequent steps: 

 Characterization of the joint properties in terms of rotational stiffness, bending moment 
resistance and rotation capacity, 

 Classification of the joint, 

 Joint modelling on the structural model, 
 Joint idealization. 

The joint classification as already been introduced in section 2.2 and consists in determining 
the boundaries for the conventional type of joint modelling regarding the stiffness, see Fig. 2.6, 
and the resistance, see Fig. 2.7. The classification of the joint determines the type of joint 
modelling that should be adopted for the structural analysis.  For stiffness classification, the 
stiffness of the connected beam is used to define the boundaries.  In terms of resistance, the 
classification is set according to the minimum capacity of the connected members.  In terms 
of rotation capacity, the information available is quite limited. In the code EN1993-1-8:2006 
only a qualitative classification is given which consists in the following: i) ductile joints (suitable 
for plastic analysis) – ductile components govern the behaviour of the joint; ii) semi-ductile 
joints components with limited deformation capacity govern the joint response; iii) and brittle 
joints (do not allow redistribution of internal forces) - brittle components control the joint 
response. 

Tab. 7.1 Criteria to define the boundaries  
for classification of beam-to-column steel and composite joints 

Stiffness 
Rigid/Semi-rigid 8 E Ib/Lb 
Semi-rigid/Pinned 0.5 E Ib/Lb 

Resistance 

Full-strength/Partial-strength 
Top of column: min{Mc,	pl,Rd;	Mb,pl,Rd} 
Within column height: min{2Mc,pl,Rd;	Mb,pl,Rd} 

Partial-strength/Pinned 25% of Full-strength/Partial-strength 

In the structural analysis, according to the stiffness and strength classification, three types of 
joint modelling are possible, as listed in Tab. 7.2.  In the case of continuous joint, the full rotation 
continuity is guaranteed between the connected members.  In the case of simple joint, all 
rotational continuity is prevented between the connected members. 

Otherwise, the joint is semi-continuous. In relation to the physical representation of the joint in 
the structural model, different approaches may be used, as illustrated in Tab. 7.2.  In Fig. 7.1a 
the actual behaviour of the joint is modelled: L-springs Sr,L representing the connecting zone 
and S-springs Sr,S representing the panel zone.  The infinite rigid stubs assure that the flexibility 
of the joint will not be taken into consideration more than once.  In Fig. 7.1b is presented a 
model to be used in the software which does not support flexural springs.  Stubs with adequate 
bending stiffness E	I and resistance M, maintaining the clear separation between bending and 
shear influences are used to replace rotational springs.  Finally, the concentrated model is 
represented in Fig. 7.1c.  In this model, L-springs and S-springs are assembled into one single 
spring and displaced to the column axis Sc.  The overall joint behaviour is then represented by 
a single rotational spring, two in the case of double sided joints.  This simplified modelling 
solution is prescribed by EN1993-1-8:2006.  The simplifications adopted are compensated in 
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the joint transformation.  The joint transformation takes into account the shear force acting in 
the column, and the combination of the shear panel and connections in the joint spring at the 
beam-to-column axis intersection point, see (Huber et al, 1998). 

Tab. 7.2 Criteria to define the boundaries for classification  
of beam-to-column steel and composite joints EN1993-1-8:2006 

Joint modelling Joint Classification 
Continuous Full-strength and Rigid 

Semi-continuous 
Full-strength and Semi-rigid 
Partial-strength and Rigid 

Partial-strength and Semi-rigid 
Simple Pinned and Pinned 

 

Fig. 7.1a Representation  
of joint by infinite rigid stubs 

Fig. 7.1b Representation  
of joint by deformable stubs  

 

Fig. 7.1c Representation of joint by two rotational springs  

The joint idealization consists in defining the type of flexural curve which will be attributed to 
the flexural spring representing the joint.  The behaviour of the joints is typically nonlinear; 
however, its implementation in the flexural spring is not practical for everyday design. In this 
way, the behaviour of the joint may be simplified as schemed in Fig. 7.2.  The selection of the 
appropriate curve depends on the type of analysis to perform: elastic, elastic-plastic, rigid-
plastic.  Accordingly the following behaviours may be assumed: i) linear elastic, Fig. 7.2a only 
requires rotational stiffness; ii) bi-linear or tri-linear elastic-plastic, Fig. 7.2b requires rotational 
stiffness, resistance and deformation capacity; iii) rigid plastic, Fig. 7.2c requires resistance 
and rotation capacity. In the case of semi-rigid joint, the joint rotational stiffness to be consider 
depends on the expected load on the joint, thus the following is considered: i) the acting 
bending moment is smaller than 2/3 of the joint bending moment resistance Mj,Rd and the joint 
initial rotational stiffness Sj,ini may be used; ii) in the other cases, the joint secant rotational 
stiffness Sj should be used.  The latter is obtained dividing the joint initial stiffness Sj,ini by the 

Sr,S

Sr,S

Sr,L Sr,L

EI=∞
EIL

EIL

EIS

EIS

ScSc
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stiffness modification coefficient η.  The codes EN1993-1-8:2006 and EN1994-1-1:2010 
provide the stiffness modification coefficient to consider according to the type of connection. 

  

Fig. 7.2a Linear elastic M-Ф curve 
idealized for the joint behaviour  

Fig. 7.2b Bi-linear and tri-linear elastic-plastic 
M-Ф curve idealized for the joint behaviour 

 

Fig. 7.2c Rigid plastic M-Ф curve idealized for the joint behaviour  

The stiffness of a joint influences the deformability of the structure, which is reflected in the 
check for SLS.  The influence of non-linear behaviour of joints in terms of ULS is more difficult 
to assess as it requires a non-linear analysis.  The following example illustrates in a simplified 
way, the influence of joints in the behaviour of the structure.  Considering the beam 
represented in Fig. 7.3, under a linear uniform load q and assuming rigid joints at both ends of 
the beam leads to the bending moment Mj,∞ at both supports, and to the bending moment 
diagram represented by the dashed line.  On the other hand, assuming at both ends of the 
beam a rotational stiffness of the joints Sj, then the bending diagram represented by the 
continuous line is obtained.  This represents a bending moment re-distribution of ∆M that varies 
from 0 to q	L2/12.  This re-distribution is also reflected in the vertical deflection of the beam, 
which may vary from q	L4/ሺ384	EIሻ to 5	q	L4/ሺ384	E	Iሻ. 
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Fig. 7.3 Influence of a semi-rigid joint in the behaviour of the beam 

The use of the concept of semi-rigid joints may has economic benefits, particularly in the 
optimization of moment connections. Possible savings due to semi-rigid design is 20 – 25 % 
in case of unbraced frames and 5 - 9 % in case of braced frames, see EN1990:2002.  

7.2 Examples on the influence of joint behaviour 

7.2.1 Reference building structures 

In order to illustrate the influence of joint behaviour in the global analysis of structures, an 
example is provided in the following paragraphs. For complete details of the analysis see 
(Henriques, 2013).  The building structures selected for the analysis considered two types of 
occupancy: office and car park.  For the first type, the building structure erected in Cardington 
and subject to fire tests was chosen, see (Bravery 1993) and (Moore 1995).  The building was 
designed to represent a typical multi-storey building for offices.   For the car park building, the 
structure used in a recent RFCS project regarding Robustness in car park structures subject 
to a localized fire, see (Demonceau et al, 2012), was selected.  Though the main 
characteristics of the reference building structures are used, modifications were performed 
whenever required to adapt the structures.  Furthermore the performed calculations only 
considered the analysis of plane sub-structures which were extracted from the complete 
building structures.  As higher variation of the structural system was found in the office building, 
two sub-structures were selected to represent this type of building while for the car park only 
one sub-structure was considered.  The main characteristics and the adopted modifications of 
the referred building structures are summarized in the following paragraphs, see (Kuhlmann 
et al, 2012) and (Maquoi, 1998). 

The office building structure 

The main geometrical and mechanical properties of the office building are summarized in 
Tab. 3, together with the adopted modifications.  The floor layout is illustrated in Fig. 7.4.. 
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Tab. 7.3 The main properties and performed modifications  
of the reference structure representing the office building type 

Reference Structure Modifications 
Nº of floors and height: 1 x 4.34 m + 7 x 4.14 m 
Nº of spans and length in longitudinal direction: 

5 x 9 m 
Nº of spans in transversal direction:  

2 x 6 m+1 x 9 m 

No modifications 

Columns: British steel profiles, grade S355, 
cross-section variation along height 

Beams: composite, British steel profiles + 
composite slab; grade S355 and grade S275; 

Lightweight concrete 
Bracing system: cross bracing flat steel 

All British steel profiles were replaced by 
common European steel profiles with equivalent 

mechanical properties. 
Bracing systems were replaced by shear walls in 
order to introduce in the structural system, steel-

to-concrete joints. 

Beam-to-column joints: simple joints 
Column bases: continuous 

The type of joint between horizontal members 
and vertical members was one of the key 

parameters of the study. The joint modelling was 
varied from continuous to simple. 

Column bases were assumed as simple joints. 

 

Fig. 7.4  Floor layout of the reference structure representing the office building type 

The car park building structure 

This type of building represents the standard configuration of a car park structure in Europe.  
The main geometrical and mechanical properties of this type of building are summarized in 
Tab. 7.4.  In this case, only a few modifications were required.  Fig. 7.5 illustrates the floor 
layout. 
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Tab. 7.4 The main properties and performed modifications for the car park building type 

Reference structure Modifications 

Nº of floors and height: 8 x 3 m 

Nº of spans and length in longitudinal direction: 6 x 10 m 

Nº of spans in transversal direction: 10 x 16 m 

No modifications 

Columns: steel profiles, grade S460,  
cross-section variation along height 

Beams: composite (steel profiles + composite slab); grade S355; normal weight concrete 

Bracing system: concrete core (assumed but not defined) 

Dimensions given 
to the concrete 

core 

Beam-to-column joints: semi-continuous joints 

Column bases: simple joints 
No modifications 

 

Fig. 7.5 Structural layout of the car park building type 

7.2.2 Design 

The structural calculations performed considered an elastic-plastic analysis. In all members 
and joints, except RC walls, plastic deformations were admissible. For sake of simplicity, the 
wall behaviour was always assumed elastic without limitation of capacity. However, it was 
considered that the steel-to-concrete joint includes the part of the wall surrounding the joint. 
Therefore, partially, hypothetic localized failure of the wall was considered. In terms of loading, 
two types of combinations were considered: i) Service Limit State; and ii) Ultimate Limit State. 

In relation to the calculations, the strategy consisted in performing several numerical 
simulations where the beam-to-column and beam-to-wall joint properties were varied within 
the boundaries for joint classification. In addition, two cases considered the extreme situations 
of all joints either continuous or simple joints.  For the other cases, the steel joints and steel-
to-concrete joints are semi-continuous. In all calculations, the column bases joints were 
assumed simple.  Tab. 7.5 lists the numerical simulations performed and identifies the joint 
properties considered in each case.  Although the focus was on steel-to-concrete joints, steel 
joints were also considered to be semi-continuous so that the structural system was consistent.  
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The different cases presented in Tab. 7.5 considered the combination of different values of 
joint initial rotational stiffness and resistance capacity.  In terms of rotation capacity, it was 
assumed that unlimited rotation capacity was available.  A total of 10 cases were considered 
for each load combination. 

Tab. 7.5 Definition of the cases for each load combination and each sub-structure 

Case 
Initial Rotational Stiffness Bending Moment Resistance 

Steel-to-
concrete joint 

Steel joint 
Col. 
bases 

Steel-to-
concrete joint 

Steel joint 
Col. 
bases 

1 R R P FS FS P 

2 R 
SR: 

0.5 (R/SR+SR/P) 
P FS FS P 

3 
SR: 

2/3 (R/SR+SR/P) 
SR: 

0.5 (R/SR+SR/P) 
P FS FS P 

4 
SR: 

1/3 (R/SR+SR/P) 
SR: 

0.5 (R/SR+SR/P) 
P FS FS P 

5 
SR: 

2/3 (R/SR+SR/P) 
SR: 

0.5 (R/SR+SR/P) 
P 

PS: 
2/3 (FS/PS+PS/P) 

PS: 
2/3 (FS/PS+PS/P) 

P 

6 
SR: 

1/3 (R/SR+SR/P) 
SR: 

0.5 (R/SR+SR/P) 
P 

PS: 
2/3 (FS/PS+PS/P) 

PS: 
2/3 (FS/PS+PS/P) 

P 

7 
SR: 

2/3 (R/SR+SR/P) 
SR: 

0.5 (R/SR+SR/P) 
P 

PS: 
1/3 (FS/PS+PS/P) 

PS: 
1/3(FS/PS+PS/P) 

P 

8 
SR: 

1/3 (R/SR+SR/P) 
SR: 

0.5 (R/SR+SR/P) 
P 

PS: 
1/3 (FS/PS+PS/P) 

PS: 
1/3 (FS/PS+PS/P) 

P 

9 P 
SR: 

0.5 (R/SR+SR/P) 
P P 

PS: 
0.5 (FS/PS+PS/P) 

P 

10 P P P P P P 

R-Rigid; SR-Semi-rigid; P-Pinned; FS-Full-strength; PS-Partial-strength 

7.2.3 Structural model 

Geometric and mechanical properties of members  

The three sub-structures selected for the structural calculations are illustrated in Fig. 7.6.  The 
members’ geometric dimensions and material properties are given in Tab. 7.6.  For the bare 
steel cross-sections, the material behaviour was considered elastic-perfectly-plastic. 
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Tab. 7.6 Sub-structures members’ geometric and material properties 

Sub-structure Members Geometric Material 

I 

Columns: 
AL-1 and 4 

 
 

AL-2 

Bottom to 2nd floor: HEB320 
2nd floor to Top: HEB260 

 
Bottom to 2nd floor: HEB340 

2nd floor to Top: HEB320 

S355 
S355 

 
S355 
S355 

Beams* IPE360+Composite slab (hslab = 130mm) 
#Φ6//200mm 

S355 
LC35/38 

Walls 
tw = 300mm 

vertical reinforcement Φ20//30cm horizontal Φ10//30cm 
C30/37 
S500 

II 

Columns 
 

Bottom to 2nd floor: HEB 340 
2nd floor to Top: HEB 320 

S355 
S355 

Beams* 
IPE360+Composite slab (hslab= 130mm) 

#Φ6//200mm 
S355 

LC35/38 

Walls 
tw= 300 mm 

vertical reinforcement Φ20//300 mm  horizontal 
Φ10//300mm 

C30/37 
S500 

III 

Columns 

Bottom to 2nd floor: HEB 550 
2nd floor to 4th floor: HEB 400 
4th floor to 6th floor: HEB 300 
6th floor to 8th floor: HEB 220 

S460 
S460 
S460 
S460 

Beams* 
IPE450+Composite slab (hslab = 120 mm) 

#Φ8//200 mm 
S355 

C25/30 

Walls tw = 400 mm 
# Φ20//200 mm 

C30/37 
S500 

 

Fig. 7.6a Geometry of sub-structure I, office building alignment A  
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Fig. 7.6b Geometry of sub-structure II, Office building alignment 3 

 

Fig. 7.6c Geometry of sub-structure III, car park building alignment 2 

In order to simplify the structural modelling, the composite beams cross-section was replaced 
by equivalent rectangular cross-sections, see Table 7.7.  Because of the different behaviour 
of the composite section under sagging and hogging bending moments, the equivalent beams 
cross-section (EqCS) varies within its length, as identified in Fig. 7.7.  In terms of material 
properties, equivalent yield strength was also determined so that the equivalent cross-section 
attained a maximum bending moment equal to the resistance of the real composite cross-
section.  
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Tab. 7.7 Properties of the equivalent cross-sections  
replacing the real composite cross-sections 

Sub-structure I 
Eq CS-1 Eq CS-2 Eq CS-3 Eq CS-4 Eq CS-5 
I=1.59x108mm4 
A=7034.56mm2 

I=3.885x108mm4 
A=14512.67mm2 

I=1.63x108mm4 
A=7087.57mm2 

I=5.4975x108mm4 
A=12633.20mm2 

I=1.58x108mm4 
A=7024.62mm2 

Equivalent rectangular cross-section dimension 
h=520.08mm 
b=13.53mm 

h=566.78mm 
b=25.61mm 

h=525.23mm 
b=13.49mm 

h=580.67mm 
b=21.76mm 

h=519.09mm 
b=13.53mm 

Yield strength (fy) of the equivalent rectangular cross-section to obtain the maximum bending moment (Mcb.max) of the 
composite beam cross-section  
Mcb.max 
=351.41kN.m 
fy=576.30N/mm2 

Mcb.max =605.00kN.m 
fy=441.31N/mm2 

Mcb.max 
=358.94kN.m 
fy=578.52N/mm2 

Mcb.max  
=565.00kN.m 
fy=462.12N/mm2 

Mcb.max =349.98kN.m 
fy=575.88N/mm2 

Sub-structure II 
Eq CS-1 Eq CS-2 Eq CS-3 Eq CS-4 Eq CS-5 
I=1.14x108mm4 
A=6012.32mm2 

I=2.74x108mm4 
A=11207.20mm2 

I=1.20x108mm4 
A=6101.78mm2 

I=3.38x108mm4 
A=16431.90mm2 

I=1.23x108mm4 
A=6141.54mm2 

Equivalent rectangular cross-section dimension 
h=476.37mm 
b=12.62mm 

h= 541.42mm 
b= 20.70mm 

h=486.39mm 
b= 12.54mm 

h=496.74mm 
b= 33.08mm 

h=490.57mm 
b= 12.52mm 

fy of the equivalent rectangular cross-section to obtain the Mmax of the composite cross-section 
Mmax=274.86kN.m 
fy=575.81N/mm2 

Mmax=470kN.m 
fy=464.75N/mm2 

Mmax=286.85kN.m 
fy=579.90N/mm2 

Mmax=631kN.m 
fy=463.83N/mm2 

Mmax=292.05kN.m 
fy=581.62N/mm2 

Sub-structure III 
Eq CS-1 Eq CS-2 Eq CS-3  
I=6.72x108mm4 
A=13192.32mm2 

I=1.42x109mm4 
A=27012.63mm2 

I=7.23x108mm4 
A=13600.91mm2 

 

Equivalent rectangular cross-section dimension 
h=781.66mm 
b=16.88mm 

h=794.22mm 
b=34.01mm 

h=798.44mm 
b=17.00mm 

 

fy of the equivalent rectangular cross-section to obtain the Mmax of the composite cross-section 
Mmax=988.86kN.m 
fy=575.37N/mm2 

Mmax=1338.00kN.m 
fy=374.20N/mm2 

Mmax=1057.61kN.m 
fy=584.00N/mm2 

 

 

Fig. 7.7a  Identification of the equivalent cross-sections of the beams in sub-structure I 
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Fig. 7.7b  Identification of the equivalent cross-sections of the beams in sub-structure II 

 

Fig. 7.7c  Identification of the equivalent cross-sections of the beams in each sub-structure III 

Joint properties 

The boundaries values for classification of the joint in terms of rotational stiffness and 
resistance are listed in Tab. 7.8 for the three sub-structures.  The joints were included in the 
structural models using concentrated flexural springs.  For the partial-strength joints, a tri-linear 
behaviour was assigned, Fig. 7.8.  The initial joint rotational stiffness is considered up to 2/3 
of Mj,Rd, and then the joint rotation at Mj,Rd is determined using the secant joint rotational 
stiffness.  The latter is determined using a stiffness modification coefficient η equal to 2. 

Tab. 7.8 The boundary values for classification of the joints in each sub-structure 

 Joints 
Rotational Stiffness Bending Moment Resistance
R-SR [kNm/rad] SR-P [kNm/rad] FS-PS [kNm] PS-P [kNm]

S
ub

-s
tr

uc
tu

re
 I

 

AL-1-right 
AL-2-left 
AL-2-right 
AL-3-left 
AL-3-right 
AL-4-left 

108780.0 
108780.0 
205340.0 
205240.0 
108780.0 
108780.0 

2782.5 
2782.5 
3710.0 
3710.0 
2782.5 
2782.5 

351.4 
358.9 
358.9 
345.0 
351.4 
351.4 

87.9 
89.7 
89.7 
87.5 
85.9 
87.9 

S
ub

-s
tr

uc
tu

re
 I

I 

AL-A-right 
AL-B-left 
AL-B-right 
AL-C-left 
to 
AL-D-right 
AL-E-left 
AL-E-right 
AL-F-left 

102293.3 
102293.3 
94640.0 
 
94640.0 
 
94640.0 
102293.3 
102293.3 

2660.0 
2660.0 
2100.0 
 
2100.0 
 
2100.0 
2660.0 
2660.0 

274.9 
286.9 
286.9 
 
292.1 
 
286.9 
286.9 
274.9 

68.7 
71.7 
71.7 
 
73.0 
 
71.7 
71.7 
68.7 

S
ub

-s
tr

uc
tu

re
 I

II AL-A-right 
AL-B-left 
AL-B-right 
to 
AL-F-left 
AL-F-right 
AL-G-left 

238560.0 
238560.0 
 
238560.0 
 
238560.0 
238560.0 

7056.0 
7056.0 
 
7591.5 
 
7056.0 
7056.0 

988.9 
As below 
b-6th: 1058.1 
6th-T:380.4 
 
As above 
988.9 

247.2 
As below 
b-6th: 264.3 
6th-T: 95.1 
 
As above 
247.2 

R-Rigid; SR-Semi-rigid; P-Pinned; FS-Full-strength; PS-Partial-strength 
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Fig. 7.8 Partial strength joint mechanical behaviour 

Loading conditions  

The loading considered in each sub-structure was determined for each load combination and 
varies with the structural conception and building occupancy.  The loads and load combinations 
were defined according to EN1990:2002 and EN1991-1-1:2002.  Note that for Sub-structure I 
and II, the wind action was also considered while for Sub-structure 3 no lateral action was 
assumed, this action was not quantified in (Demonceau et al, 2012) and it was considered that 
the stiffness of the wall will absorb it.  In the office building structure, the slab works in the 
transverse direction, therefore the beams in the Sub-structure II are loaded with uniform 
distributed loads.  For the other two sub-structures, the represented beams are the main 
beams so the loads are transmitted as concentrated loads, at the intersection of the secondary 
beams.  In all cases the self-weight is considered. 

Sub-structures finite element models  

The structural calculations were performed in the finite element software (Abaqus 6.11, 2011).  
In Tab. 7.9 are listed the types of elements used to reproduce each component of the structural 
system (members and joints): i) beam elements for beams and columns, ii) shell/plate 
elements for the RC walls, and iii) spring elements to connect the structural members, in the 
different degrees of freedom. 

Tab. 7.9 Types of finite elements attributed to each component, members and joints 

Structural Model Component Type of finite element Description 
Beams and Columns Beam element 2-node linear beam element B31 

Shear Walls Shell element 
4-node shell element S4R 

(general-purpose) with reduce 
integration and hourglass control 

Beam-to-column and Beam-to-
Wall Joints 

Spring element 
Non-linear spring element with 

single degree of freedom 

 

The concentrated joint modelling was selected, where a flexural spring was used to represent 
the connection at each side of the column.  As the parametric study was performed varying 
the properties of this flexural spring, it was assumed that this spring was already integrating 
the deformation of the column web panel and was already affected by the transformation 
parameter β, so that an iterative calculation was avoid.  As the main goal is to analyse the 
influence of the joint and to obtain some structural requirements to the steel-to-concrete joints, 
the joint springs are located at the axis of the columns, and the eccentricity associated to the 
height of this member is neglected. . In what concerns the other degrees of freedom, namely 
axial and shear direction of the beam, translation springs are used to connect the members. 

Mj

Φj

Sj,ini

Mj,Rd

2/3Mj,Rd
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In this way, in each connection, between structural members, three springs are used, one for 
each relevant degree of freedom. 

The use of the above described types of elements was previously validated against academic 
problems (Simoes da Silva et al, 2010).  Simultaneously, the calibration of the required mesh 
refinement was performed.  Tab. 7.10 summarizes the mesh refinement to consider in the 
different members of the structural models simulated and discussed in the next section. 

Tab. 7.10 Summary of the mesh refinement for each member of the structural model 

Member Number of elements or mesh size 
Beams 40 

Columns 10 
Shear walls 400 mm x 400 mm 

The performed numerical calculations are two dimensional; therefore, no out-of-plane 
deformations occur.  Both material and geometrical non-linearities are taken into account. 
Furthermore, the analysis neglects any possible in-plane buckling phenomena.  The structural 
capacity is in this way only limited by the maximum resistance of the members and joints cross-
sections.  Finally, in what concerns to the simulation of the column loss, the procedure 
consisted in replacing the support of the relevant column by the reactions forces obtained in 
a previous calculation during the application of the real loading, and then to reduce them to 
zero. 

7.2.4 Analysis and discussion for Service Limit State 

The structure under service limit state (SLS) has to guarantee the comfort of the users. If in 
terms of loading this limit state is less demanding, in terms of deformation requirements it is 
often the most limiting state, and therefore, design guiding.  For this load condition, the analysis 
of the steel-to-concrete joint properties is performed using the two following parameters: 
beams deflection and structure lateral deformation.  For the latter, only Substructures I and II 
are considered, as no horizontal load (namely wind load) was considered in the analysis of 
Sub-structure III. 

Fig. 7.10 illustrates how the beams deflection was considered.  The maximum values obtained 
for each case are listed in Table 7.11, in a beam connected to a RC member, columns in grey, 
and in a beam only supported by steel columns.  According to the Portuguese National Annex 
to EN1993-1-1:2006 the limit value δmax	ൌ	L/300 was calculated and is included in the table.  It 
is observed that in Sub-structures I and II, the values are distant from this limit, even if the 
beams deformation achieves 20 mm in the sub-structure II with simple joints, the value is still 
33% below the limit.  The beam deformations in sub-structure III are closer to the limit value 
but still, this value is not exceeded for any of the cases.  In Fig. 7.11 are represented the beams 
deformations for the cases corresponding to the maximum and minimum deflections, for the 
beams implementing steel-to-concrete joints.  These is seen as the envelope of the beams 
deformation, as these cases consider the two extreme situations in what respects the joint 
properties: i) continuous (Rigid + Full Strength); and ii) simple (Pinned).  Using the beam 
deformation mode corresponding to the maximum beam deflection, the deformation 
corresponding to the code limit was extrapolated and is also included in the figure.  The figure 
illustrates the above observations, confirming Substructure III closer to the limit. 
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Fig. 7.9   Representation of the considered beams deflection 

Tab. 7.11 Maximum beams deformation under service limit state [mm] 

Case 
Sub-structure I Sub-structure II Sub-structure III

Joint Properties Beam  
1-2 

Beam  
3-4 

Beam  
C-D 

Beam  
A-B 

Beam  
C-D 

Beam  
F-G 

1 2.6 3.0 5.5 0.3 21.7 7.7 R FS 
2 3.3 3.2 7.8 0.3 22.9 12.7 

↓ ↓ 

3 3.3 3.5 7.8 0.4 23.4 12.6 
4 3.3 3.6 7.8 0.4 23.7 12.6 
5 3.3 3.5 7.8 0.4 23.7 14.1 
6 3.3 3.6 7.8 0.4 24.1 14.1 
7 3.3 3.5 7.8 0.4 24.7 18.8 
8 3.3 3.6 7.8 0.4 25.2 18.8 
9 3.2 4.6 7.8 0.6 28.1 15.1 
10 6.1 6.1 20.5 1.5 31.8 27.1 P P 
δmax	[mm] 20 20 30 15 33.3 33.3   

R-Rigid; P-Pinned; FS-Full-strength 

 
a) Sub-structure I b) Sub-structure II 

c) Sub-structure III 

Fig. 7.10  Beam deformations envelop and limit according to PNA to EN1993-1-1:2006 
supported by a steel-to-concrete joint 

δ
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Besides the beams deformation, the lateral stiffness of the sub-structures is also affected by 
the joint properties.  In Tab. 7.12 are listed the maximum top floor displacements obtained for 
each case and for Sub-structures I and II.  The design limit dh,top,limit according to Portuguese 
National Annex to EN1993-1-1:2006 is also included.  As for the beams deflections, it is 
observed that the observed values are distant from the code limit.  Note that as long as the 
joints are continuous or semi-continuous, the top floor displacement suffers small variations.  
This is due to the dominant contribution of the RC wall to the lateral stiffness of the sub-
structures.  In Fig. 7.11 are represented the sub-structures lateral displacement envelops and 
the code limit.  In Sub-structure II, because two RC walls contribute to the lateral stiffness of 
the sub-structure, the variation between minimum and maximum is quite reduced. 

Tab. 7.12 Top floor lateral displacement for Sub-structures I and II [mm] 

Case Sub-structure I Sub-structure II Joint Properties
1 26.7 13.5 R FS 
2 27,6 14.0 

↓ ↓ 

3 28.3 14.1 
4 28.6 14.2 
5 28.3 14.1 
6 28.6 14.2 
7 28.3 14.1 
8 28.6 14.2 
9 31.4 14.8 

10 36.0 16.2 
dh.top.limit [mm] 94.3 94.3 P P 

R-Rigid; P-Pinned; FS-Full-strength 

Sub-structure I Sub-structure II 

Fig. 7.11  Lateral displacements envelops 

In what concerns the steel-to-concrete joints, under service limit state, the bending moment 
developed in the joints and the required joint rotation are represented in Fig. 7.12.   In Fig. 7.13 
the ratio between the bending moment developed in the joints and the joint or beam bending 
moment capacity is represented.  For none of the cases, the joints under SLS attained the 
maximum bending moment resistance of the joint.  As for the deformations, Sub-structure III 
is the most demanding to the joints.  In case 7, almost 70% of the joint bending moment 
capacity is activated.  Because the assumed joint resistance is lower, in case 7 and 8 the 
percentage of bending moment activated is higher.  In Fig. 7.13 is shown the maximum joint 
rotations observed for each sub-structure and for each case.  For the cases where the joints 
are modelled as pinned, the joint rotation required is naturally higher, but never greater than 
11 mrad.  In the other cases, the joint rotation is quite low, below 3.2 mrad, which is expectable 
as not plastic deformation of the joints occurs. 
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Fig. 7.12  Ratio between acting bending moment and bending moment capacity  
of joint/beam under SLS 

Fig. 7.13   Joint rotation under SLS  

7.2.5 Analysis and discussion for Ultimate Limit State  

At Ultimate Limit State (ULS), joints should perform so that the structural integrity is not lost.  
This requires to the joints either resistance either deformation capacity, allowing the 
redistribution of internal forces within the structure. In order to quantify such structural demands 
to the steel-to-concrete joints, calculations considering the load combinations of this limit state 
are performed.  In Fig. 7.14  are summarized the maximum loads obtained on these joints Mj,	
Nj,	Vj.  In all cases, hogging bending moment and the axial compression are reported.  Though, 
it should be referred that axial tension is observed in bottom floors of the sub-structures; 
however, in average, the maximum value does not exceed 10 kN.  
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Tab. 7.13 Top floor lateral displacement for Sub-structures I and II 

 Sub-structure I Sub-structure II Sub-structure III
Joint 
Properties 
 

Joint 
Location 

AL- 
3-L 

AL-3-
R 

AL- 
3-L 

AL- 
F-L 

AL-
A-R 

AL-F-
L 

AL-G-L 
AL- 
A-R 

AL- 
A-L 

Case 
Mj 
[kNm] 

Nj

[kN] 
Vj		
[kN] 

Mj 
[kNm] 

Nj

[kN] 
Vj	
[kN] 

Mj 
[kNm] 

Nj

[kN] 
Vj		
[kN] 

1 169.0 68.5 181.1 64.7 31.8 72.9 441.1 387.6 345.8 R FS 
2 170.0 61.7 183.3 65. 33.4 73.9 539.5 406.4 371.4 

↓ ↓ 

3 151.2 62.3 178.3 54.2 31.5 70.8 406.4 392.6 362.3 
4 136.2 62.8 174.3 46.2 30.1 68.7 350.4 382.1 355.6 
5 151.2 62.3 178.3 54.2 31.5 70.8 432.1 384.0 381.6 
6 136.3 62.8 174.3 46.2 30.1 68.7 376.1 372.5 376.1 
7 138.0 62.1 174.8 54.8 33.0 71.3 401.9 381.3 394.5 
8 121.7 62.4 170.5 46.6 31.6 69.2 344.7 371.9 388.9 
9 0 65.9 138.9 0 21.0 56.5 0 282.4 346.5 
10 0 43.3 134.0 0 51.7 59.4 0 346.7 370.9 P P 

AL-Alignment; L – Left hand side; R- right hand side; R – Rigid; P – Pinned; FS – Full Strength 

Fig. 7.14 shows the ratio between acting bending moment and the bending moment capacity 
of the steel-to-concrete joints or of the beams, in the case of full strength joints.  As expected, 
for this limit state the ratio increases in comparison to the service limit state though, in none of 
the cases the full capacity of joints is activated.  The higher ratios are observed in Sub-
structures I and III, for the cases with lower bending moment resistance.  

In Fig. 7.15 are plotted the maximum joint rotations observed in the different calculations.  The 
maximum required joint rotation is approximately 20 mrad for the case studies where the steel-
to-concrete joints are modelled as simple joints. 

 

  

Fig. 7.14 Ratio between acting bending 
moment and bending moment capacity of 

joints, and beam at ULS 
Fig. 7.15 Maximum joint rotation at  ULS 
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8 TOLERANCES 

8.1 Standardized tolerances 

The European standard EN1090-2:2008 describes the geometric tolerances in Chapter 11.  

Limits of geometric deviations contained therein are independent from the execution classes 

and they are divided into two types. 

Essential tolerances called those which are necessary for the mechanical resistance and 

stability of the completed structure. 

Functional tolerances have decisive influence on other criteria such as fit-up and 

appearance. The permitted limits of deviations are defined for two tolerance classes in 

generally. Stricter limits apply to class 2. Is not a class set, tolerance class 1 applies. 

The essential tolerances, as well as the functional tolerances are normative. 

With regard to the connections of steel structures in concrete components, essential tolerances 

are limited in Chapter 11.2.3.2 for foundation bolts and other supports and in Chapter 11.2.3.3 

for column bases.  There, with regard to their desired location, permissible deviations of a 

group of anchor bolts and instructions for the required hole clearance are specified for base 

plates. 

More interesting for connections with embedded anchor plates in concrete structures are the 

functional tolerances given in Annex D Tab. 2.20, see Fig. 8.1. 

The European standard EN13670:2011 Execution of concrete structures contains in Chapter 

10 also information to geometrical tolerances, which are for buildings of importance, such as 

structural safety.  Two tolerance classes are defined, in which in generally the tolerance class 

1 (reduced requirements) applies.  The application of the tolerance class 2 is intended mainly 

in connection with structural design according to EN1992-1-1:2004 Appendix A.  Fig. 8.2 (Fig. 2 

in EN13670:2011) provides limits of permissible deviations from the vertical of walls and pillars.  

Deviations of these components have decisive influence on the steel structures to be 

connected there (if required). 
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No Criterion Parameter Permitted deviation ∆ 

1 

Foundation level 

 

Deviation  

from specified level 
-15 mm ≤  ≤ +5 mm  

2 

Vertical wall 

 

Kay 
1 Specified 
position 
2 Steel component 
3 Supporting wall 

Deviation  

from specified position  
at support point  
for steel component 

∆ =  25 mm 

3 

Pre-set foundation bolt where prepared  
for adjustment 

 

Deviation  from specified 
location and protrusion : 

- Location at tip 
 
- Vertical protrusion p 

NOTE 

The permitted deviation for 
location of the centre of a 
bolt group is 6 mm. 

 

∆y, ∆z =  10 mm 

-5 mm ≤ p ≤ 25 mm 
 

4 

Pre-set foundation bolt where not prepared 
for adjustment 

 

Deviation  from specified 
location, level and 
protrusion: 

- Location at tip 
- Vertical protrusion p 
- Vertical protrusion x 

NOTE 

The permitted deviation for 
location also applies to the 
centre of bolt group. 

 
 
 
 

∆y, ∆z =  3 mm 
-5 mm ≤ p ≤ 45 mm 
-5 mm ≤ x ≤ 45 mm 

 

5 

Steel anchor plate embedded in concrete 

 

Deviations Δx, Δy, Δz  

from the specified location  
and level  

∆x, ∆y, ∆z =   10 mm 

Fig. 8.1 Functional tolerances – concrete foundations and support,  
Tab. D.2.20 in EN1090-2:2008 
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No Type of deviation Description 
Permitted deviation Δ 

Tolerance class 1 

a 

 
h= free height 

Inclination of a 
column or wall at 

any lever in a 
single or a multi-
storey building 
݄ ൑ 10	݉ 
݄ ൐ 10	݉ 

The larger of 
 400/݄	ݎ݋	݉݉	15
 800/݄	ݎ݋	݉݉	25

 

b 
Deviation between 

centres 

The larger of 
t/300	or 	
15	mm 

But not more than 
30	mm 

c 

Curvature of a 
column or wall 

between adjacent 
storey levels 

The larger of 
  or	30/ݐ
15	mm 

But not more than 
30	mm 

d 

 
∑݄݅=sum of height of storeys considered 

Location of a 
column or a wall at 

any storey level, 
from a vertical line 

through its 
intended centre at 

base level in a 
multi-storey 

structure 
n is the number of 

storeys where 
݊ ൐ 1 

The smaller of 
50	݉݉	or 	
∑ ݄݅

ሺ200݊
1
2ሻ

 

 

Fig. 8.2 Permissible deviations from the vertical of walls and pillars,  
abridged Fig. 2 in EN13670:2011  

Geometric tolerances, which are in terms of suitability for use and the accuracy of fit for the 

building of importance, are regulated in the informative Annex G, unless regulated otherwise, 

the tolerances of Annex G apply, see Fig. 8.3.  It is assumed that tolerances contained therein 

relate to geometrical sizes, which have only a limited influence on the bearing capacity.  

Fig. 8.1 shows the permissible deviations of built in components in all directions, compare 

EN1090-2:2008 D. 2.20 line 5.  
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No Type of deviation Description Permitted deviation Δ 

d 

 

1 normal position in plane 

2 normal position in depth 

Anchoring plates  
and similar inserts 
 
Deviation in plane 
 
Deviation in depth 

 
 
 

∆x, ∆y = 20 mm 
 

∆z = 10 mm 

 

Fig. 8.3 Permitted deviations for holes and inserts,  
abridged Fig. G.6 in EN13670:2011  

An assessment of the impact of the tabular listed permissible limits on connections with 
embedded anchor plates will be in the next Chapter 8.2. 

8.2 Recommended tolerances 

For deviations from fixtures (anchoring) of the target location, relatively low values are allowed 
in the previously mentioned standards, ±10 mm in each direction, see EN1090-2:2008, or ± 20 
mm in the plains and ± 10 mm perpendicular to the surface, see EN13670:2011.  Tolerances 
for angular misalignments of the anchor plates to their installation levels are not available. 

However, in EN 13670 Fig. 2d for multi-story buildings clearly greater deviations of the upper 
floors to the vertical are allowed.  For example, the permissible horizontal displacement of the 
top-level of a floor from the target location is for a seven-story building with a floor height of 
3.50 m. 

∑h୧ /		ሺ200 nଵ/ଶሻ = 46 mm (8.1)

If the building is made of prefabricated concrete elements, the concrete anchor plate - even 
with exact location within the individual component - may exhibit the same displacement from 
the target location as the above shown deviations. 

Therefore, the deviations defined directly for anchor plates by ± 10 mm seem to be hardly 
feasible. Much larger deviations have to be expected. If necessary, special tolerances for the 
location of the built in components have to be defined. EN13670:2011 describes another 
principle of tolerance definition, in which the allowable deviation of any point of construction 
compared to a theoretical target location over a fixed value is defined in Chapter 10.1 cl 5. 
A recommendation for the maximum permissible deviation is ± 20 mm. 

Definitely, connecting elements between steel and concrete structures must be able to 
compensate tolerances. Considering the previous explanations, a development of joints for 
taking deviations of the anchor plate from the theoretical target location of ± 20 to 25 mm is 
recommended.  Fig. 8.4 and 8.5 show exemplary a connections with and without the possibility 
to compensate geometrical derivations. 
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Fig. 8.4 Joint with possibility of adjustment 

 

Fig. 8.5 Joint without possibility of adjustment 

The following methods is used to compensate certain displacements of build in components 
to the target location.  Depending on the loading, priority direction of the loads, the most 
appropriate solution has to be chosen. 

Tolerance absorption in the longitudinal direction of the profile 

Bolted connection with end plate and scheduled filler plates 
Bolted connection with base plate and grouting 
Cleat / console 
Beam / pillar scheduled with overlength; adjustment and welding on site 
Buttstrap with overlength; adjustment and welding on site 
Buttstrap with slot holes 

Tolerance absorption perpendicular to the longitudinal direction of profile: 

Additional steel plate with threaded bolts; welded on site; beam / pillar with end plate 
Anchor plate with threaded bolts; head plate with oversized holes 
Buttstrap; welding on site  



 

 

107	

9 WORKED EXAMPLES 

9.1 Pinned base plate 

Check the resistance of the column base. The column of HE 200 B section, a concrete 
foundation size 850 x 850 x 900 mm, a base plate thickness 18 mm, steel S 235 and 
concrete C 12/15, Mc = 1.50, M0 = 1.00. 

 

Fig. 9.1 Designed column base 

 

 

Step 1 Concrete design strength 

The stress concentration factor should be calculated, see Chap. 3.3. The minimum 
values for a1 (or b1) are taken into account 

aଵ ൌ bଵ ൌ minቐ

a ൅ 2	a୰ ൌ 340 ൅ 2 ∙ 255 ൌ 850

3	a ൌ 3 ∙ 340 ൌ 1	020

a ൅ h ൌ 340 ൅ 900 ൌ 1	240

ቑ ൌ 850	mm 

The condition aଵ ൌ bଵ ൌ 850 ൐ a ൌ 340	mm is satisfied, and therefore 

k୨ ൌ ඨ
aଵ ∙ bଵ
a ∙ b

ൌ ඨ
850 ∙ 850

340 ∙ 340
ൌ 2.5 

The concrete design strength is calculated from the equation 

f୨ୢ ൌ
β୨	Fୖୢ,୳

bୣ୤୤	lୣ୤
ൌ
β୨	Aୡ଴	fୡୢට

Aୡଵ
Aୡ଴

Aୡ଴
ൌ β୨	fୡୢ	k୨ ൌ 0.67 ∙

12.0

1.5
∙ 2.5 ൌ 13.4	MPa

 
Step 2 Flexible base plate 

The flexible base plate is replaced by a rigid plate, see the following picture Fig. 9.2. 

The strip width is  

c ൌ tඨ
f୷

3 ∙ f୨ୢ ∙ γ୑଴
ൌ 18 ∙ ඨ

235

3 ∙ 13.4 ∙ 1.00
ൌ 43.5	mm	
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Fig. 9.2 Effective area under the base plate 

The effective area of the base plate of H shape is calculated as a rectangular area minus 

the central areas without contact such that; 

Aୣ୤୤ ൌ minሺb; bୡ ൅ 2cሻ ∙ minሺa; hୣ୤ ൅ 2cሻ

െ		maxሾminሺb; bୡ ൅ 2cሻ െ t୵ െ 2c; 0ሿ ∙ maxሺhୡ െ 2t୤ െ 2c; 0ሻ 

Aୣ୤୤ ൌ ሺ200 ൅ 2 ∙ 43.5ሻ ∙ ሺ200 ൅ 2 ∙ 43.5ሻ

െ ሺ200 ൅ 2 ∙ 43.5 െ 9 െ 2 ∙ 43.5ሻ ∙ ሺ200 െ 2 ∙ 15 െ 2 ∙ 43.5ሻ 

Aୣ୤୤ ൌ 82	369 െ 15	853 ൌ 66	516	mmଶ	

Step 3 Design resistance 

The design resistance of the column base in compression is 

Nୖୢ ൌ Aୣ୤୤ ∙ f୨ୢ ൌ 66	516 ∙ 13.4 ൌ 891 ∙ 10	ଷN	

 

Comments 

The design resistance of the column footing is higher than the resistance of the column 
base 

N୮୪,ୖୢ ൌ
Aୡ ∙ f୷

γ୑଴
ൌ
7808 ∙ 235

1.00
ൌ 1	835 ∙ 10ଷN ൐ 	Nୖୢ	

where Ac is area of the column. The column base is usually designed for column 
resistance, which is determined by column buckling resistance. 
 
It is expected, that the grout will not affect the column base resistance.  The grout has 
to be of better quality or the thickness has to be smaller than 

0.2minሺa; bሻ ൌ 0.2 ∙ 340 ൌ 68	mm	

The steel packing or the levelling nuts is placed under the base plate during the erection. 
It is recommended to include the packing/nuts in the documentation 
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9.2 Moment resistant base plate 
In the following example the calculation of the moment resistance and the bending 
stiffness of the column base at Fig. 9.3 is shown.  The Column HE 200 B is loaded by 
a normal force FSd	= 500	kN.  The concrete block C25/30 of size 1 600 x 1 600x 1000 mm 
is designed for particular soil conditions.  The base plate is of 30 mm thickness and the 
steel strength is S235.  Safety factors are considered as Mc = 1.50; Ms = 1.15, M0 = 1.00; 
and M2 = 1.25.  The connection between the base plate and the concrete is carried out 
through four headed studs of 22 mm diameter and an effective embedment depth of 
150 mm, see Fig. 9.3.  The diameter of the head of the stud is 40 mm.  The 
supplementary reinforcement for each headed stud consists of two legged 12 mm 
diameter stirrups on each side of the stud.  Consider fuk = 470 MPa for studs and design 
yield strength of the supplementary reinforcement 

as f୷ୢ,୰ୣ ൌ
୤౯ౡ,౨౛

ஓ౉౩
ൌ

ହ଴଴

ଵ.ଵହ
ൌ 435	MPa. 

r  = 160

a  = 1600

a = 420 a  = 590

b  = 590t = 30

HE 200 B

1

r

r

b = 420 b  = 16001

MFSd Sd

b

30

h = 1000

M22
e  = 50

e   = 90

p = 240
b

a

e  = 60c

 

Fig. 9.3 Designed column base 

Step 1 Base plate resistance 

1.1 Component base plate in bending and headed studs in tension  

Lever arm, for fillet weld a୵୤ ൌ 6	 mm is 

m ൌ 60 െ 0.8 ∙ a୵୤ ∙ √2 ൌ 60 െ 0.8 ∙ 6 ∙ √2 ൌ 53.2	mm	

The minimum T-stub length in base plates where the prying forces not taken into 

account, is 

lୣ୤୤,ଵ ൌ min

ە
ۖۖ

۔

ۖۖ

ۓ
4	m ൅ 1.25	eୟ ൌ 4 ∙ 53.2 ൅ 1.25 ∙ 50 ൌ 275.3

2	π	m ൌ 2	π ∙ 53.2 ൌ 334.3
b ∙ 0.5 ൌ 420 ∙ 0.5 ൌ 210

2	m ൅ 0.625	eୟ ൅ 0.5	p ൌ 2 ∙ 53,2 ൅ 0.625 ∙ 50 ൅ 0.5 ∙ 240 ൌ 257.7
2	m ൅ 0.625	eୟ ൅ eୠ ൌ 2 ∙ 53.2 ൅ 0.625 ∙ 50 ൅ 90 ൌ 227.7

2	π	m ൅ 4	eୠ ൌ 2	π ∙ 53.2 ൅ 4 ∙ 90 ൌ 694.3
2	π	m ൅ 2	p ൌ 2	π ∙ 53.2 ൅ 2 ∙ 240 ൌ 814.3 ۙ

ۖۖ

ۘ

ۖۖ

ۗ

 

lୣ୤୤,ଵ ൌ 210	mm 

The effective length of headed studs Lb is taken as  
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Lୠ ൌ min	ሺhୣ୤୤; 	8 ∙ dሻ ൅ t୥ ൅ t ൅
t୬
2
ൌ 150 ൅ 30 ൅ 30 ൅

19

2
ൌ 219.5 mm

The resistance of T - stub with two headed studs is  

F୘,ଵିଶ,ୖୢ ൌ
2	Lୣ୤୤,ଵ	t

ଶ	f୷

4	m	γ୑଴
ൌ
2 ∙ 210 ∙ 30ଶ ∙ 235

4 ∙ 53.2 ∙ 1.00
ൌ 417.4	kN	

The resistance is limited by tension resistance of two headed studs M 22, the area in 

tension Aୱ ൌ 303	mm. 

F୘,ଷ,ୖୢ ൌ 2 ∙ B୲,ୖୢ ൌ 2 ∙
0.9 ∙ f୳୩ ∙ Aୱ

γ୑ଶ
ൌ 2 ∙

0.9 ∙ 470 ∙ 303

1.25
ൌ 205.1	kN	

1.2 Component base plate in bending and concrete block in compression 

To evaluate the compressed part resistance is calculated the connection factor as 

aଵ ൌ bଵ ൌ min ൝
a ൅ 2. a୰ ൌ 420 ൅ 2 ∙ 590 ൌ 1	600

3a ൌ 3 ∙ 420 ൌ 1260
a ൅ h ൌ 420 ൅ 1	000 ൌ 1	420

ൡ ൌ 1	260	mm 

and aଵ ൌ bଵ ൌ 1	260 ൐ a ൌ b ൌ 420	mm 

The above condition is fulfilled and  

k୨ ൌ ඨ
aଵ ∙ bଵ
a ∙ b

ൌ ඨ
1	260 ∙ 1	260

420 ∙ 420
ൌ 3.00 

The grout is not influencing the concrete bearing resistance because  

0.2 ∙ minሺa; bሻ ൌ 0.2 ∙ minሺ420; 	420ሻ ൌ 84	mm ൐ 30	mm ൌ t୥	

The concrete bearing resistance is calculated as  

f୨ୢ ൌ
2

3
∙
k୨ ∙ fୡ୩

γ୑ୡ
ൌ
2

3
∙
3.00 ∙ 25

1.5
ൌ 33.3	MPa		

From the force equilibrium in the vertical direction Fୗୢ ൌ Aୣ୤୤ ∙ f୨ୢ െ F୲,ୖୢ,	 the area of 

concrete in compression Aeff in case of the full resistance of tension part is calculated	

Aୣ୤୤ ൌ
Fୗୢ ൅ Fୖୢ,ଷ

f୨ୢ
ൌ
500 ∙ 10ଷ ൅ 205.1 ∙ 10ଷ

33.3
ൌ 21	174	mmଶ	

The flexible base plate is transferred into a rigid plate of equivalent area. The width of 

the strip c around the column cross section, see Fig. 9.4, is calculated from 	

c ൌ tඨ
f୷

3 ∙ f୨ୢ ∙ γ୑଴
ൌ 30 ∙ ඨ

235

3 ∙ 33.3 ∙ 1.00
ൌ 46.0	mm	
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h =200c

c

c c

c

c t  = 9w

t =15f

b = 200c

rt

r c

c

beff

c
ct =15f

 

Fig. 9.4 The effective area under the base plate 

1.3 Assembly for resistance 

The active effective width is calculated as 

bୣ୤୤ ൌ
Aୣ୤୤

bୡ ൅ 2	c
ൌ

21	174

200 ൅ 2 ∙ 46.0
ൌ 72.5	mm ൏	 t୤ ൅ 2	c ൌ 15 ൅ 2 ∙ 46.0 ൌ 107.0	mm 

The lever arm of concrete to the column axes of symmetry is calculated as  

rୡ ൌ
hୡ
2
൅ c െ

bୣ୤୤
2

ൌ
200

2
൅ 46.0 െ

72.5

2
ൌ 109.8	mm	

The moment resistance of the column base is Mୖୢ ൌ F୘,ଷ,ୖୢ ∙ r୲ ൅ Aୣ୤୤ ∙ f୨ୢ ∙ rୡ 

Mୖୢ ൌ 205.1 ∙ 10ଷ ∙ 160 ൅ 21	174 ∙ 33.3 ∙ 109.8 ൌ 110.2	kNm 

Under acting normal force Nୗୢ	 ൌ 	500	kN the moment resistance in bending is 

Mୖୢ	 ൌ 	110.2kNm. 

1.4 The end of column resistance 

The design resistance in poor compression is 

N୮୪,ୖୢ ൌ
A ∙ f୷

γ୑଴
ൌ
7808 ∙ 235

1.00
ൌ 1	835 ∙ 10ଷN ൐ 	Nୖୢ ൌ 500kN 

The column bending resistance 

M୮୪,ୖୢ ൌ
W୮୪ ∙ f୷୩

γ୑଴
ൌ
642.5 ∙ 10ଷ ∙ 235

1.00
ൌ 151.0	kNm	

The interaction of normal force reduces moment resistance 

M୒୷,ୖୢ ൌ M୮୪,ୖୢ

1 െ
Nୗୢ
N୮୪,ୖୢ

1 െ 0.5	
A െ 2	b	t୤

A

ൌ 151.0 ∙
1 െ

500
1	835

1 െ 0.5	
7	808 െ 2 ∙ 200 ∙ 15

7	808

ൌ 124.2	kNm	

The column base is designed on acting force only (not for column resistance).  
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Step 2 Base plate stiffness 

2.1 Component base plate in bending and headed stud in tension  

The component stiffness coefficients for headed studs and base plate are calculated 

kୠ ൌ 2.0 ∙
Aୱ
Lୠ

ൌ 2.0 ∙
303

219.5
ൌ 2.8	mm 

k୮ ൌ
0.425 ∙ Lୠୣ୤୤ ∙ t

ଷ

mଷ
ൌ
0.425 ∙ 210 ∙ 30ଷ

53.2ଷ
ൌ 16.0	mm	

 

Fig. 9.5 The T stub in compression 

2.2 Component base plate in bending and concrete block in compression  

For the stiffness coefficient the T-stub in compression, see Fig. 9.5, is 

aୣ୯ ൌ t୤ ൅ 2.5	t ൌ 15 ൅ 2.5 ∙ 30 ൌ 90	mm 

kୡ ൌ
Eୡ

1.275 ∙ Eୱ
∙ ටaୣ୯ ∙ bୡ ൌ

31	000

1.275 ∙ 210	000
∙ √90 ∙ 200 ൌ 15.5	mm	

2.3 Assembly of component tensile stiffness coefficient to base plate stiffness 

The lever arm of component in tension zt and in compression zc to the column base 

neutral axes is  

z୲ ൌ
hୡ
2
൅ eୡ ൌ

200

2
൅ 60 ൌ 160	mm 

zୡ ൌ
hୡ
2
െ
t୤
2
ൌ
200

2
െ
15

2
ൌ 92.5	mm 

The stiffness coefficient of tension part, headed studs and T stub, is calculated as  

k୲ ൌ
1

1
kୠ

൅
1
k୮

ൌ
1

1
2.8

൅
1

16.0

ൌ 2.4	mm 

For the calculation of the initial stiffness of the column base the lever arm is evaluated 

z ൌ z୲ ൅ zୡ ൌ 160 ൅ 92.5 ൌ 252.5	mm and  

a ൌ
kୡ ∙ zୡ െ k୲ ∙ z୲

kୡ ൅ k୲
ൌ
15.5 ൉ 92.5 െ 2.4 ∙ 160

15.5 ൅ 2.4
ൌ 58.6	mm	
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The bending stiffness is calculated for particular constant eccentricity 

e ൌ
Mୖୢ

Fୗୢ
	ൌ

110.2 ∙ 10଺

500 ∙ 10ଷ
ൌ 220.4	mm	

as 

S୨,୧୬୧ ൌ
e

e ൅ a
∙
Eୗ ∙ z

ଶ

μ∑
1
k୧
୧

ൌ
220.4

220.4 ൅ 58.6
∙
210	000 ∙ 252.5ଶ

1 ∙ ቀ
1
2.4

൅
1

15.5
ቁ
ൌ 21.981 ∙ 10ଽ	Nmm/rad

ൌ 21	981	kNm/rad	

 

Step 3 Anchorage resistance and stiffness 

As discussed in Chapter 3 Concrete components, the stiffness of anchorage is 
determined for separate components, failure modes, and then combined together. 
In this case, the anchorage is considered as a group of four headed studs with nominal 
stud diameter of 22 mm arranged in a way displayed in Fig. 9.6.  Furthermore, 
supplementary reinforcement with the arrangement shown in Fig. 9.6 is considered. 

Due to moment loading on the anchor group generated by the lateral loads only one 
side studs will be subjected to tension loads.  Therefore in the following example, two 
studs are considered while evaluating the behaviour of the anchor group.  Here, 
diameter of the reinforcing bar is considered as 12 mm and the effective embedment 
depth of the stud is considered as 150 mm, distance from of the head to the concrete 
surface. 

 
Fig. 9.6 Headed studs and supplementary reinforcement configuration 

3.1 Component S – Steel failure of headed stud 

Component S comprises of evaluating the design load-displacement response of the 
headed studs under tensile loading, when they undergo steel failure.  Only two anchors 
will be considered in tension.  From Eq. (3.3) and (3.4) is calculated the load and the 
stiffness as 
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Nୖୢ,ୱ ൌ
n ∙ π ∙ dୱ,୬୭୫

ଶ ∙ f୳୩
4 ∙ γ୑୮

ൌ
2 ∙ π ∙ 22ଶ ∙ 470

4 ∙ 1.5
ൌ 238 216 N ൌ 238.2 kN

kୱଵ ൌ
Aୱ,୬୭୫Eୱ

L୦
ൌ
n ∙ π ∙ dୱ,୬୭୫

ଶ ∙

4

Eୱ
L୦

ൌ
2 ∙ π ∙ 22ଶ ∙ 210	000

4 ∙ 150
ൌ	

ൌ 1	064	371
N

mm
ൌ 1	064.4

kN

mm
,		for	Nୟୡ୲ ൏ 238.2	kN	

kୱଶ ൌ 0;	Nୟୡ୲ ൌ 238.2	kN	

Hence, the load-displacement curve for the spring is obtained as shown in Fig. 9.7. 

 

Fig. 9.7 Load-displacement behaviour of spring representing component S 

3.2 Component C – Concrete cone failure 

Component CC comprises of evaluating the design load-displacement response of the 
headed studs under tensile loading, when they undergo concrete cone failure. The 
critical edge distance cୡ୰,୒ ൌ 1.5	hୣ୤ ൌ 225	mm. Using Eqs (3.7) through (3.9), it is 

Nୖୢ ൌ Nୖ୩,ୡ
଴ ∙ ψ୅,୒ ∙ ψୱ,୒ ∙ ψ୰ୣ,୒/γ୑ୡ	

Nୖ୩,ୡ
଴ ൌ kଵ ∙ hୣ୤

ଵ.ହ ∙ fୡ୩
଴.ହ ൌ 12.7 ∙ 150ଵ.ହ ∙ 25଴.ହ	N ൌ 116,7	kN 

ψ୅,୒ ൌ
Aୡ,୒

Aୡ,୒
଴ ൌ

ሺ1.5 ∙ 150 ൅ 240 ൅ 1.5 ∙ 150ሻ ∙ ሺ1.5 ∙ 150 ൅ 1.5 ∙ 150ሻ

9 ∙ 150ଶ
ൌ
690 ∙ 450

9 ∙ 150ଶ
ൌ 1.53	 

Since maximum edge distance, c ൏ cୡ୰,୒ ൌ 225	mm, hence	ψୱ,୒ ൌ 1.0 

There is no closely spaced reinforcement, hence, ψ୰ୣ,୒ ൌ 1.0  

Therefore, Nୖୢ,ୡ ൌ 116.7 ∙ 1.53 ∙ 1.0 ∙
ଵ.଴

ଵ.ହ
ൌ 119.0	kN 

The stiffness of the descending branch kc,de for the design is described with the following 

function 

kୡ,ୢୣ ൌ αୡ	ඥfୡ୩	hୣ୤ 	 ൉ ψ୅,୒ ൉ 	ψୱ,୒ 	 ൉ ψ୰ୣ,୒ ൌ െ537√25 ∙ 150 ∙ 1.53 ∙ 1.0 ∙ 1.0 ൌ െ50.31
kN

mm
 

The displacement corresponding to zero load is 
ଵଵଽ.଴

ହ଴,ଷଵ
ൌ 2.37	mm  

 

DM I  
Eq. (3.3) 

 

DM I  
Eq. (3.4) 
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Eq. (3.5) 
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Eq. (3.7) 

Eq. (3.8) 

Eq. (3.9) 
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Fig. 9.8 Evaluation of group effect 

The load-displacement curve for the spring is shown in Fig. 9.9. 

 

Fig. 9.9 Load-displacement behaviour of spring representing component CC 

3.3 Component RS – Steel failure of stirrups 

Component RS comprises of evaluating the design load-displacement response of the 
stirrups, when they undergo steel failure.  The design load for yielding of the stirrups is 
given as Eq. (3.17) 

Nୖୢ,ୱ,୰ୣ ൌ Aୱ,୰ୣ ∙ f୷ୢ,୰ୣ ൌ n୰ୣ ∙ π ∙ ൫dୱ,୰ୣ
ଶ /4൯ ∙ f୷ୢ,୰ୣ	

For each stud, two stirrups with two legs on either side of the headed stud are provided. 
Therefore, for two headed studs in tension, the total number of the legs of the stirrups 
in tension is 8. Hence, 

Nୖୢ,ୱ,୰ୣ ൌ 8 ∙ ቀ
π

4
∙ 12ଶቁ ∙ 435 ൌ 393.6	kN 

δୖୢ,ୱ,୰ୣ ൌ
2 ∙ Nୖୢ,ୱ,୰ୣ

ଶ

αୱ ∙ fୡ୩ ∙ dୱ,୰ୣ
ସ ∙ n୰ୣ

ଶ ൌ
2 ∙ 393	578ଶ

12	100 ∙ 25 ∙ 12ସ ∙ 8ଶ
ൌ 0.77	mm	

Stiffness as a function of displacement is given as Eq. (3.18) 
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Eq. (3.13) 

 

 

 

 

 

 

 

 

 

 

 

 

 

DM I 
Eq. (3.17) 
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kୱ,୰ୣଵ ൌ
ටn୰ୣ

ଶ ∙ αୱ ∙ fୡ୩ ∙ dୱ,୰ୣ
ସ

√2 ∙ δ
ൌ
√8ଶ ∙ 12 100 ∙ 25 ∙ 12ସ

√2 ∙ δ
ൌ
448 023

√δ
N/mm

for	δ ൏ δୖୢ,ୱ,୰ୣ	

kୱ,୰ୣଶ ൌ 0	for	δ ൒ δୖୢ,ୱ,୰ୣ	

The load-displacement curve for the spring is shown in Fig. 9.10 

 

Fig. 9.10 Load-displacement behaviour of spring representing component RS 

3.4 Component RB – Bond failure of stirrups 

Component RB comprises of evaluating the design load-displacement response of the 
stirrups under tensile loading, when they undergo bond failure.  The design anchorage 
capacity of the stirrups is given by Eq. (3.21).  Assuming a cover of 25 mm to stirrups 
and considering the distance between the stud and the stirrup as 50 mm, l1 is calculated 
as CEN/TC1992-4-1:2009 

lଵ ൌ 150 െ 25 െ 0.7 ൉ 50 ൌ 90	mm 

Considering fbd for C25/30 grade concrete is 2.25 ∙
ଵ.଼

ଵ.ହ
൉ 1.0 ൉ 1.0 ൌ 2.7	N/mm2,  

see Eq (8.2) cl 8.4.2.(2) in EN1992:2004, it is 

Nୖୢ,ୠ,୰ୣ ൌ෍n୰ୣ ∙ lଵ ∙ π ∙ dୱ,୰ୣ ∙
fୠୢ
α
ൌ 8 ∙ 90 ∙ π ∙ 12 ∙

2.7

0.49
ൌ 149	565	N ൌ 149.6	kN 

	

The corresponding displacement is obtained using Eq. (3.20) as 

δୖୢ,ୠ,୰ୣ ൌ
2 ∙ Nୖୢ,ୠ,୰ୣ

ଶ

αୱ ∙ fୡ୩ ∙ dୱ,୰ୣ
ଶ ∙ n୰ୣ

ଶ ൌ
2 ∙ 149	565ଶ

12100 ∙ 25 ∙ 12ସ ∙ 8ଶ
ൌ 0.11	mm 

It may be noted that since NRd,b,re	൏	NRd,s,re, bond failure of stirrups is the governing 
failure mode for the stirrups. 

Stiffness as a function of displacement is given as 

kୠ,୰ୣଵ ൌ
ටn୰ୣ

ଶ ∙ αୱ ∙ fୡ୩ ∙ dୱ,୰ୣ
ସ

√2δ
ൌ
√8ଶ ∙ 12100 ∙ 25 ∙ 12ସ

√2δ
ൌ
448	023

√δ
N/mm	 

for	δ ൏ δୖୢ,ୠ,୰ୣ 

DM I

Eq. (3.16) 
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eq. (3.18) 
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eq. (3.19) 
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Eq. (3.21) 
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kୠ,୰ୣଶ ൌ 0	for	δ ൒ δୖୢ,ୠ,୰ୣ	

The load-displacement curve for the spring is shown in Fig. 9.11. 

 

Fig. 9.11 Load-displacement relation of spring representing component RB 

3.5 Component P - Pull out failure of the headed stud 

For the first range, N ൐ Nୖୢ,ୡ using Eqs (3.26) through (3.30), it is	

k୮ ൌ α୮ ∙
kୟ ∙ k୅
kଶ

 

a ൌ 0.5 ∙ ሺd୦ െ dୱሻ ൌ 0.5 ∙ ሺ40 െ 22ሻ ൌ 9	mm	

kୟ ൌ ඨ
5

a
൒ 1.0; hence, ka ൌ 1.0	

k୅ ൌ 0.5 ∙ ටdୱ
ଶ ൅ m ∙ ൫d୦

ଶ െ dୱ
ଶ൯ െ 0.5 ∙ d୦ ൌ 0.5 ∙ ඥ22ଶ ൅ 9 ∙ ሺ40ଶ െ 22ଶሻ െ 0.5 ∙ 40 ൌ

ൌ 31.30	

k2 = 600 (assuming uncracked concrete) 

k୮ ൌ α୮ ∙
kୟ ∙ k୅
kଶ

ൌ 0.25 ∙
1.0 ∙ 31.30

600
ൌ 0.0130	

Thus, using Eq. (3.24), it is 

δୖୢ,୮,ଵ ൌ k୮ ∙ ൬
Nୖୢ,ୡ

A୦ ∙ fୡ୩ ∙ n
൰
ଶ

ൌ 0.0130 ∙ ቌ
119.0 ∙ 10ଷ

π
4
∙ ሺ40ଶ െ 22ଶሻ ∙ 25 ∙ 2

ቍ

ଶ

ൌ 0.096	mm 

In second range, using Eq. (3.25), it is 

δୖୢ,୮,ଶ ൌ 2k୮ ∙ ቆ
min	൫Nୖୢ,୮; Nୖୢ,୰ୣ൯

A୦ ∙ fୡ୩ ∙ n
ቇ

ଶ

െ δୖୢ,୮,ଵ 

Eq. (3.31) yields 

Nୖୢ,୮ ൌ n ∙ p୳୩ ∙ A୦/γ୑ୡ	

Nୖୢ,୰ୣ ൌ min൫Nୖୢ,ୱ,୰ୣ; Nୖୢ,ୠ,୰ୣ൯ ൌ min 	ሺ393.6; 149.6ሻ ൌ 149.6	kN	

The typical value of puk	is considered as 12	fck ൌ	12	൉	25	ൌ	300 MPa. Hence, it is 
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Eq. (3.26) 
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Eq. (3.29) 
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Eq. (3.28) 
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Nୖୢ,୮ ൌ 2 ∙ 300 ∙
π

4
∙
ሺ40ଶ െ 22ଶሻ

1.5
ൌ 350.6 kN

δୖୢ,୮,ଶ ൌ 2 ∙ 0.0130 ∙ ቌ
149	565

π
4
∙ ሺ40ଶ െ 22ଶሻ ∙ 25 ∙ 2

ቍ

ଶ

െ 0.096 ൌ 0.21	mm 

The stiffness as a function of displacement is obtained using equations (3.34) and 
(3.35) as: 

k୮,ଵ ൌ
ඩ
ቀ
π
4
∙ ሺ40ଶ െ 22ଶሻ ∙ 25 ∙ 2ቁ

ଶ

0.0130 ∙ δୟୡ୲
ൌ
384	373

ඥδୟୡ୲
 

k୮,ଶ ൌ
ඩ
ቀ
π
4
∙ ሺ40ଶ െ 22ଶሻ ∙ 25 ∙ 2ቁ

ଶ
	

2 ∙ 0.0130 ∙ δୟୡ୲
ଶ

ሺδୟୡ୲ ൅ 0.096ሻ	 		ൌ
271	792

δୟୡ୲
∙ ඥδୟୡ୲ ൅ 0.096		

The load-displacement curve for the spring is shown in Fig. 9.12. 

 

Fig. 9.12 Load-displacement behaviour of spring representing component P 

3.6 Interaction of components Concrete and Stirrups 

Once the concrete breakout occurs, the load is transferred to the stirrups and the load 

shared by concrete decreases with increasing displacement. The load carried by the 

combined component concrete + stirrups corresponding to any given displacement is 

given by Eq. (3.59) as 

Nୟୡ୲ ൌ Nୖୢ,ୡ ൅ kୡ,ୢୣ	δ ൅ min	ሺn୰ୣ	dୱ,୰ୣ
ଶ ඨ

αୱ	fୡ୩	δ

2
;	Nୖୢ,ୱ,୰ୣ; 	Nୖୢ,ୠ,୰ୣሻ 

Hence, for a given displacement δ [mm] the load [kN] carried by combined concrete and 

stirrups is given as 

Nୟୡ୲ ൌ 119.0 െ 50.31 ∙ δ ൅ min	ሺ448.023√δ; 393.6; 149.6ሻ 
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The load-displacement curve for the spring is shown in Fig. 9.13. 

 

Fig. 9.13 Load-displacement behaviour of spring representing combined component 
concrete and stirrups 

Interaction of all components: 

The combined load-displacement behaviour combining all the components is 
displayed in Figure 9.14 

 

Fig. 9.144 Load-displacement behaviour obtained by combining all the components 

Notes 

- The resistance of the anchoring by the headed studs is limited by its threaded part, 
which represents a ductile behaviour. 
- The resistance of the base plate is limited by the tension resistance of two headed 
studs M 22, 205.1 kN.  Under the serviceability limit state SLS is required resistance of 
the concrete cone,119.0 kN. The elastic behaviour is expected till the 2/3 of the bending 
resistance of the base plate, which comply, 2/3 ·	417.4 ൌ 314.3	kN.   
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0
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t =

M
N
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h = 1 000

M 22

 1 600
340 630

630

340

1 600

pl.Rd

pl.RdN

M

t = 

Column resistance

1 835

151.0

Fig. 9.155a The column base resistance is compared to the column resistance  
for different base plate thickness 

- The column base resistance is compared to the column resistance for different base 
plate thickness, see Fig. 9.15a.  For plate P 30 are shown the major points of the 
diagram, e.g. the pure compression, the highest bending resistance, in case of 
coincidence of the neutral axis and the axis of symmetry of cross-section, the pure 
bending and the pure tension. 
- A conservative simplification may be applied by placing the concrete reaction on the 
axes of the compressed flange only see Fig. 9.15b.  This model is uneconomical and 
not often used for prediction of resistance, but applied for stiffness prediction. 

0
Moment, kNm

Normal force, kN

Base plate thickness,      mm

30

40
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15
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pl.Rd

pl.RdN

Mt 

Column resistance

Simplified prediction 

Lever arm is changing by activation of one bolt row

Lever arm is changing by activation of both bolt rows

Full model

Full model

Simplified prediction 

 

Fig. 9.16b The column base resistance calculated by the simplified prediction,  
the contact force under the compressed flange only,  

is compared to the application of the of the full contact area 

- The stiffness of the anchoring by the headed studs corresponds to the expected 
stiffness calculated by a simplified conservative method based on the embedded 
effective length.  The component stiffness coefficients for headed studs is estimated 
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as  

kୠ ൌ 2.0 ∙
୅౩

୐ౘ
ൌ 2.0 ∙

୅౩

୫୧୬ሺ୦౛౜౜;	଼∙ୢሻ
ൌ 	2.0 ∙

ଷ଴ଷ

ଵହ଴
ൌ 4.04mm  

and the deformation for acting force 300 kN is δଷ଴଴ ൌ
	୊ుౚ	

୉				୩ౘ
ൌ

ଷ଴଴

ଶଵ଴	଴଴଴	൉	ସ.଴ସ
	ൌ 0.35	mm.	

For headed stud is predicted, see Fig. 9.13, more precise value reached 0.22 mm. 

- The classification of the column base according to its bending stiffness is evaluated in 
comparison to column bending stiffness.  For column length Lୡ ൌ 4	m and its cross-
section HE 200 B is relative bending stiffness 

S୨,୧୬୧ ൌ S୨,୧୬୧ ∙
Lୡ

Eୱ ∙ Iୡ
ൌ 21.981 ∙ 10ଽ ∙

4000

210	000 ∙ 56.96 ∙ 10଺
ൌ 7.53	

The designed column base is sway for braced as well as non-sway frames because 

S୨,୧୬୧ ൌ 7.53 ൏ 12 ൌ S୨,୧୬୧,୉େଷ,୬;  S୨,୧୬୧ ൌ 7.53 ൏ 30 ൌ S୨,୧୬୧,୉େଷ,ୱ	

- The influence of tolerances and size of welds, see EN 1090-2 and Chapter 8, is not 
covered in above calculation.  
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9.3 Stiffened base plate 

Calculate the moment resistance of the column base shown in Fig. 9.17.  Column 

HE 200 B is loaded by normal force FSd = 1 100 kN.  Concrete block C16/20 of size 

1 600 x 1 600 x 1000 mm is design for particular soil conditions. Base plate of thickness 

30 mm, steel S235, Mc = 1.50; M0 = 1.00; and M2 = 1.25. 

 

Fig. 9.17 Designed column base 

Step 1 Component in tension 

Resistance of component base plate in bending and headed studs in tension. Anchor 

stud lever arm, for fillet weld a୵୤ ൌ 6	mm is 

m ൌ 70 െ 0.8 ∙ a୵୤ ∙ √2 ൌ 70 െ 0.8 ∙ 6 ∙ √2 ൌ 63.2	mm	

The T-stub length, in base plates are the prying forces not taken into account, is: 

lୣ୤୤,ଵ ൌ min

ە
ۖۖ

۔

ۖۖ

ۓ
4	m ൅ 1.25	eଵ ൌ 4 ∙ 63.2 ൅ 1.25 ∙ 110 ൌ 390.3

2π	m ൌ 2	π ∙ 63.2 ൌ 397.1
b ∙ 0.5 ൌ 320 ∙ 0.5 ൌ 160

2	m ൅ 0.625	eଵ ൅ 0.5	w ൌ 2 ∙ 63.2 ൅ 0.625 ∙ 110 ൅ 0,5 ∙ 132 ൌ 261.2
2	m ൅ 0.625	eଵ ൅ eଶ ൌ 2 ∙ 63.2 ൅ 0.625 ∙ 110 ൅ 94 ൌ 289.2

2	π	m ൅ 4	eଶ ൌ 2	π ∙ 63.2 ൅ 4 ∙ 94 ൌ 773.1
2	π	m ൅ 2	w ൌ 2	π ∙ 63.2 ൅ 2 ∙ 132 ൌ 661.1 ۙ

ۖۖ

ۘ

ۖۖ

ۗ

 

lୣ୤୤,ଵ ൌ 160	mm 

The effective length of headed studs Lb	is taken as  

Lୠ ൌ 8 ∙ d ൅ t୥ ൅ t ൅
t୬
2
ൌ 8 ∙ 24 ൅ 30 ൅ 30 ൅

19

2
ൌ 261.5	mm	

The resistance of T - stub with two headed studs is   
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F୘,ଵିଶ,ୖୢ ൌ
2	Lୣ୤୤,ଵ	t

ଶf୷

4	m	γ୑଴
ൌ
2 ∙ 160 ∙ 30ଶ ∙ 235

4 ∙ 63.2 ∙ 1.00
ൌ 267.7 kN 

The resistance is limited by tension resistance of two headed studs M 24 with the area 

in tension	ܣ௦ ൌ 353	mm 

F୘,ଷ,ୖୢ ൌ 2 ∙ B୲,ୖୢ ൌ 2 ∙
0.9 ∙ f୳ୠ ∙ Aୱ

γ୑ଶ
ൌ 2 ∙

0.9 ∙ 360 ∙ 353

1.25
ൌ 183.0	kN	

Step 2 Component in compression 

The connection concentration factor is calculated as 

aଵ ൌ min ቐ

aଵ ൅ 2	a୰ ൌ 560 ൅ 2 ∙ 520 ൌ 1	600

3	aଵ ൌ 3 ∙ 560 ൌ 1	680
aଵ ൅ h ൌ 560 ൅ 1	000 ൌ 1	560

ቑ ൌ 1	560	mm	

bଵ ൌ min ቐ
bଵ ൅ 2b୰ ൌ 320 ൅ 2 ∙ 640 ൌ 1	600

3	bଵ ൌ 3 ∙ 320 ൌ 960
bଵ ൅ h ൌ 320 ൅ 1	000 ൌ 1	320

ቑ ൌ 960	mm	

and		aଵ ൌ 1560 ൐ 	 aଵ ൌ 560	mm			bଵ ൌ 960 ൐ 	bଵ ൌ 320	aଵ		

The above condition is fulfilled and  

k୨ ൌ ඨ
aଵ ∙ bଵ
a ∙ b

ൌ ඨ
1	560 ∙ 960

560 ∙ 320
ൌ 2.89	

The grout is not influencing the concrete bearing resistance because  

0.2 ∙ minሺa; bሻ ൌ 0.2 ∙ minሺ560; 	320ሻ ൌ 64	mm ൐ 30	mm ൌ t୥ 

The concrete bearing resistance is calculated as  

f୨ୢ ൌ
2

3
∙
k୨ ∙ fୡ୩

γ୑ୡ
ൌ
2

3
∙
2.89 ∙ 16

1.5
ൌ 20.6	MPa		

From the force equilibrium in the vertical directionFୗୢ ൌ Aୣ୤୤ ∙ f୨ୢ െ F୲,ୖୢ,	is calculated the 

area of concrete in compression Aeff in case of the full resistance of tension part.	

Aୣ୤୤ ൌ
Fୗୢ ൅ Fୖୢ,ଷ

f୨ୢ
ൌ
	1	100 ∙ 10ଷ ൅ 183 ∙ 10ଷ

20.6
ൌ 62	282	mmଶ 

The flexible base plate is transferred into a rigid plate of equivalent area. The width of 

the strip c around the column cross section, see Fig. 9.18, is calculated from  

c ൌ tඨ
f୷

3 ∙ f୨ୢ ∙ γ୑଴
ൌ 30 ∙ ඨ

235

3 ∙ 20.6 ∙ 1.00
ൌ 58.5	mm	
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Fig. 9.18 The effective area under the base plate 

The effective area is 

Aୣ୤୤,ଵ ൌ lୱ ∙ ሺ2c ൅ tୱሻ ൌ 120 ∙ ሺ2 ∙ 58.5 ൅ 12ሻ ൌ 15	480	mmଶ	 

Aୣ୤୤,ଶ ൌ ሺ2c ൅ 200ሻ ∙ ሺ2c ൅ t୤ሻ ൌ ሺ2 ∙ 58.5 ൅ 200ሻ ∙ ሺ2 ∙ 58.5 ൅ 15ሻ ൌ 41	844	mmଶ	 

Aୣ୤୤,ଷ ൌ Aୣ୤୤ െ ൫Aୣ୤୤,ଵ ൅ Aୣ୤୤,ଶ൯ ൌ 62	282 െ ሺ15	480 ൅ 41	844ሻ ൌ 4	958		mmଶ	

The active effective width is calculated from known area in compression 

bୣ୤୤ ൌ
Aୣ୤୤,ଷ

2	c ൅ t୵
ൌ

4	958

2 ∙ 58.5 ൅ 9
ൌ 39.3	mm 

Step 3 Assembly for resistance 

The gravity centre of effective area  

x୲ ൌ
Aୣ୤୤,ଵ ∙ x୲ଵ ൅ Aୣ୤୤,ଶ ∙ x୲ଶ ൅ Aୣ୤୤,ଷ ∙ x୲ଷ

Aୣ୤୤

ൌ
15	480 ∙

lୱ
2
൅ 41	844 ∙ ቀlୱ ൅

2c ൅ t୤
2

ቁ ൅ 4	958 ∙ ൬lୱ ൅ 2c ൅ t୤ ൅
bୣ୤୤
2
൰

62	282

ൌ
15	480 ∙ 60 ൅ 41	844 ∙ ቀ120 ൅

2 ∙ 58.5 ൅ 15
2

ቁ ൅ 4	958 ∙ ቀ120 ൅ 2 ∙ 58.5 ൅ 15 ൅
39.3
2
ቁ

62	282

ൌ 161.5	mm	

The lever arm of concrete to the column axes of symmetry is calculated as 

rୡ ൌ
hୡ
2
൅ 120 ൅ c ൅ ൬bୣ୤୤ െ

53

2
൰ െ x୲ ൌ

200

2
൅ 120 ൅ 58.5 ൅ ሺ39.3 െ 26.5ሻ െ 161.5 ൌ	
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ൌ 129.8	mm 

The lever arm of concrete to the column axes of symmetry is calculated as 

r୲ ൌ
hୡ
2
൅ 70 ൅ ሺ

53

2
െ bୣ୤୤ሻ ൌ 170 ൅ ሺ26.5 െ 39.3ሻ ൌ 157.2	mm 

Moment resistance of column base is 

Mୖୢ ൌ F୘,ଷ,ୖୢ ∙ r୲ ൅ Aୣ୤୤ ∙ f୨ୢ ∙ rୡ 

Mୖୢ ൌ 183 ∙ 103 ∙ 157.2 ൅ 62	282 ∙ 20.6 ∙ 129.8 ൌ 195.3	kNm 

Under acting normal force Nୗୢ	 ൌ 	1	100	kN is the moment resistance 

Mୖୢ	 ൌ 	195.3	kNm 

Step 4 Resistance of the end of column 

The design resistance in poor compression is 

N୮୪,ୖୢ ൌ
A ∙ f୷

γ୑଴
ൌ
ሺAୌ୉ଶ଴଴୆ ൅ 2 ∙ lୱ ∙ tୱሻ ∙ 235

1.00
ൌ
ሺ7	808 ൅ 2 ∙ 120 ∙ 12ሻ ∙ 235

1.00
ൌ 2 511.7	kN 

൐	Nୖୢ ൌ 1	100	kN	

and column bending resistance 

M୮୪,ୖୢ ൌ
W୮୪ ∙ f୷୩

γ୑଴
 

W୮୪ ൌ W୮୪,ୱ ൅ W୮୪,ୌ୉୆ ൌ 2 ∙ lୱ ∙ tୱ ∙ zୱ ൅ 642.5 ∙ 10ଷ ൌ 2 ∙ 12 ∙ 120 ∙ 160 ൅ 642.5 ∙ 10ଷ ൌ

ൌ 1	103.3 ∙ 10ଷ	mm3	

M୮୪,ୖୢ ൌ
W୮୪ ∙ f୷୩

γ୑଴
ൌ
	1	103.3 ∙ 10ଷ ∙ 235	

1.00
ൌ 259.3	kNm	

The interaction of normal force reduces moment resistance 

M୒୷,ୖୢ ൌ M୮୪,ୖୢ

1 െ
Nୗୢ
N୮୪,ୖୢ

1 െ 0.5	
	A െ 2	b	t୤	

A

ൌ 259.3 ∙
1 െ

1	100
2	511.7

1 െ 0.5
	7	808 െ 2 ∙ 200 ∙ 15

7	808

ൌ 164.8	kNm	

The column base is designed on acting force even for column resistance.  

Note 

The resistance of the base plate is limited by the tension resistance of two headed studs 
M 24; 183.0 kN.  The elastic behaviour is expected till the 2/3 of the bending resistance 
of the base plate; 2/3 · 267.7 = 178.5 kN, which comply for the bending moment at SLS 
about 195.3 · 178.5/183.0 kNm.   
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9.4 Column base with anchor plate 

Evaluate the resistance of the column base shown in Fig. 9.19 using component method.  

The Column HE 200 B is loaded by the normal force FEd = 45 kN and by the bending 

moment MEd = 20 kNm.  The concrete block designed for the particular soil conditions is 

made out of concrete strength C30/37 and has dimensions of 1600 x 1600 x 1000 mm. 

The base plate thickness is 30 mm and the anchor plate 10 mm.  The steel grade is S355 

and the safety factors are considered as Mc = 1.50; M0 = 1.00 and M2 = 1.25. 

 

Fig. 9.19 Designed column base with anchor plate 

Procedure 

The calculation follows the Component method procedure for the column bases: 

1  Components in tension 

1.1. Threaded studs in tension 

1.2. Punching of the anchor plate under threaded studs 

1.3. Base plate in bending 

1.4. Threaded studs in shear and bearing 

1.5. Headed studs in tension 

1.6. Punching of the anchor plate above the headed studs 
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1.7. Concrete cone failure without reinforcement 

1.8. Concrete cone failure with reinforcement 

1.9. Pull out failure of headed studs 

1.10. T stub of the anchor plate in bending 

1.11. Anchor plate in tension 

1.12. Headed studs in shear 

1.13. Pry-out failure of headed stud 

1.14. Reduction of vertical resistance 

 of the threaded stud (tensile and punching resistance) and  

the headed studs (tensile resistance, concrete cone failure, stirrups failure, bond 

failure the threaded stud) 

Reduction of horizontal resistance  

of the threaded stud (shear and bearing resistance) and  

the headed studs (shear and pry out resistance) 

1.15. Interaction in shear and tension for threaded and the headed studs 

2  Component in compression 

3  Assembly for resistance 

3.1 Base plate resistance 

3.2 End column resistance 

3.3 Elastic resistance for Serviceability limit state 

4  Connection stiffness 

4.1 Component´s stiffness 

4.2 Assembly for stiffness 

 

Step 1 Components in tension 

Step 1.1 Threaded studs in tension 

The resistance of the component threaded studs in tension, with d	= 22 mm, strength 8.8, 

fub = 800 N/mm2, with number of studs is n = 2, area of one stud is As	ൌ 303 mm2 and 

coefficient k2 = 0.9, is 

F୲,ୖୢ,ଶ
ᇱ ൌ

n ∙ kଶ ∙ Aୱ ∙ f୳ୠ
γ୑ଶ

ൌ
2 ∙ 0.9 ∙ 303 ∙ 800

1.25
ൌ 349.1	kN 

The resistance of one stud is 174.5 kN. 

 

Step 1.2 Punching of the anchor plate under threaded studs 

The resistance in punching of the anchor plate, for fu = 510 MPa and the effective width 

of studs weld aw = 1 mm, is  
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F୮,ୖୢ,୚ ൌ
n ∙ A୴ ∙ f୳୩

√3 ∙ γ୑ଶ
ൌ
n ∙ t୮ଵ ∙ l୴,ୣ୤୤,ଵ ∙ f୳୩

√3 ∙ γ୑ଶ
ൌ
n ∙ t୮ଵ ∙ 2 π ∙ ൬a୵ ൅

dୱ୲୳ୢ
2

൰ ∙ f୳୩

√3 ∙ γ୑ଶ
ൌ 

ൌ
2 ∙ 10 ∙ 2π ∙ ቀ1 ൅

22
2
ቁ ∙ 510

√3 ∙ 1.25
ൌ 355.2	kN 

The resistance of one stud is 177.6 kN. 

 

Step 1.3 Base plate in bending  

The base plate has thickness tp2 = 30 mm, width ap2	 = 250 mm, yield strength 

fyk = 355 N/mm2, m2	= 33.2 mm, ea2	= 40 mm, eb2	= 75 mm, and p2	= 100 mm, see in 

Fig. 9.18. Headed stud lever arm for fillet weld a୵୤ ൌ 6	mm is 

m ൌ 40 െ 0.8 ∙ a୵୤ ∙ √2 ൌ 40 െ 0.8 ∙ 6 ∙ √2 ൌ 33.2	mm 

The T-stub length, in base plate are the prying forces not taken into account, is 

lୣ୤୤,ଶ ൌ min

ە
ۖۖ

۔

ۖۖ

ۓ
4	m ൅ 1.25	eୟ ൌ 4 ∙ 33.2 ൅ 1.25 ∙ 40 ൌ 182.9

2	π	m ൌ 2	π ∙ 33.2 ൌ 208.7
b ∙ 0.5 ൌ 250 ∙ 0.5 ൌ 125.0

2	m ൅ 0.625	eୟ ൅ 0.5	p ൌ 2 ∙ 33.2 ൅ 0.625 ∙ 40 ൅ 0.5 ∙ 100 ൌ 141.4
2	m ൅ 0.625	eୟ ൅ eୠ ൌ 2 ∙ 33,2 ൅ 0.625 ∙ 40 ൅ 75 ൌ 166.4

	2	π		m ൅ 4	eୠ ൌ 2π ∙ 33.2 ൅ 4 ∙ 75 ൌ 508.7
	2	π		m ൅ 2	p ൌ 2	π ∙ 33.2 ൅ 2 ∙ 100 ൌ 408.7 ۙ

ۖۖ

ۘ

ۖۖ

ۗ

 

lୣ୤୤,ଶ ൌ 125	mm 

Resistance of rigid plate T-stub in bending is verified for three possible failure modes  

Mode 1 

F୘,ଵ,ୖୢ,ଶ ൌ
4 ∙ lୣ୤୤,ଶ ∙ m୮୪,ଵ,ୖୢ,ଶ

m
ൌ
4 ∙ lୣ୤୤,ଶ ∙

t୮,ଶ
ଶ ∙ f୷୩
4 ∙ γ୑଴

m
ൌ
4 ∙ 125 ∙

30ଶ ∙ 355
4 ∙ 1.0

33.2
ൌ 1	202.5	kN 

Mode 2 

F୘,ଶ,ୖୢ,ଶ ൌ
2 ∙ lୣ୤୤,ଶ ∙ m୮୪,ଶ,ୖୢ,ଶ ൅ ∑F୲,ୖୢ	. n

m ൅ n
ൌ
2 ∙ lୣ୤୤,ଶ ∙

t୮,ଶ
ଶ ∙ f୷୩
4 ∙ γ୑଴

൅ ∑F୲,ୖୢ ∙ n

m ൅ n
ൌ

ൌ
2 ∙ 125 ∙

30ଶ ∙ 355
4 ∙ 1.0

൅ 349 ∙ 10ଷ ∙ 40

33.2 ൅ 40
ൌ 463.5	kN 

Mode 3 

DMI 

Ch. 4.3 
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෍F୲,ୖୢ ൌ min൫F୲,ୖୢ
ᇱ ; 	F୮,ୖୢ,୚൯ ൌ minሺ349.1; 355.2ሻ ൌ 349.1 kN 

F୘,ଷ,ୖୢ,ଶ ൌ෍F୲,ୖୢ ൌ 349.1	kN 

Decisive is Mode 3 with failure in threaded studs in tension Ft,3,Rd = 349.1 kN.  

 

Step 1.4 Threaded studs in shear and bearing 

Threaded studs have diameter d = 22 mm, d0 = 24 mm, base plate thickness tp2 = 30 mm, 

coefficient e1	= 40 mm, e2 = 75 mm, tensile strength fu	= 510 N/mm2, fub = 800 N/mm2, area 

of one stud As	ൌ 303 mm2; αv = 0.6; γM2 = 1.25 see in Fig. 9.18. 

F୴,ୖୢ ൌ
n ∙ α୴ ∙ f୳ୠ ∙ Aୱ

γ୑ଶ
ൌ
2 ∙ 0.6 ∙ 800 ∙ π ∙ ቀ

22
2
ቁ
ଶ

1.25
ൌ 291.9	kN 

The resistance of one stud is 146.0 kN. 

 

Fୠ,ୖୢ,ଶ ൌ
n ∙ kଵ ∙ αୠ ∙ f୳ ∙ d ∙ t

γ୑ଶ
ൌ
2 ∙ 2.5 ∙ 0.56 ∙ 510 ∙ 22 ∙ 30

1.25
ൌ 754.0	kN 

The resistance of one stud is 377.0 kN. 

where 

kଵ ൌ min ൜2.8
eଶ
d଴
െ 1.7; 2.5ൠ ൌ min ൜2.8

75

24
െ 1.7; 2.5ൠ ൌ minሼ7.05; 2.5ሽ ൌ 2.5 

αୠ ൌ min ൜
f୳ୠ
f୳
; 1.0;

eଵ
3d଴

ൠ ൌ min ൜
800

510
; 1.0;

40

3 ∙ 24
ൠ ൌ minሼ1.57; 1.0; 0.56ሽ ൌ 0.56 

 

Step 1.5 Headed studs in tension 

The resistance of headed studs in tension, of diameter d = 22 mm and material 8.8, with 

tensile strength fub = 800 N/mm2, two studs n = 2 and coefficient k2 = 0.9; is  

F୲,ୖୢ
ᇱ ൌ

n ∙ kଶ ∙ Aୱ ∙ f୳ୠ
γ୑ଶ

ൌ
2 ∙ 0.9 ∙ π ∙ ቀ

22
2
ቁ
ଶ

∙ 800

1.25
ൌ 437.9	kN 

The resistance of one stud is 219.0 kN. 
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Step 1.6 Punching of the anchor plate above the headed studs 

The resistance in punching of the anchor plate, for fu = 510 N/mm2 and the effective 

width of studs weld aw	= 1 mm, is  

F୮,ୖୢ,୚ ൌ
n ∙ A୴ ∙ f୳୩

√3 ∙ γ୑ଶ
ൌ
n ∙ t୮ଵ ∙ l୴,ୣ୤୤,ଵ ∙ f୳୩

√3 ∙ γ୑ଶ
ൌ
n ∙ t୮ଵ ∙ 2	π ∙ ൬a୵ ൅

dୱ୲୳ୢ
2

൰ ∙ f୳୩

√3 ∙ γ୑ଶ
ൌ 

ൌ
2 ∙ 10 ∙ 2π ∙ ቀ1 ൅

22
2
ቁ ∙ 510

√3 ∙ 1.25
ൌ 355.2	kN 

The resistance of one headed stud is 177.6 kN. 

 

Step 1.7 Concrete cone failure without reinforcement 

The resistance of concrete cone failure without reinforcement, for the concrete block 

made out of concrete strength C30/37, fck = 30 N/mm2, k1	= 12.7; and length of headed 

studs hef = 200 mm, is 

Nୖୢ ൌ Nୖ୩,ୡ
଴ ∙ ψ୅,୒ ∙ ψୱ,୒ ∙ ψ୰ୣ,୒/γ୑ୡ 

Nୖ୩,ୡ
଴ ൌ kଵ ∙ hୣ୤

ଵ.ହ ∙ fୡ୩
଴.ହ ൌ 12.7 ∙ 200ଵ.ହ ∙ 30଴.ହ		N ൌ 196.8	kN 

ψ୅,୒ ൌ
Aୡ,୒

Aୡ,୒
଴ ൌ

420	000

360	000
ൌ 1.17		 

Aୡ,୒
଴ ൌ sୡ୰,୒

ଶ ൌ ൫2	cୡ୰,୒൯
ଶ
ൌ ൫2	ሺ1.5 ∙ hୣ୤ሻ൯

ଶ
ൌ ൫2ሺ1.5 ∙ 200ሻ൯

ଶ
ൌ 360	000	mmଶ	

Aୡ,୒ ൌ ൫ሺ1.5 ∙ hୣ୤ሻ ∙ 2൯ ∙ ሺ1.5 ∙ hୣ୤ ൅ p ൅ 1.5 ∙ hୣ୤ሻ ൌ 

ൌ ൫ሺ1.5 ∙ 200ሻ ∙ 2൯ ∙ ሺ1.5 ∙ 200 ൅ 100 ൅ 1.5 ∙ 200ሻ ൌ 420	000	mmଶ 

Since maximum edge distance is c ൏ cୡ୰ ൌ 1.5	hୣ୤ ൌ 300	mm	and	ψୱ,୒ ൌ 1.0 

There is no closely spaced reinforcement and ψ୰ୣ,୒ ൌ 1.0 

Nୖ୩,ୡ ൌ 196.8 ∙ 1.17 ∙ 1.0 ∙ 1.0 ൌ 230.3	kN  

Nୖୢ,ୡ ൌ
୒౎ౡ,ౙ

ஓ౉ౙ
ൌ

ଶଷ଴.ଷ

ଵ.ହ
ൌ 153.5	kN  

 

Step 1.8 Concrete cone failure with reinforcement 

For concrete cone failure with reinforcement, with diameter of headed studs d = 22 mm 

and diameter of stirrups ds = 8 mm, is factor for support of reinforcement 
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Eq. (3.7) 

Eq. (3.8) 

Eq. (3.9) 
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ψୱ୳୮୮ ൌ 2.5 െ
x

hୣ୤
ൌ 2.5 െ

d
2
൅ dୱ,ୟ ൅

dୱ,୲
tan 35°

hୣ୤
ൌ 2.5 െ

d
2
൅ ൬5 ∙

dୱ
2
െ
d
2
൰ ൅

൬
dୱ
2
൅ 10൰

tan 35°

hୣ୤
ൌ 

ൌ 2.5 െ

22
2
൅ ቀ5 ∙

8
2
െ
22
2
ቁ ൅

ቀ
8
2
൅ 10ቁ

tan 35°
200

ൌ 2.3 

and resistance 

Nୖୢ,୫ୟ୶ ൌ
ψୱ୳୮୮ ∙ Nୖ୩,ୡ

γ୑ୡ
ൌ
2.3 ∙ 230.2

1.5
ൌ 353.0	kN 

with 

kୡ,ୢୣ ൌ αୡ ∙ ඥfୡ୩ ∙ hୣ୤ ∙ ψ୅,୒ ∙ ψୱ,୒ ∙ ψ୰ୣ,୒ ൌ െ537 ∙ √30 ∙ 200 ∙ 1.17 ∙ 1.0 ∙ 1.0 ൌ 

ൌ െ48.7	kN/mm 

where  
αc = -537 is factor of component concrete break out in tension  

Yielding of reinforcement will occur for 

Nୖୢ,ଵ ൌ Nୖୢ,ୱ,୰ୣ ൅ Nୖୢ,ୡ ൅ δୖୢ,ୱ ∙ kୡ,ୢୣ ൌ 

ൌ Aୱ,୰ୣ ∙ 	
f୷୩,ୱ

γ୑ୱ
൅ Nୖୢ,ୡ ൅

2 ∙ Nୖୢ,ୱ,୰ୣ
ଶ

αୱ ∙ fୡ୩ ∙ dୱ,୰ୣ
ସ ∙ ሺn ∙ n୰ୣሻ

ଶ
∙ kୡ,ୢୣ ൌ 

ൌ n ∙ n୰ୣ ∙ π ∙ ቀ
ୢ౩,౨౛
మ

ସ
	ቁ ∙

୤౯ౡ,౩

ஓ౉౩
൅ Nୖୢ,ୡ ൅

ଶ∙ቆ୬∙୬౨౛∙஠∙ቆ
ౚ౩,౨౛
మ

ర
	ቇ∙

౜౯ౡ,౩

ಋ౉౩
ቇ

మ

஑౩∙୤ౙౡ∙ୢ౩,౨౛
ర ∙ሺ୬∙୬౨౛ሻ

మ ∙ kୡ,ୢୣ= 

ൌ 2 ∙ 4 ∙ π ∙ ቆ
8ଶ

4
	ቇ ∙

500

1.15
൅ 153.5 ൅

2 ∙ ൬2 ∙ 4 ∙ π ∙ ൬
8ଶ

4
	൰ ∙

500
1.15

൰
ଶ

12100 ∙ 30 ∙ 8ସ ∙ ሺ2 ∙ 4ሻଶ
∙ ሺെ48.7ሻ ൌ 

ൌ 	174.8 ൅ 153.5 ൅ 0.642 ∙ ሺെ48.7ሻ ൌ 297.0	kN 

where  
αs	= 12 100 is factor of the component stirrups  
nre	= 4 is total number of legs of shafts  
NRd,s,re is design tension resistance of the stirrups for tension failure [N] 
ds,re = 8 mm is nominal diameter of the stirrup  
dp = 25 mm is the covering 
fyk,s = 500 N/mm2 is design yield strength of the stirrups 
γMs = 1.15 is the partial safety factor 
l1 is anchorage length [mm]  
 

Anchorage failure resistance of the of reinforcement is 

DM I 

Eq. (3.48) 
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Eq. (3.47) 
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Eq. (3.13) 
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Eq. (3.16) 
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Eq. (3.16) 
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Nୖୢ,ଶ ൌ Nୖୢ,ୠ,୰ୣ ൅ Nୖୢ,ୡ ൅ δୖୢ,ୠ ∙ kୡ,ୢୣ ൌ෍n୰ୣ ∙ lଵ ൉ π ∙ dୱ,୰ୣ ∙
fୠୢ
α
൅ Nୖୢ,ୡ ൅ δୖୢ,ୠ ∙ kୡ,ୢୣ ൌ 

ൌ n ∙ n୰ୣ ∙ lଵ ∙ π ∙ dୱ ∙
fୠୢ
α
൅ Nୖୢ,ୡ ൅

2 ∙ Nୖୢ,ୠ,୰ୣ
ଶ

αୱ ∙ fୡ୩ ∙ dୱ,୰ୣ
ସ ∙ n୰ୣ

ଶ ∙ kୡ,ୢୣ ൌ 

ൌ n ∙ n୰ୣ ∙ ൬hୣ୤ െ d୮ െ dୱ,୲ െ
dୱ,ୟ
1.5

൰ ∙ π ∙ dୱ ∙
2.25 ∙ ηଵ ∙ ηଶ ∙ fୡ୲୩;଴,଴ହ

α ∙ γ୑ୡ
൅ Nୖୢ,ୡ

൅
2 ∙ ൬n ∙ n୰ୣ ∙ lଵ ∙ π ∙ dୱ ∙

fୠୢ
α
൰
ଶ

αୱ ∙ fୡ୩ ∙ dୱ,୰ୣ
ସ ∙ n୰ୣ

ଶ kୡ,ୢୣ ൌ 

ൌ n ∙ n୰ୣ ∙ ቆhୣ୤ െ d୮ െ ቀ
ୢ౩

ଶ
൅ 10ቁ െ

ቀହ∙
ౚ౩
మ
ି
ౚ

మ
ቁ

ଵ.ହ
ቇ ∙ π ∙ dୱ ∙

ଶ.ଶହ∙஗భ∙஗మ∙୤ౙ౪ౡ;బ,బఱ

஑∙ஓ౉ౙ
൅ Nୖୢ,ୡ ൅

ଶ∙ቌ୬∙୬౨౛∙ቌ୦౛౜ିୢ౦ିቀ
ౚ౩
మ
ାଵ଴ቁି

൬ఱ∙
ౚ౩
మ
ష
ౚ
మ
൰

భ.ఱ
ቍ∙஠∙ୢ౩∙

మ.మఱ∙ಏభ∙ಏమ∙౜ౙ౪ౡ;బ,బఱ
ಉ∙ಋ౉ౙ

ቍ

మ

஑౩∙୤ౙౡ∙ୢ౩,౨౛
ర ∙୬౨౛

మ ∙ kୡ,ୢୣ= 

ൌ 2 ∙ 4 ∙ ቌ200 െ 25 െ ൬
8

2
൅ 10൰ െ

ቀ5 ∙
8
2
െ
22
2
ቁ

1.5
ቍ ∙ π ∙ 8 ∙

2.25 ∙ 1.0 ∙ 1.0 ∙ 2.0

0.49 ∙ 1.5
൅ 153.5

൅

2 ∙ ቌ2 ∙ 4 ∙ ቌ200 െ 25 െ ቀ
8
2
൅ 10ቁ െ

ቀ5 ∙
8
2
െ
22
2
ቁ

1.5
ቍ ∙ π ∙ 8 ∙

2.25 ∙ 1.0 ∙ 1.0 ∙ 2.0
0.49 ∙ 1.5

ቍ

ଶ

12100 ∙ 30 ∙ 8ସ ∙ ሺ2 ∙ 4ሻଶ
∙ ሺെ48.7ሻ

ൌ 190.8 ൅ 153.5 ൅ 0.765 ∙ ሺെ48.7ሻ ൌ 307.0	kN 

where 

l1 is anchorage length [mm] 

ds is diameter of stirrups [mm] 

α	ൌ 0.7·0.7 = 0.49  is factor for hook effect and large concrete cover 

fbd is for C30/37 grade concrete is 2.25 ∙
ଶ.଴

ଵ.ହ
൉ 1.0 ൉ 1.0 ൌ 3.0 N/mm2  

η1	ൌ 1.0 is coefficient of bond conditions for vertical stirrups  

and 0.7 for horizontal stirrups 

η2 = 1.0 is coefficient of bond conditions for dimension ≤ 32 mm  

and (132 - ds)/100 for dimension ≥ 32 mm 

 

The resistance of concrete cone failure with reinforcement is  

min൫Nୖୢ,୫ୟ୶; Nୖୢ,ଵ; Nୖୢ,ଶ൯ ൌ minሺ353.0; 297.0; 307.0ሻ ൌ 297.0	kN 

 

 

DM I 

Eq. (3.20) 

DM I 

Eq. (3.21) 
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Step 1.9 Pull-out failure of headed studs 

The resistance of pull-out failure of headed studs, with diameter of stud d = 22 mm, 

diameter of stud’s head dh = 37 mm, concrete C30/37 with compressive strength 

fck = 30 N/mm2 and the characteristic ultimate bearing pressure at ultimate limit state 

under the headed of stud p୳୩ ൌ 12 ∙ fୡ୩ N/mm2, is 

Nୖ୩,୮ ൌ n ∙ p୳୩ ∙ A୦ ൌ n ∙ 12 ∙ fୡ୩ ∙
π

4
∙ ൫d୦

ଶ െ dଶ൯ ൌ 2 ∙ 12 ∙ 30 ∙
π

4
∙ ሺ37ଶ െ 22ଶሻ ൌ 500.5	kN 

Nୖୢ,୮ ൌ
Nୖ୩,୮

γ୑ୡ
ൌ
500.5

1.5
ൌ 333.7	kN 

The resistance of one stud is 166.8 kN 

 

Step 1.10 T stub of the anchor plate in bending 

The resistance of component T-stub of the anchor plate in bending has thickness 

tp1	 ൌ 10 mm, yield strength fyk	= 355 N/mm2, distance of threaded and headed stud 

m1	ൌ	80 mm, ea1	ൌ 50 mm, eb1 = 125 mm and p1	ൌ 100 mm, see in Fig. 9.18. 

Due to small thickness of the anchor plate are the prying forces for evaluation of the 

effective length of T stub taken into account as 

Resistance of anchor plate T-stub in tension is verified for three failure modes, see in 

Fig. 9.19. For effective length of the T stub 

lୣ୤୤,ଵ ൌ min

ە
ۖۖ

۔

ۖۖ

ۓ
4		mଵ ൅ 1.25	eୟଵ ൌ 4 ∙ 80 ൅ 1.25 ∙ 50 ൌ 382.5

2	π		mଵ ൌ 2	π ∙ 80 ൌ 502.7
5	nଵ	dଵ ∙ 0.5 ൌ 220 ∙ 0.5 ൌ 110.0

2	mଵ ൅ 0.625	eୟଵ ൅ 0.5	pଵ ൌ 2 ∙ 80 ൅ 0.625 ∙ 50 ൅ 0.5 ∙ 100 ൌ 241.3
2	mଵ 	൅ 0.625	eୟଵ ൅ eୠଵ ൌ 2 ∙ 80 ൅ 0.625 ∙ 50 ൅ 93.8 ൌ 285.0

	π		mଵ ൅ 2	eୠଵ ൌ π ∙ 80 ൅ 2 ∙ 93.8 ൌ 721.4
	π		mଵ ൅ pଵ ൌ 	π ∙ 80 ൅ 100 ൌ 351.3 ۙ

ۖۖ

ۘ

ۖۖ

ۗ

 

lୣ୤୤,ଵ ൌ 110.0	mm 

Fig. 9.19 T-stub in tension and forces in the individual failure modes 
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Eq. (3.20) 

DM I 

Eq. (3.21) 
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3.1.5. 

Eq. 3.31 
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Mode 1 

F୘,ଵ,ୖୢ,ୟ୮ ൌ
4 ∙ lୣ୤୤,ଵ ∙ m୮୪,ୖୢ,ଵ

m
ൌ
4 ∙ lୣ୤୤,ଵ ∙

t୮,ଵ
ଶ ∙ f୷୩
4 ∙ γ୑଴

m
ൌ
4 ∙ 110.0 ∙

10ଶ ∙ 355
4 ∙ 1.0

80
ൌ 48.8	kN 

Mode 2 

F୘,ଶ,ୖୢ,ୟ୮ ൌ
2 ∙ lୣ୤୤,ଵ ∙ m୮୪,ଶ,ୖୢ,ଶ ൅ ∑F୲,ୖୢ	. n

m ൅ n
ൌ
2 ∙ lୣ୤୤,ଵ ∙

t୮,ଵ
ଶ ∙ f୷୩
4 ∙ γ୑଴

൅ ∑F୲,ୖୢ ∙ n

m ൅ n
ൌ 

ൌ
2 ∙ 110.0 ∙

10ଶ ∙ 355
4 ∙ 1.0

൅ 297.0 ∙ 10ଷ ∙ 50

80 ൅ 50
ൌ 129.1	kN 

Mode 3 

෍F୲,ୖୢ ൌ min൫F୲,ୖୢଵ
ᇱ ; 	F୮,ୖୢ,୚,ଵ; 	Nୖୢ,ଵ; 	Nୖୢ,୮൯ ൌ minሺ437.9; 	355.2; 	297.0; 	333.7ሻ

ൌ 297.0	kN 

F୘,ଷ,ୖୢ,ୟ୮ ൌ෍F୲,ୖୢ ൌ 297.0	kN 

Mode 1 is decisive for the thin plate, 48.8 kN, see in Fig. 9.20. 

 

Fig. 9.20 Vertical forces Fv and vertical deformation δ of T stub 

Step 1.11 Anchor plate in tension 

The anchor plate in tension resistance is 

F୲,ୟ୮ୖୢ ൌ Aୟ୮,ଵ ∙
f୷୩

γ୑଴
ൌ t୮,ଵ ∙ bୟ୮,ୣ୤୤ ∙

f୷୩

γ୑଴
ൌ 10 ∙ 2 ∙ ൫22 ൅ 2 ∙ √2	 ∙ 1൯ ∙

355

1.0
ൌ 176.3	kN 

where 

bୟ୮,ୣ୤୤ ൌ nଵ ∙ ൫dଵ ൅ 2 ∙ √2 ∙ a୵൯ 

studs weld effective thickness aw	= 1 mm 
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Step 1.12 Headed studs in shear 

The shear resistance of headed studs, with material 8.8, strength fub = 800 N/mm2,  

αv = 0.6; γM2 = 1.25; is  

F୴,ୖୢ ൌ
n ∙ α୴ ∙ f୳ୠ ∙ Aୱ

γ୑ଶ
ൌ
2 ∙ 0.6 ∙ 800 ∙ π ∙ ቀ

22
2
ቁ
ଶ

1.25
ൌ 291.9	kN 

The resistance of one stud is 146.0 kN. 

 

Step 1.13 Pry-out failure of headed stud 

The resistance in pry-out failure of headed studs for is 

Vୖୢ,େ୔ ൌ 2 ∙ Nୖୢ,ୡ ൌ 2 ∙ 153.5 ൌ 307.0	kN 

 

Step 1.14 Reduction of resistance in the vertical/horizontal direction 

For the calculation of plastic deformation is used model of continues beam with three 

plastic hinges at supports and under applied load, see in Fig. 9.21. 

 

Fig. 9.21 Model of continues beam with three plastic hinges 

A ൌ min൫F୘,ଵ,ୖୢ,ଵ; 	F୘,ଶ,ୖୢ,ଵ; 	F୘,ଷ,ୖୢ,ଵ൯ ൌ min ሺ48.8; 126.1; 296.7ሻ ൌ 48.8 kN 
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Map,pl	
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Q ൌ
lୣ୤୤,ଵ ∙ m୮୪,ୖୢ,ଵ

n
∙ 2 ൌ

lୣ୤୤,ଵ ∙
t୮,ଵ
ଶ ∙ f୷୩
4 ∙ γ୑଴
n

∙ 2 ൌ
110.0 ∙

10ଶ ∙ 355
4 ∙ 1.0

50
∙ 2 ൌ 39.1 kN 

Nୌୗ,୘ ൌ A ൅ Q ൌ 48.8 ൅ 39.1 ൌ 87.9	kN 

Plastic deformation is calculated, see Fig. 9.21, for moment resistance 

M୮୪ ൌ
b୮ଵ ∙ t୮ଵ

ଶ

4
∙
f୷୩

γ୑଴
ൌ
350 ൉ 10ଶ

4
∙
355

1
ൌ 3.1	kNm 

Iୡ ൌ
1

12
∙ b୮ଵ ∙ t୮ଵ

ଷ ൌ
1

12
∙ 350 ∙ 10ଷ ൌ 29.2	 ൉ 10ଷ	mm4; 	Iୠ ൌ ∞ 

δ୘ ൌ
1

E	Iୠ
∙
1

6
∙ bଶ ∙ M୮୪ ൅

1

E	Iୡ
∙
1

3
∙ b ∙ c ∙ M୮୪ ൌ 

ൌ
1

210	000 ∙ ∞
∙
1

6
∙ 232.5ଶ ∙ 3106 ൅

1

210	000 ∙ 29.2
∙
1

3
∙ 232.5 ∙ 127.5 ∙ 3106 ൌ 0 ൅ 5.2

ൌ 5.2	mm 

with distance between threaded stud and headed stud a = 80 mm as 

δ୘,୮୪ ൌ 1.48	δ୘ ൌ 7.8	mm 

δ୮,୲୭୲ ൌ δ୘,୮୪ ൅ ටaୟ୮
ଶ െ aଶ ൌ ඥሺa ൅ ∆aሻଶ െ aଶ ൌ δ୘,୮୪ ൅ ඨ൬a ൅

ୟ∙୊౦,౎ౚ

୲౦భ∙ୠ౗౦,౛౜౜∙୉
൰
ଶ

െ aଶ ൌ

													ൌ 	δ୘,୮୪ ൅ ඩ൭a ൅
ୟ∙
ఽ∙౜౯,౦

ಋ౉బ

୲౦భ∙ୠ౗౦,౛౜౜∙୉
൱

ଶ

െ aଶ ൌ δ୘,୮୪ ൅ ඩ൭a ൅
ୟ∙
౪౦భ∙ౘ౦,౛౜౜∙౜౯,౦

ಋ౉బ

୲౦భ∙ୠ౗౦,౛౜౜∙୉
൱

ଶ

െ aଶ	ൌ 

																			ൌ 7.8 ൅ ඩቌ80 ൅
80 ∙ 8.88 ∙

355
1.0

210 ∙ 10ଷ
ቍ

ଶ

െ 80ଶ ൌ 13.9	mm 

For the plastic deformation at resistance of the anchor plate punching under the threaded 

studs Fp,Rd = 176.28 kN and Fp,Rd,V = A ൅
୊౦,౎ౚ	∙ஔ౦,౪౥౪

ሺୟା∆ୟሻ
ൌ 79.0	kN 

The acting horizontal force for this deformation is 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DM I 

Eq. (4.43) 
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F୮,ୖୢ,ୌ ൌ
F୲,୮,ୖୢ ∙ a

δ୮,୲୭୲
ൌ
79.0 ∙ 80

13.9
ൌ 454.3 kN 

For the resistance of headed studs in shear VRd = 291.9 kN is assumed the linear proportion 

between the axial and horizontal forces, see in Fig. 9.22. The resistance in tension is 

calculated as 

F୮,ଵ,ୖୢ ൌ F୘,୮୪ ൅
F୲,୮,ୖୢ െ F୘,୮୪

F୮,ୖୢ,ୌ
∙ Vୖୢ ൌ 48.8 ൅

79.0 െ 48.8

454.3
∙ 291.9 ൌ 68.2	kN 

and deformation for Fp,1,Rd	ൌ 68.2 kN, see in Fig. 9.20, is 

δ୮,ଵ ൌ δ୘,୮୪ ൅
F୮,ଵ,ୖୢ െ F୘,୮୪

F୲,୮,ୖୢ െ F୘,୮୪
∙ δ୮,୲୭୲ ൌ 7.8 ൅

68.2 െ 48.8

79.0 െ 48.8
∙ 13.9 ൌ 16.7	mm 

 

Fig. 9.22 Acting vertical Fv and horizontal FH forces to the anchor plate 

The acting force in headed studs in case of the membrane action in the anchor plate 

Nୌୗ,ଵ ൌ A ൅ Q ൌ 68.2 ൅ 39.1 ൌ 107.3	kN 

 

Step 1.15 Interaction in shear and tension for treaded and headed studs  

For the threaded studs is the interaction in shear and tension 

F୴,୉ୢ
F୴,ୖୢ

൅
F୲,୉ୢ

1.4 ∙ F୲,ୖୢ
൑ 1 

291.9

291.9
൅
ሺ107.3 െ 48.8ሻ ∙ ቀ

220 ൅ 165.9
140 ൅ 165.9

ቁ

1.4 ∙ 349.1
൑ 1.00 

1.15	is not ൑ 1 
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Eq. (4.53) 
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Eq. (4.54) 
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For the headed studs is the interaction in shear and tension 

F୴,୉ୢ
F୴,ୖୢ

൅
F୲,୉ୢ

1.4 ∙ F୲,ୖୢ
൑ 1 

291.9

291.9
൅
107.3 െ 48.8

1.4 ∙ 437.9
൑ 1 

1.10	is	not ൑ 1 

For anchoring of headed stud in concrete is the interaction in shear and tension 

ቆ
F୴,୉ୢ
F୴,ୖୢ

ቇ

ଷ
ଶ

൅ ቆ
F୲,୉ୢ
F୲,ୖୢ

ቇ

ଷ
ଶ

൑ 1 

൬
291.9

306.1
൰

ଷ
ଶ
൅ ൬

107.3 െ 48.8

296.7
൰

ଷ
ଶ
൑ 1 

1.02	is	not ൑ 1 

The full capacity in shear is not achieve due to headed stud resistance.  By reducing the 

acting forces to 80 % it is for interaction of the threaded stud 

233.5

291.9
൅
ሺ107.3 െ 48.8ሻ ∙ ቀ

220 ൅ 165.9
140 ൅ 165.9

ቁ

1.4 ∙ 349.1
൑ 1 

0.95 ൑ 1 

and for the headed stud 

233.5

291.9
൅
107.3 െ 48.8

1.4 ∙ 437.9
൑ 1 

0.86 ൑ 1 

and for anchoring of headed stud in concrete 

൬
233.5

306.1
൰

ଷ
ଶ
൅ ൬

107.3 െ 48.8

296.7
൰

ଷ
ଶ
൑ 1 

0.71 ൑ 1 
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Eq. (4.54) 
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Step 2 Component in compression 

The component base plate in bending and concrete block in compression is calculated for 

the strength of the concrete block, C30/37, fck	= 30 N/mm2, and γMc = 1.5. 

The connection concentration factor is  

aଵ ൌ min ቐ
aଵ ൅ 2	a୰ ൌ 250 ൅ 2 ∙ 675 ൌ 1	600

3	aଵ ൌ 3 ∙ 250 ൌ 750
aଵ ൅ h ൌ 250 ൅ 1	000 ൌ 1	250

ቑ ൌ 750	mm 

bଵ ൌ minቐ
bଵ ൅ 2b୰ ൌ 360 ൅ 2 ∙ 620 ൌ 1	600

3	bଵ ൌ 3 ∙ 360 ൌ 1080
bଵ ൅ h ൌ 360 ൅ 1	000 ൌ 1	360

ቑ ൌ 1	080	mm 

and aଵ ൌ 750 ൐ 	aଵ ൌ 250	mm			bଵ ൌ 1080 ൐ 	bଵ ൌ 360	mm 

The above condition is fulfilled and  

k୨ ൌ ඨ
aଵ ∙ bଵ
a ∙ b

ൌ ඨ
1	080 ∙ 750

250 ∙ 360
ൌ 3.00 

The concrete bearing resistance is calculated as  

f୨ୢ ൌ
2

3
∙
k୨ ∙ fୡ୩

γ୑ୡ
ൌ
2

3
∙
3.00 ∙ 30

1.5
ൌ 40.0	N/mmଶ	 

From the force equilibrium in the vertical direction Fୗୢ ൌ Aୣ୤୤ ∙ f୨ୢ െ F୲,ୖୢ, is calculated the 

area of concrete in compression Aeff in case of the full resistance of tension part 

Aୣ୤୤ ൌ
Fୗୢ ൅ Fୖୢ,ଷ

f୨ୢ
ൌ
െ45 ∙ 10ଷ ൅ 107.3 ∙ 10ଷ

40.0
ൌ 1	557	mmଶ 

The flexible base plate is transferred into a rigid plate of equivalent area. The width of the 

strip c around the column cross section, see Fig. 9.23a, is calculated from  

c ൌ ሺt୮ଵ ൅ t୮ଶሻඨ
f୷

3 ∙ f୨ୢ ∙ γ୑଴
ൌ ሺ30 ൅ 10ሻ ∙ ඨ

355

3 ∙ 40.0 ∙ 1.00
ൌ 68.8	mm 
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h =200c

c

c c

c

c t  = 9w

t =15f

b = 200c

rt

r c

c

beff

c
ct =15f

 

Fig. 9.23a The effective area under the base plate 

Step 3 Assembly for resistance 

Step 3.1 Column base resistance 

The active effective width is calculated as 

bୣ୤୤ ൌ
Aୣ୤୤

a୮ଶ ൅ 2	t୮ଵ
ൌ
1	557

270
ൌ 5.8	mm ൏	 t୤ ൅ 2	c ൌ 15 ൅ 2 ∙ 68.8 ൌ 152.6	mm 

The lever arm of concrete to the column axes of symmetry, see Fig. 9.23b, is calculated 

as  

rୡ ൌ
hୡ
2
൅ c െ

bୣ୤୤
2

ൌ
200

2
൅ 68.8 െ

5.8

2
ൌ 165.9	mm 

The moment resistance of the column base is Mୖୢ ൌ F୘,୫୧୬ ∙ r୲ ൅ Aୣ୤୤ ∙ f୨ୢ ∙ rୡ 

F୘,୫୧୬ ൌ 107.3 ∙
220 ൅ 165.9

140 ൅ 165.9
ൌ 135.3	kN 

Mୖୢ ൌ 135.3 ∙ 10ଷ ∙ 140 ൅ 1	557 ∙ 40 ∙ 165.9 ൌ 29.3	kNm 

Under acting normal force Nୗୢ	 ൌ 	 െ 45	kN the moment resistance in bending is 

Mୖୢ	 ൌ 	29.3	kNm. 

 

Fig. 9.23b The lever arm of concrete and threaded stud to the column axes 
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3.2 End of column resistance 

The design resistance in poor compression is 

N୮୪,ୖୢ ൌ
A ∙ f୷

γ୑଴
ൌ
7808 ∙ 355

1.00
ൌ 2	772 ∙ 10ଷN ൐ 	Nୖୢ ൌ െ45	kN 

The column bending resistance 

M୮୪,ୖୢ ൌ
W୮୪ ∙ f୷୩

γ୑଴
ൌ
642.5 ∙ 10ଷ ∙ 355

1.00
ൌ 228.1	kNm 

The interaction of normal force reduces moment resistance (this interaction is valid for 

compression load only) 

M୒୷,ୖୢ ൌ M୮୪,ୖୢ

1 െ
Nୗୢ
N୮୪,ୖୢ

1 െ 0.5	
A െ 2	b	t୤

A

ൌ 228.1 ∙
1 െ

0
2772

1 െ 0.5	
7	808 െ 2 ∙ 200 ∙ 15

7	808

ൌ 258.0	kNm 

M୒୷,ୖୢ ൌ 228.1	kNm 

The column base is designed on acting force only not for column resistance.  

Step 3.3 Elastic resistance for Serviceability limit state 

The resistance of the base plate is limited by the T stub resistance, 48.8 kN.  The elastic-

plastic behaviour is expected by reaching the bending resistance of the anchor plate T 

stub; 87.9 kN, which comply for the bending moment at SLS as 22.7 kNm. 

 

Step 4 Connection stiffness 

4.1 Component´s stiffness 

The component´s stiffness coefficients are calculated as in Worked example 9.2.  The 
additional component is the anchor plate in bending and in tension and the component 
threaded stud.  In compression are transferring the forces both plates under the column, 
the base and anchor plates.  

The component base plate in bending and the threaded studs in tension 

The stiffness coefficient for the threaded stud is assumed as 

kୠଶ ൌ 2.0 ∙
Aୱ
Lୠ

ൌ 2.0 ∙
303

49.5
ൌ 12.2	mm 

The component stiffness coefficients for base plate is calculated as 

k୮ଶ ൌ
0.425 ∙ Lୠୣ୤୤ ∙ t

ଷ

mଷ
ൌ
0.425 ∙ 125 ∙ 30ଷ

33.2ଷ
ൌ 39.2	mm	
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Component base and anchor plates and concrete block in compression 

 

Fig. 9.23c The T stub in compression 

The stiffness coefficient for concrete block in compression, see Fig. 9.23c, is calculated 

for   aୣ୯ ൌ t୤ ൅ 2.5	t ൌ 15 ൅ 2.5 ∙ 40 ൌ 115	mm 

where thickness t	ൌ	t1൅t2 = 10 + 30 = 40 mm 

kୡ ൌ
Eୡ

1.275 ∙ Eୱ
∙ ටaୣ୯ ∙ bୡ ൌ

33	000

1.275 ∙ 210	000
∙ √115 ∙ 200 ൌ 18.7	mm	

Component anchor plate in bending and in tension 

The component stiffness coefficients for anchor plate is calculated from the bending of 

the anchor plate as  

k୮ଵ ൌ
0.85 ∙ Lୠୣ୤୤ ∙ t

ଷ

mଷ
ൌ
0.85 ∙ 110.0 ∙ 10ଷ

ሺ80 െ 2 ∙
22
2
ሻଷ

ൌ 0.5	mm	

Component headed stud in tension 

The component stiffness coefficients for headed studs is calculated as 

kୠଵ ൌ
n ∙ Aୱ,୬୭୫

Lୠ
ൌ
2 ∙
π ∙ 22ଶ

4
8 ∙ 22

ൌ 4.3	mm 

 

4.2 Assembly for stiffness 

The coefficients of the initial stiffness in elongation are assembled to rotational stiffness as 

in Worked example 9.2.  The additional component is the anchor plate in bending and in 

tension only.  

 

Fig. 9.23d The lever arm in tension and compression 
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The lever arm of components, see Fig. 9.23d, in tension zt and in compression zc to the 

column base neutral axes are 

z୲ ൌ
hୡ
2
൅ eୡ ൌ

200

2
൅ 40 ൌ 140	mm 

zୡ ൌ
hୡ
2
െ
t୤
2
ൌ
200

2
െ
15

2
ൌ 92.5	mm 

The stiffness of tension part, studs, T stubs and concrete parts, is calculated from the 

stiffness coefficient for base plate and threaded studs 

k୲ଶ ൌ
1

1
kୠଶ

൅
1
k୮ଶ

ൌ
1

1
12.2

൅
1

39.2

ൌ 9.33	mm 

from the stiffness coefficient for anchor plate and headed studs 

k୲ଵ ൌ
1

1
k୮ଵ

൅
1
kୠଵ

ൌ
1

1
0.5

൅
1
4.3

ൌ 0.43	mm 

based on eccentricity 

k୲ଵ,ୣ୤୤ ൌ
z

z ൅ 80
∙ k୲ଵ ൌ

232.5

312.5
∙ 0.43 ൌ 0.32	mm 

where 

z ൌ z୲ ൅ zୡ ൌ 140 ൅ 92.5 ൌ 232.5	mm 

with the effective stiffness coefficient in tension in position of threaded stud 

k୲ ൌ
1

1
k୲ଵ

൅
1
k୲ଶ

ൌ
1

1
0.32

൅
1

9.33

ൌ 0.31	mm 

For the calculation of the initial stiffness of the column base the lever arm is evaluated 

z ൌ 232.5	mm and 

a ൌ
kୡ ∙ zୡ െ k୲ ∙ z୲

kୡ ൅ k୲
ൌ
18.7 ൉ 92.5 െ 0.31 ∙ 140

18.7 ൅ 0.31
ൌ 88.7	mm	

The bending stiffness is calculated for particular constant eccentricity 

e ൌ
Mୖୢ

Fୗୢ
	ൌ

20 ∙ 10଺

45 ∙ 10ଷ
ൌ 444	mm	

as 
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S୨,୧୬୧ ൌ
e

e ൅ a
∙
Eୗ ∙ z

ଶ

μ∑
1
k୧
୧

ൌ
444

444 ൅ 88.7
∙
210 000 ∙ 232.5ଶ

1 ∙ ቀ
1

0.31
൅

1
18.7

ቁ
ൌ 2 888 ∙ 10଺ Nmm/rad

ൌ 2	888	kNm/rad	

Summary 

Moment rotational diagram at Fig. 9.23e sums up the behaviour of column base with 
anchor plate for loading with constant eccentricity. 

 

Fig. 9.23e Moment rotational diagram of column base with anchor plate  
for loading with constant eccentricity 
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9.5 Simple steel to concrete joint 

In this example the calculation of a simple steel-to-concrete joint is demonstrated.  A girder 
is connected to a concrete wall by a simple joint.  The load capacity of the joint will be raised 
by the use of additional reinforcement.  The example does only include the design calculation 
of the joint.  The verification of the concrete wall is not included and the local failure of the 
concrete wall due to the tension force caused by the eccentricity of the shear load is not 
considered. 

Overview about the system 

In this example a steel platform is installed in an 
industrial building.  The main building is made of 
concrete.  The system consists of concrete walls 
and concrete girders.  An extra platform is 
implemented in the building in order to gain 
supplementary storage room. 

The platform consists of primary and secondary 
girders. The primary girders are made of 
HE400A and they are arranged in a grid of 
4.00 m.  On one side they are supported on the 
concrete wall, on the other side they are 
supported by a steel column.  The concrete wall 
and the steel beam are connected by a pinned 
steel-to-concrete joint. 

 

Structural system and design of the girder 

The structural system of the primary girder is a simply supported beam with an effective 
length of 9.4 m. The cross section of the girder is HE400A. The girder carries load 
applied to a width a = 4.0 m which is the distance to the next girder, see Fig. 9.25 

Load on the girder 

Self-weight of the girder with connection 2.0	kN/m 

Floor and other girders 4.0	m ∙ 1.0
୩୒

୫మ ൌ 4.0	kN/m 

Dead load  6.0 kN/m  

 

Fig. 9.25 structural system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.24 Side view on structure  

HE400A; S235 
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Live load 4.0 m ∙ 5.0
୩୒

୫మ ൌ 20.0	kN/m 

Design forces 

Maximum shear load 

V୸,୉ୢ ൌ 9.4	m	 ∙
1.35 ൉ 6.0

kN
m
൅ 1.5 ൉ 20.0

kN
m

2
ൌ 179	kN	 ൎ 180	kN 

Maximum bending moment 

M୷,୉ୢ ൌ ሺ9.4	mሻଶ 	 ∙
1.35 ൉ 6.0

kN
m
൅ 1.5 ൉ 20.0

kN
m

8
ൌ 420	kNm	 

Verification of the girder section 

Next to the joint V୸,୉ୢ ൌ 180	kN ൑ V୮୪,୸,ୖୢ ൌ 777.8	kN 

In the middle of the girder M୷,୉ୢ ൌ 420	kNm ൑ M୮୪,୷,ୖୢ ൌ 602.1	kNm 

The girder is stabilized against lateral torsional buckling by the secondary girders, which 
have a distance of 1.0 m.  Lateral torsional buckling is not examined in this example.  
The example only includes the design calculation of the joint.  The verification of the 
concrete wall is not included.  

Overview of the joint 

 

Fig. 9.26 Joint geometry 
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EN 1990 
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Fig. 9.27 Reinforcement 

In the following an overview of the joint geometry is given. 

Connected girder  HE400A, S235 

Concrete C30/37 (fck,cube = 37 N/mm², cracked) 

Stirrups 4 x 8 mm / B500A (two per headed stud) 

Butt straps: 150 x 250 x 20 mm / S235 

Anchor plate 300 x 250 x 25 mm / S235 

Headed Studs d	= 22 mm 

 h = 150 mm / S235J2 + C470 

Bolt connection  2 x M24 10.9 

Shear load of the joint VEd =180 kN 

Connection between the girder HE400A and the anchor plate 

The small torsion moment caused by the eccentricity between the girder and the butt 
straps is transferred into the girder HE400A and from this primary girder to the 
secondary girders.  The eccentric connection induces bending and shear stresses in the 
butt strap. In the following they are determined: 

M୉ୢ ൌ V୉ୢ ∙ 0.1 ൌ 18	kNm	

τ୚ ൌ 1.5 ∙
V୉ୢ
A୚

ൌ 1.5 ∙
180

5000
ൌ 54.0 ൑ 135.6	N/mm²	

σ ൌ
M୉ୢ

W
ൌ

18

250ଶ ∙ 20
6

ൌ 86.4 ൑ 235.0	N/mm²	

The maximum forces don`t appear at the same place. 

Edge distances: eଵ ൌ 		65	mm ൐ 1.2 ∙ d଴ ൌ 1.2	 ∙ 26 ൌ 31.2	mm 

eଶ ൌ 		50	mm ൐ 1.2 ∙ d଴ ൌ 1.2	 ∙ 26 ൌ 31.2	mm 

pଵ ൌ 120	mm ൐ 2.2 ∙ d଴ ൌ 2.2	 ∙ 26 ൌ 57.2	mm 

Shear resistance of the bolts:  
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F୴,ୖୢ ൌ α୚ ∙ Aୗ ∙
f୳ୠ
γ୑ଶ	

ൌ 0.6 ∙ 353	 ∙
1000

1.25
ൌ 169.4 kN	

Vୖୢ,ଵ ൌ n୚ 	 ∙ F୴,ୖୢ ൌ 2 ∙ 169.4 ൌ 338.8	kN	

Bearing resistance of the butt strap: 

Vୖୢ,ଶ ൌ 286.8	kN	

Fୠ,ୖୢ ൌ
kଵ ∙ αୠ ∙ f୳ ∙ d ∙ t

γ୑ଶ	
ൌ
2.5 ∙ 0.83 ∙ 360 ∙ 24 ∙ 20

1.25
ൌ 286.8	kN	

kଵ ൌ min ൤2.8
eଶ
d଴
െ 1.7; 1.4

pଶ
d଴
െ 1.7; 2.5൨ ൌ minሾ3.68;െ; 2.5ሿ	

αୠ ൌ min ൤
eଵ

3 ∙ d଴
;
f୳ୠ
f୳
; 1.0൨ ൌ minሾ0.83; 2.78; 1.0ሿ	

Bearing resistance of the beam web: 

Vୖୢ,ଷ ൌ 190.1		kN	

Fୠ,ୖୢ ൌ
kଵ ∙ αୠ ∙ f୳ ∙ d ∙ t

γ୑ଶ	
ൌ
2.5 ∙ 1.0 ∙ 360 ∙ 24 ∙ 11

1.25
ൌ 190.1	kN	

kଵ ൌ min ൤2.8
eଶ
d଴
െ 1.7; 1.4

pଶ
d଴
െ 1.7; 2.5൨ ൌ minሾ3.68;െ; 2.5ሿ	

αୠ ൌ min ൤
eଵ

3 ∙ d଴
;
f୳ୠ
f୳
; 1.0൨ ൌ minሾെ; 2.78; 1.0ሿ	

Vୖୢ ൌ minൣVୖୢ,ଵ; Vୖ ୢ,ଶ; Vୖ ୢ,ଷ൧ ൌ 190.1	kN	 ൒ V୉ୢ ൌ 180	kN	

 

Welding of the butt straps to the anchor plate 

A welding seam all around with a୵ ൌ 7		mm is assumed. Following stresses in the 
welding seam can be determined: 

a୵ ൌ 2 ∙ 7	 ൌ 14	mm 
lୣ୤୤ ൌ 250	mm	

Wୣ୪,୵ ൌ
a୵ ∙ l୵,ୣ୤୤

ଶ

6
ൌ
14 ∙ 250ଶ

6
ൌ 145.8	 ൉ 10ଷ	mmଶ	

σ୵,ୖୢ ൌ
f୳

β୵ ∙ γ୑ଶ
ൌ

360

0.8 ∙ 1.25
ൌ 360	N/mmଶ	

Shear stresses caused by shear load and eccentricity: 

τ୍୍ ൌ
V୉ୈ

2 ∙ a୵ ∙ l୵,ୣ୤୤
ൌ

180

2 ∙ 7 ∙ 250
ൌ 51.4	N/mm²	

σ୵ ൌ
M୉ୢ

W
ൌ

1	8

145.8
ൌ 123.5		N/mmଶ		

σୄ ൌ τୄ ൌ σ୵ ∙ sin 45° ൌ 123.5	 ∙ sin 45° ൌ 87.3 ൑
0.9 ∙ f୳
γ୑ଶ

ൌ 259.2	N/	mmଶ	

Interaction caused by bending and shear stresses: 

σ୵,୉ୢ ൌ ටσୄ
ଶ ൅ 3ሺτୄ

ଶ ൅ τ୍୍
ଶ ሻ ൌ ට87.3² ൅ 3ሺ87.3² ൅ 51.4²ሻ ൌ 195.0 ൑ σ୵,ୖୢ ൌ 360	N/mm²	
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Design of the connection to the concrete 

The anchor plate has the geometry 300	x	250	x	25	mm S235 

Headed studs d ൌ 22	mm	 

 h ൌ 150	mm S350  C470 

Stirrups (for each headed stud) 4 ∙ 8	mm B 500 A 

The verification of the design resistance of the joint is described in a stepwise manner.  
The eccentricity e୴ and the shear force V୉ୢ are known. 

Step 1 Evaluation of the tension force caused by the shear load 

If the joint is loaded in shear the anchor row on the non-loaded side of the anchor plate 
is subjected to tension. In a first step the tension load has to be calculated. Therefore 
the height of the compression area has to be assumed. 

Shear load of the connection V୉ୢ ൌ 180	kN 

Resistance due to friction V୤ ൌ C୉ୢ ∙ 0.2 ൌ N୉ୢ,ଶ ∙ 0.2 

Thickness plate t୮ ൌ 25	mm 

Diameter anchor d ൌ 22	mm 

Eccentricity e୴ ൌ 100	mm 

Calculation of N୉ୢ,ଶ 

N୉ୢ,ଶ ൌ
V୉ୢ ∙ ൫e୴ ൅ d ൅ t୮൯ െ V୤ ∙ d

z
 

N୉ୢ,ଶ ∙ ሺ1 ൅
0.2 ∙ d

z
ሻ ൌ

V୉ୢ ∙ ൫e୴ ൅ d ൅ t୮൯

z
 

The height of the compression zone is estimated to xୡ ൌ 20	mm	   

With xc the lever arm  

z ൌ 40 ൅ 220 െ
x

2
ൌ 40 ൅ 220 െ

20

2
ൌ 250	mm 

and 

N୉ୢ,ଶሺ1 ൅
0.2 ∙ 22

250
ሻ ൌ

V୉ୢ ∙ ሺ100 ൅ 22 ൅ 25ሻ

250
 

From this the tension force result N୉ୢ,ଶ ൌ 104.0	kN 

Step 2 Verification of the geometry of the compression zone  

The tension component of the joint NEd,2 forms a vertical equilibrium with the 
compression force CEd under the anchor plate on the loaded side.  The next step of the 
calculation is to prove that the concrete resistance is sufficient for the compression force 
and that the assumption of the compression area was correct. 

Calculation of the compression force 

෍N:	C୉ୢ ൌ N୉ୢ,ଶ ൌ 104.0	kN 

Height of the compression zone is 

Additional 

condition Eq. (4.1) 
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Eq. (5.12) 
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fୡୢ ൌ 	 fୡ୩ ∙
஑

ஓ౉ౙ
ൌ 17	N/mm²  

where  α	ൌ	0.85	

The compression forces are causing a bending moment 
in the anchor plate.  To make sure that the anchor plate 
is still elastic, only the part of the anchor plate is 
activated which is activated with elastic bending only.  

bୣ୤୤ ൌ tୠୱ ൅ 2 ∙ t୮ ∙ ඨ
f୷

3 ∙ f୨ୢ ∙ γ୑଴

ൌ 20 ൅ 2 ∙ 25 ∙ ඨ
235

3 ∙ 17 ∙ 1.0
ൌ 127	mm 

 

xୡ ൌ
C୉ୢ

b ∙ 3 ∙ fୡୢ
ൌ

104.0

127 ൉ 3 ൉ 17
ൌ 16	mm 

Instead of the regular width b of the anchor plate the effective width beff is used.  The 
calculated xୡ ൌ 16	mm is smaller than the predicted value of	xୡ ൌ 20	mm.  That means 
that the lever arm was estimated slightly too small.  This is on the safe side, so the 
calculation may be continued. 

Step 3 Evaluation of the tension resistance 

3.1 Steel failure of the fasteners 

Calculation of the characteristic failure load of the headed studs on the non-loaded side: 

Nୖୢ,ୱ ൌ nୟ ∙ Aୱ ∙
f୳୩
γ୑୮

ൌ 2 ∙ 380	
470

1.5
∙ 10ିଷ ൌ 238.1	kN 

where 
Characteristic ultimate strength f୳୩ ൌ 470	N/mm² 
Characteristic yield strength f୷୩ ൌ 350	N/mm² 
Number of headed studs in tension nୟ ൌ 2 

Cross section area of one shaft Aୱ ൌ π ∙
ୢమ

ସ
ൌ 380	mm² 

Partial safety factor γ୑୮ ൌ 1.2 ∙
୤౫ౡ

୤౯ౡ
ൌ 1.5 

3.2 Pull-out failure 

If the concrete strength is too low or the load bearing area of the headed stud is too 
small, pull-out failure might occur. 

Nୖୢ,୮ ൌ n ∙
p୳୩
γ୑ୡ

∙ A୦ ൌ n ∙
p୩ ∙ fୡ୩
γ୑ୡ

∙
π

4
∙ ൫dh

2 െ dୱ,୬୭୫
ଶ ൯ ൌ 2 ∙

12 ∙ 30

1.5
∙
π

4
∙ ሺ35ଶ െ 22ଶሻ ൌ 279.4	kN	

where 
Factor considering the head pressing p୩ ൌ 12 ∙ fck	
Partial safety factor γ୑ୡ ൌ 1.5 

3.3 Concrete cone failure 

 

Fig. 9.28 Effective with 
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Eq. (3.3) 
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Eq. (3.31) 
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A pure concrete cone failure should not occur because of the reinforcement, but this 
failure load has to be calculated so that the resistance may be combined with the 
resistance of the stirrups. 

Nୖୢ,ୡ ൌ Nୖ୩,ୡ
଴ ∙ ψ୅,୒ ∙ ψୱ,୒ ∙ ψ୰ୣ,୒/γ୑ୡ	

Nୖ୩,ୡ
଴ ൌ kଵ ∙ hୣ୤

ଵ.ହ ∙ fୡ୩
଴.ହ ൌ 12.7 ∙ 165ଵ.ହ ∙ 30଴.ହ 	ൌ 147.4 kN	

ψ୅,୒ ൌ
Aୡ,୒

Aୡ,୒
଴ ൌ

319	275

245	025
ൌ 1.3			

Aୡ,୒
଴ ൌ sୡ୰,୒

ଶ ൌ ൫2	cୡ୰,୒൯
ଶ
ൌ ൫2	ሺ1.5 ∙ hୣ୤ሻ൯

ଶ
ൌ ൫2ሺ1.5 ∙ 165ሻ൯

ଶ
ൌ 245	025	mm2 

Nୖ୩,ୡ ൌ 147.4 ∙ 1.3 ∙ 1.0 ∙ 1.0 ൌ 191.6	kN  

Nୖୢ,ୡ ൌ
୒౎ౡ,ౙ

ஓ౉ౙ
ൌ

ଵଽଵ.଺

ଵ.ହ
ൌ 127.7	kN  

where 
Effective anchorage depth hୣ୤ ൌ h୬ ൅ t୅୔ െ k ൌ 165	mm  
Factor for close edge Ψୱ,୒ ൌ 		1.0 
Factor for small reinforcement spacing Ψ୰ୣ,୒ ൌ 1.0 
Actual projected area Aୡ,୒ ൌ ሺ2 ∙ 1.5 ∙ hୣ୤ሻ ∙ ሺ2 ∙ 1.5 ∙ hୣ୤ ൅ sଵሻ ൌ	

ൌ ሺ2 ∙ 1.5 ∙ 165ሻ ∙ ሺ2 ∙ 1.5 ∙ 165 ൅ 150ሻ ൌ 319	275	mm2

Partial safety factor γ୑ୡ ൌ 1.5 

3.4 Concrete cone failure with reinforcement 

With reinforcement one of the three below described failure modes will occur. 

3.5 Concrete failure 

Nୖ୩,ୡୱ ൌ Ψୱ୳୮୮ ∙ Nୖ୩,୳,ୡ ൌ 2.26 ∙ 191.6 ൌ 433.0	kN 

Nୖୢ,ୡୱ ൌ
Nୖ୩,ୡୱ
γ୑ୡ

ൌ
433.0

1.5
ൌ 288.7	kN	

where 
Factor for support of reinforcement Ψୱ୳୮୮ ൌ 2.5 െ

୶

୦౛౜
ൌ 2.26 

Distance between the anchor axis and the crack on the surface 

x ൌ
d୬୭୫
2

൅	dୱ,ୟ ൅
dୱ,୲

tan35°
ൌ 40	mm 

Distance of hanger reinforcement to the face of the anchor shaft 

dୱ,ୟ ൌ 5 ∙
dୱ
2
െ
d

2
ൌ 9	mm	

Distance axis of the reinforcement to the concrete surface 

dୱ,୲ ൌ
dୱ
2
൅ 10 ൌ 14	mm	

Partial safety factor γ୑ୡ ൌ 1.5 

3.6 Yielding of reinforcement 

Nୖୢ,୰ୣ,ଵ ൌ Nୖୢ,ୱ,୰ୣ ൅ Nୖୢ,ୡ ൅ δୖୢ,ୱ,୰ୣ ∙ kୡ,ୢୣ	

Nୖୢ,୰ୣ,ଵ ൌ 174.8 ൅ 127.7 ൅ 0.642 ∙ െ49.1 ൌ 271.0	kN 

 
where 
Normal force of hanger reinforcement 

 

 

 

 

DM I  

Ch. 3.1.2 
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Eq. (3.7) 

Eq. (3.8) 

Eq. (3.9) 

Eq. (3.11) 

Eq. (3.12) 
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Ch. 3.2.4 
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Eq. (3.47) 
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152	

Nୖୢ,ୱ,୰ୣ ൌ Aୱ,୷ ∙
fୱ,୷,୩

γ୑ୱ
ൌ n୰ୣ ∙ π ∙ ቆ

dୱ,୰ୣ
ଶ

4
ቇ ∙

f୷୩

γ୑ୱ
ൌ 8 ∙ π ∙ ቆ

8ଶ

4
ቇ ∙

500

1.15
ൌ 174.8 kN 

 
Deformation of reinforcement at yielding 

δୖୢୱ,୰ୣ ൌ
2 ∙ ൫Aୱ,୷ ∙ fୱ,୷ୢ൯

ଶ

αୱ ∙ fୡ୩ ∙ dୱ,୰ୣ
ସ ∙ ሺn ∙ n୰ୣሻ

ଶ
ൌ

2 ∙ ሺ174.8 ∙ 10ଷሻଶ

12100 ∙ 30 ∙ 8ସ ∙ ሺ2 ∙ 4ሻଶ
ൌ 0.642	mm 

Stiffness concrete break out 
kୡ,ୢୣ ൌ αୡ ∙ ඥfୡ୩ ∙ hୣ୤ ∙ ψ୅,୒ ∙ ψୱ,୒ ∙ ψ୰ୣ,୒ ൌ െ537 ∙ √30 ∙ 165 ∙ 1.3 ∙ 1.0 ∙ 1.0 ൌ െ49.1	kN/mm	

Partial safety factor γ୑ୱ ൌ 1.15 

3.7 Anchorage failure of the reinforcement 

Nୖୢ,୰ୣ,ଶ ൌ Nୖୢ,ୠ,୰ୣ ൅ Nୖୢ,ୡ ൅ δୖୢ,ୠ,୰ୣ ∙ kୡ,ୢୣ 

Nୖୢ,୰ୣ,ଶ ൌ 147.7 ൅ 127.7 ൅ 0.459 ∙ െ49.1 ൌ 252.8	kN 

 
where 

Anchorage force of all hanger legs Nୖୢ,ୠ,୰ୣ ൌ n ∙ n୰ୣ ∙ lଵ ∙ π ∙ dୱ ∙
୤ౘౚ

஑
 

 Nୖୢ,ୠ,୰ୣ ൌ 2 ∙ 4 ∙ 120 ∙ π ∙ 8 ∙
ଷ.଴

଴.ସଽ
∙ 10ିଷ 

 ൌ 147.7	kN 

Anchorage length of the hanger lଵ ൌ hୣ୤െd୮ െ dୱ,୲ െ
ୢ౩,౗

ଵ.ହ
ൌ 165 െ 25 െ 14 െ

ଽ

ଵ,ହ
ൌ	

ൌ 120	mm 
Dist. hanger reinforcement to the face 

of the anchor shaft: dୱ,ୟ ൌ 5 ∙
ୢ౩

ଶ
െ

ୢ

ଶ
ൌ 5 ∙

଼

ଶ
െ

ଶଶ

ଶ
ൌ 9	mm	

Dist. axis of the reinforcement to the 

concrete surface dୱ,୲ ൌ
ୢ౩

ଶ
൅ 10 ൌ 14	mm 

Bond strength  fୠୢ ൌ 2.25 ∙ ηଵ ∙ ηଶ ∙
୤ౙ౪ౡ

ஓ౉ౙ
ൌ 2.25 ∙ 1 ∙ 1 ∙

ଶ

ଵ.ହ
	ൌ 3.0	N/mmଶ 

where η1 is coefficient of bond conditions, η1	ൌ	1.0 for vertical stirrups and 0.7	for 
horizontal stirrups, η2	ൌ	1.0 for dimension ≤ 32 mm and (132 - dimension)/100 for 
dimension ≥ 32 mm 

Hook  α ൌ 0.49 

Def. of the reinforcement at bond failure 

δୖୢ,ୠ,୰ୣ ൌ
2 ∙ ൫Nୖୢ,ୠ,୰ୣ൯

ଶ

αୱ ∙ fୡ୩ ∙ dୱ,୰ୣ
ସሺn ∙ n୰ୣሻ

ଶ
ൌ

2 ∙ ሺ147.7 ∙ 10ଷ	ሻଶ

ሺ12100	 ∙ 	30	 ∙ 	8ସ ∙ ሺ2 ∙ 4ሻଶሻ
ൌ 0.459	mm 

Partial safety factor γ୑ୡ ൌ 1.5 

The decisive component of the three failure modes of the concrete cone failure with 
reinforcement is the anchorage failure of the reinforcement.  The anchors have a 
tension resistance of Nୖୢ,୳ ൌ Nୖୢ,୰ୣ,ଶ ൌ 252.8	kN 

Step 4 Evaluation of the shear resistance 

4.1 Steel failure of the fasteners 
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Eq. (3.17) 
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Eq. (3.16) 
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Eq. (3.13) 
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Eq. (3.49) 
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Eq.(3.21) 
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F୴,ୖୢ ൌ
nୟ,୴ ∙ 0.6 ∙ f୳୩ ∙ Aୱ

γ୑ଶ
ൌ
2 ∙ 0.6 ∙ 470 ∙ π ∙ ቀ

22
2
ቁ
ଶ

1.25
ൌ 171.5	kN	

4.2 Pry-out failure 

Vୖୢ,େ୔ ൌ kଷ ∙ Nୖୢ,୳,ୡୡା୥୰୭୳୮ ൌ 2 ∙ 184.9 ൌ 369.9	kN 

where 
Min. component concrete failure Nୖୢା୥୰୭୳୮ ൌ 

     minൣNୖୢ,ୡୱ; Nୖୢ,ୱ,୰ୣ; Nୖୢ,ୠ,୰ୣ; Nୖୢ,୳,ୡ,୥୰୭୳୮	൧ 
     minሾ288.7	kN; 271.0	kN; 252.8	kN, 184.9	kNሿ 
Partial safety factor   γ୑ୡ ൌ 1.5 

According to the Technical Specifications the factor k3 is taken as 2.0. There are not 
yet made examinations how the resistance Vୖୢ,େ୔ may be calculated taking account of 
the reinforcement. Therefore Nୖୢ,୳,ୡୡା୦୰ is determined as the minimum value of the 
concrete cone failure with reinforcement (Nୖ୩,୳,୫ୟ୶,	Nୖୢ,୳,ଵ,	Nୖୢ,୳ଶ) and the concrete 
cone failure of the whole anchor group without considering additional reinforcement 
(Nୖୢ,୳,ୡ	). Nୖୢ,୳,ୡ	is calculated in the following. 

Nୖ୩,୳,ୡ,୥୰୭୳୮ ൌ N଴୳,ୡ ∙
Aୡ,୒
A଴ୡ,୒

∙ Ψୱ,୒ ∙ Ψ୰ୣ,୒ ∙ Ψୣୡ,୒ 

Nୖ୩,୳,ୡ,୥୰୭୳୮ ൌ 147.4 ∙
461175

245025
∙ 1.0 ∙ 1.0 ∙ 1.0 ൌ 277.4	kN 

Nୖୢ,୳,ୡ,୥୰୭୳୮ ൌ
Nୖ୩,୳,ୡ
γ୑ୡ

ൌ
277.4	kN

1.5
ൌ 184.9	kN 

where 
N଴

୳,ୡ ൌ kଵ ∙ fୡ୩
଴.ହ ∙ hୣ୤

ଵ.ହ ൌ 12.7 ∙ 30଴.ହ ∙ 165ଵ.ହ ∙ 10ିଷ ൌ 147.4	kN 
Effective anchorage depth   hୣ୤ ൌ h୬ െ t୅୔ ൌ 150 െ 10 ൅ 25 ൌ 165mm 
Factor for close edge      Ψୱ,୒ ൌ 1.0 
Factor for small reinforcement spacing   Ψ୰ୣ,୒ ൌ 1.0 
Factor for eccentricity of loading   Ψୣୡ,୒ ൌ 1.0 
Reference projected area   A଴ୡ,୒ ൌ sୡ୰୒

ଶ ൌ 495ଶ ൌ 245025	mm² 
Actual projected area    Aୡ,୒ ൌ ሺsୡ୰୒ ൅ sଶሻ ∙ ሺsୡ୰୒ ൅ sଵሻ 
      ൌ ሺ495 ൅ 220ሻ ∙ ሺ495 ൅ 150ሻ ൌ 
      461175	mm² 

Step 5 Verification of interaction conditions 

5.1 Interaction of tension and shear for steel failure 

Shear load in the headed studs on the non-loaded side is 

V୉ୢ,ଶ ൌ 	V୉ୢ െ Vୖୢ,ୱ െ V୤ ൌ 180	 െ 190.1	 െ 20.8	 ൌ 	െ31.0	kN 

All loads is taken by the front anchor. No load for the back anchor and 

ቆ
N୉ୢ,ଶ
Nୖୢ,ୱ

ቇ

ଶ

൅ ൬
V୉ୢ,ଶ
Vୖୢ

൰

ଶ

൑ 1	

൬
104.0

238.1
൰
ଶ

൅ ൬
0

171.5
൰

ଶ

ൌ 0.19 ൑ 1	
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Eq.(3.20) 
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Eq.(3.54) 
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(5.16) 
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5.2 Interaction of tension and shear for concrete failure 

Shear load in the headed studs on the non-loaded side is 

V୉ୢ,ଶ ൌ 	
V୉ୢ െ V୤

2
ൌ
180 െ 20

2
ൌ 80	kN 

ቆ
N୉ୢ,ଶ
Nୖୢ,୳

ቇ

ଷ/ଶ

൅ ൬
V୉ୢ,ଶ
Vୖୢ

൰
ଷ/ଶ

൑ 1	

൬
104.0

252.8
൰
ଷ/ଶ

൅ ൬
80

184.9
൰

ଷ/ଶ

ൌ 0.57 ൑ 1	

Note 
Without the additional reinforcement there would be a brittle failure of the anchor in 
tension in concrete.  The resistance of pure concrete cone failure with reinforcement is 
nearly two times the size of the resistance without reinforcement.  With the additional 
reinforcement there is a ductile failure mode with reserve capacity. 
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(5.15) 

 

 

  



 

 

155	

9.6 Moment resistant steel to concrete joint 

The steel-to-concrete connection is illustrated in Fig. 9.27.  It represents the moment-resistant 
support of a steel-concrete-composite beam system consisting of a hot rolled or welded steel 
profile and a concrete slab, which can either be added in situ or by casting semi-finished 
precast elements.  Beam and slab are connected by studs and are designed to act together.  
Whereas the advantage of the combined section is mostly seen for positive moments, where 
compression is concentrated in the slab and tension in the steel beam, it may be useful to use 
the hogging moment capacity of the negative moment range either as a continuous beam, or 
as a moment resistant connection.  In this case, the reinforcement of the slab is used to raise 
the inner lever arm of the joint.  The composite beam is made of a steel profile IPE 300 and a 
reinforced concrete slab with a thickness of 160 mm and a width of 700 mm.  The concrete 
wall has a thickness of 300 mm and a width of 1 450 mm.  The system is subjected to a hogging 
bending moment ME,d = 150 kNm.  Tabs 9.1 and 9.2 summarize data for the steel-to-concrete 
joint.  

 

Fig. 9.27: Geometry of the moment resisting joint 

Tab. 9.1 Geometry for the steel-to-concrete joint 

Geometry
RC wall   RC Slab Anchors  
t [mm] 300  t [mm] 160  d [mm] 22 
b [mm] 1450  b [mm] 700  dh [mm] 35 
h [mm] 1600  l [mm] 1550  la [mm] 200 
Reinforcement  Reinforcement  hef [mm] 215 
Φv [mm] 12  Φl [mm] 16  nv 2 
nv 15  nl 6  e1 [mm] 50 
sv [mm] 150  sl [mm] 120  p1 [mm] 200 
Φh [mm] 12  Φt [mm] 10  nh 2 
nh 21  nt 14  e2 [mm] 50 
sh [mm] 150  st [mm] 100  p2 [mm] 200 
   ctens,bars [mm] 30    
   rhook [mm] 160    
Console 1  Console 2 Anchor plate 
t [mm] 20 

200 
150 

t [mm] 10 
170 
140 

tap [mm] 15 
b [mm] b [mm] bap [mm] 300 
h [mm] h [mm] lap [mm] 300 
Shear Studs   Steel beam IPE 300 Contact Plate 
d [mm] 22 

100 
9 
140 
270 
90 

h [mm] 300 t [mm] 10 
hcs [mm] b [mm] 150 bcp [mm] 200 
Nf tf [mm] 10.7 lcp [mm] 30 
s [mm] tw [mm] 7.1 e1,cp [mm] 35 
a [mm] As [mm2] 5381 eb,cp [mm] 235 
hc [mm]     bap [mm] 300   
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The part of the semi-continuous joint configuration, within the reinforced concrete wall, 
adjacent to the connection, is analyzed in this example. This has been denominated as “Joint 
Link”. The main objective is to introduce the behaviour of this component in the global analysis 
of the joint which is commonly disregarded. 

Tab. 9.2 Material of the steel-to-concrete joint 

Concrete wall  Concrete slab Rebars wall 
fck,cube [Mpa] 50  fck,cube [Mpa] 37  fsyk [MPa] 500 
fck,cyl [Mpa] 40  fck,cyl [Mpa] 30  fu [Mpa] 650 
E [GPa] 36  E [GPa] 33     
fctm [Mpa] 3.51  fctm [Mpa] 2.87    
Rebars Slab  Steel Plates Anchors
fsyk [Mpa] 400  fsyk [Mpa] 440  fsyk [Mpa] 440 
fu [Mpa] 540  fu [Mpa] 550  fu [Mpa] 550 
εsry [‰]    2 Steel Profile  Shear Studs 
εsru   75  fsyk [Mpa] 355  fsyk [Mpa] 440 
   fu [Mpa] 540  fu [Mpa] 550 

The design value of the modulus of elasticity of steel Es may be assumed to be 200 GPa. 

 
Fig. 9.28 Activated joint components 

In order to evaluate the joint behaviour, the following basic components are identified, as 
shown in Fig. 9.28: 

- longitudinal steel reinforcement in the slab, component 1 
- slip of the composite beam, component 2; 
- beam web and flange, component 3;  
- steel contact plate, component 4; 
- components activated in the anchor plate connection, components 5 to 10 and 13 to 15;  
- the joint link, component 11. 

 

Step 1 Component longitudinal reinforcement in tension 

In this semi-continuous joint configuration, the longitudinal steel reinforcement bar is the only 
component that is able to transfer tension forces from the beam to the wall.  In addition, the 
experimental investigations carried (Kuhlmann et al., 2012) revealed the importance of this 
component on the joint response.  For this reason, the accuracy of the model to predict the 
joint response will much depend on the level of accuracy introduced in the modelling of this 
component.  According to ECCS Publication Nº 109 (1999), the behaviour of the longitudinal 
steel reinforcement in tension is illustrated in Fig. 9.29.  
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σୱ୰ଵ stress of the embedded steel at the first crack 

εୱ୰ଵ strain of the embedded steel at the first crack 

σୱ୰୬ stress of the embedded steel at the last crack 

εୱ୰୬ strain of the embedded steel at the last crack 

fୱ୷୩ yielding stress of the bare bar 

εୱ୷ strain at yield strength of the bare bar 

εୱ୫୷ strain at yield strength of the embedded bar 

f୳ ultimate stress of the bare steel 

εୱ୳ strain of the bare bar at ultimate strength  

εୱ୫୳ strain at ultimate strength of the embedded bar 

Fig. 9.29 Stress-strain curve for steel reinforcement in tension 

 

The resistance of the component may then be determined as follows 

Fୱ,୰ ൌ Aୱ,୰	f୷୰ 

Since concrete grades of wall and slab are different it is possible to evaluate separately the  
stress-strain curve of the two elements. While the concrete is uncracked, the stiffness of 
the longitudinal reinforcement is considerably higher when compared with bare steel. 
Cracks form in the concrete when mean tensile strength of the concrete fctm is achieved. 
The stress in the reinforcement at the beginning of cracking (σsr1) is determined as follows. 

σୱ୰ଵ,ୢ,ୗ୐୅୆ ൌ
σୱ୰ଵ,ୗ୐୅୆
γ୑ୱ

ൌ
fୡ୲୫,ୗ୐୅୆	 ∙ kୡ

γ୑ୱ ∙ ρ
൤1 ൅ ρ

Eୱ
Eୡ
൨ ൌ

2.87 ∙ 0.39

1.15 ∙ 0.010
ሾ1 ൅ 0.010 ∙ 6.06ሿ

ൌ 97.1	Nmm-2 

σୱ୰ଵ,ୢ,୛୅୐୐ ൌ
σୱ୰ଵ,୛୅୐୐

γ୑ୱ
ൌ
fୡ୲୫,୛୅୐୐	 ∙ kୡ

γ୑ୱ ∙ ρ
൤1 ൅ ρ

Eୱ
Eୡ
൨ ൌ

3.51 ∙ 0.39

1.15 ∙ 0.010
ሾ1 ൅ 0.010 ∙ 6.06ሿ

ൌ 118.7	Nmm-2 

where: fctm is the tensile strength of the concrete; Es and Ec	are the elastic modulus of the 
steel reinforcement bar and concrete, kc is a factor which allows using the properties of the 
steel beam section and ρ is the ratio between the area of steel reinforcement and the area 
of concrete flange expressed as follows: 

kୡ ൌ
1

1 ൅
tୱ୪ୟୠ
2 ∙ z଴

ൌ
1

1 ൅
160

2 ∙ 51.8

ൌ 0.39 
 

 

ρ ൌ
Aୱ,୰
Aୡ,ୱ୪ୟୠ

ൌ
n୪ ∙ π ∙ Φ୪

ଶ 4⁄

bୣ୤୤,ୱ୪ୟୠ ∙ tୱ୪ୟୠ
ൌ

1	206.4

700 ∙ 160
ൌ 0.010 

 

where: Ac,slab	 is the area of the effective concrete slab; As,r is the area of the longitudinal 
reinforcement within the effective slab width (in this example the width of the slab is fully
effective); tslab is the thickness of the concrete flange and z0 is the vertical distance between 
the centroid of the uncracked concrete flange and uncracked unreinforced composite
section, calculated using the modular ration for short-term effects, Es/Ec. 

z଴ ൌ ௖,௛ݔ െ
tୱ୪ୟୠ
2

ൌ ൦
bୣ୤୤ ∙

Eୡ
Eୱ
∙ tୱ୪ୟୠ ∙

tୱ୪ୟୠ
2

൅ ൬tୱ୪ୟୠ ൅
h୍୔୉ଷ଴଴

2
൰ ∙ A୍୔୉ଷ଴଴

bୣ୤୤ ∙ tୱ୪ୟୠ ∙
Eୡ
Eୱ
൅ A୍୔୉ଷ଴଴

൪ െ
tୱ୪ୟୠ
2

ൌ 51.8	mm 
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where 
xୡ,୦is the dimension of the component concrete block in compression. 

According to CEB-FIB Model Code (1990), the stress σsrn,d and the increment of the 
reinforcement strain Δεsr are given by 

∆εୱ୰,ୗ୐ ൌ
fୡ୲୫,ୗ୐ ∙ kୡ
γୗ ∙ Eୱ ∙ ρ

ൌ 0.00045 ∆εୱ୰,୛୅ ൌ
fୡ୲୫,୛୅ ∙ kୡ
γୗ ∙ Eୱ ∙ ρ

ൌ 0.00056 

εୱ୰ଵ,ୗ୐ ൌ
σୱ୰ଵ,ୢ,ୗ୐
Eୱ

െ ∆εୱ୰,ୗ୐ ൌ 3.0	 ∙ 10ିହ εୱ୰ଵ,୛୅ ൌ
σୱ୰ଵ,ୢ,୛୅

Eୱ
െ ∆εୱ୰,୛୅ ൌ 3.6	 ∙ 10ିହ

σୱ୰୬,ୢ,ୗ୐ ൌ 1.3 ∙ σୱ୰ଵ,ୢ,ୗ୐ ൌ 126.2Nmm‐2 σୱ୰୬,ୢ,୛୅ ൌ 1.3 ∙ σୱ୰ଵ,ୢ,୛୅ ൌ 154.3Nmm‐2 

εୱ୰୬,ୗ୐ ൌ εୱ୰ଵ,ୗ୐ ൅ ∆εୱ୰,ୗ୐ ൌ 4.9	 ൉ 	10ିସ εୱ୰୬,୛୅ ൌ εୱ୰ଵ,୛୅ ൅ ∆εୱ୰,୛୅ ൌ 5.9 ൉ 	10ିସ  

The yield stress and strain, fsyk		and	εsmy		are given by 

fୱ୷୩,ୢ	ൌ
୤౩౯ౡ

ஓ౏
	ൌ

ସ଴଴

ଵ.ଵହ
ൌ 347.8Nmm‐2 

εୱ୫୷,ୗ୐ ൌ
fୱ୷୩,ୢ െ σୱ୰୬,ୢ,ୗ୐

Eୱ
൅ εୱ୰ଵ,ୗ୐ ൅ ∆εୱ୰,ୗ୐ ൌ 1.6 ∙ 10ିଷ 

εୱ୫୷,୛୅ ൌ
fୱ୷୩,ୢ െ σୱ୰୬,ୢ,୛୅

Eୱ
൅ εୱ୰ଵ,୛୅ ൅ ∆εୱ୰,୛୅ ൌ 1.6 ∙ 10ିଷ 

The ultimate strain εୱ୰୫୳	  is determined as follows, where the tension stiffening is also 
taken into account. The factor βt	ൌ	0.4 takes into account the short-term loading; and for 
high-ductility bars, δ is taken equal to 0.8.  

εୱ୫୳,ୗ୐ ൌ εୱ୷	‐	β୲	∆εୱ୰,ୗ୐ ൅ δ ൬1‐
஢౩౨భ,ౚ,౏ై

୤౩౯ౡ,ౚ
൰ ൫εୱ୳‐εୱ୷൯ ൌ 4.4	 ൉ 10‐ଶ 

εୱ୫୳,୛୅ ൌ εୱ୷	‐	β୲	∆εୱ୰,୛୅ ൅ δቆ1‐
σୱ୰ଵ,ୢ,୛୅

fୱ୷୩,ୢ
ቇ ൫εୱ୳‐εୱ୷൯ ൌ 4.0	 ൉ 10‐ଶ 

where: εsy	and fୱ୷୩,ୢ	are the yield strain and stress of the bare steel reinforcement bars, 
respectively; εsu is the ultimate strain of the bare steel reinforcement bars. 

Assuming the area of reinforcement constant, the force-deformation curve is derived from 
the stress-strain curve, where the reinforcement deformation should be evaluated as 
described above. 

߂ ൌ ߝ ∙ ݈  

The elongation length (l) to consider is equal to sum of the Lt (related to the slab) with hc 
(related to the wall). Only in the determination of the ultimate deformation capacity, the 
length of the reinforcement bar is considered higher than this value, as expressed in the 
following: 
ρ ൏ 0.8	% ∆ୱ୰୳ൌ 2 L ୲ εୱ୰୫୳
ρ ൒ 0.8	%	and	a ൑ L୲ ∆ୱ୰୳ൌ ሺhୡ ൅ L୲ሻ εୱ୰୫୳ 
ρ ൒ 0.8	%	and	a ൐ L୲ ∆ୱ୰୳ൌ ሺh௖ ൅ L୲ሻεୱ୰୫୳ ൅ ሺa െ L୲ሻ εୱ୰୫୳

where is 

L୲ ൌ
kୡ ∙ fୡ୲୫ ∙ Φ

4 ∙ τୱ୫ ∙ ρ
ൌ
0.39 ∙ 2.87 ∙ 16

4 ∙ 5.16 ∙ 0.01
ൌ 81	mm 

In the above expression, Lt is defined as the transmission length and represents the length 
of the reinforcement from the wall face up to the first crack zone which should form close 
to the joint.  The parameter a is the distance of the first shear connector to the joint and hc	 
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is the length of the reinforcement up to the beginning of the bend. sm is the average bond 
stress, given by 

τୱ୫ ൌ 1.8	 ∙ fୡ୲୫ 

Forces can be evaluated considering minimum values of tensions found for slab and wall. 
Table 9.3 summarizes the results for the stress-strain and force-displacement curves. 

Tab. 9.3 Force-displacement relation for longitudinal reinforcement in tension 

σSL			
 [N/mm2] 

SL  

[-] 
σWA 	

 [N/mm2]
WA  

[-]
F

[kN] 
Δr	

 [mm] 
97.1 3.0 · 10-5 118.7 3.6 · 10-5 117.1 0.0 
126.2 4.9· 10-4 154.3 5.9· 10-4 152.3 0.1 
347.8 1.6 · 10-3 347.8 1.6 · 10-3 419.6 0.3 
469.5 4.4 · 10-2 469.5 4.0 · 10-2 566.5 5.7 

 

Step 2 Component slip of composite beam  

The slip of composite beam is not directly related to the resistance of the joint; however, 
the level of interaction between the concrete slab and the steel beam defines the maximum 
load acting on the longitudinal reinforcement bar.  In EN 1994-1-1: 2010, the slip of 
composite beam component is not evaluated in terms of resistance of the joint, but the 
level of interaction is considered on the resistance of the composite beam.  However, the 
influence of the slip of the composite beam is taken into account on the evaluation of the 
stiffness and rotation capacity of the joint.  The stiffness coefficient of the longitudinal 
reinforcement should be affected by a reduction factor kslip determined according to Chap. 
3.7. 

According to (Aribert, 1995) the slip resistance may be obtained from the level of interaction 
as expressed in the following. Note that the shear connectors were assumed to be ductile 
allowing redistribution of the slab-beam interaction load. 

Fୱ୪୧୮ ൌ N ∙ Pୖ ୏ 

Where: N is the real number of shear connectors; and PRK is characteristic resistance of the 
shear connectors that can be determined according to EN1994-1-1:2010 as follows 

Pୖ ୏ ൌ min ቆ
0.8 ∙ f୳ ∙ π ∙ d

ଶ

γ୑୚ ∙ 4
;
0.29 ∙ α ∙ dଶඥfୡ୩ ∙ Eୡ୫

γ୑୚
ቇ 

with 

3 ൑
୦౩ౙ

ୢ
൑ 4 α ൌ 0.2 ቀ

୦౩ౙ

ୢ
൅ 1ቁ 

୦౩ౙ

ୢ
൐ 4 α ൌ 1 

where fu is the ultimate strength of the steel shear stud; d is the diameter of the shear stud; 
fck is the characteristic concrete cylinder resistance; Ecm is the secant modulus of elasticity 
of the concrete; hsc is the height of the shear connector including the head; γ୚ is the partial 
factor for design shear resistance of a headed stud. 

Pୖ ୏ ൌ min	ሺ
0.8 ∙ 540 ∙ π ∙ 22ଶ

1.25 ∙ 4
;
0.29 ∙ 1 ∙ 22ଶ ∙ ඥ30 ∙ 33ሻ

1.25
ൌ minሺ486.5; 	111.0ሻ ൌ 111.0	kN 

Fୱ୪୧୮ ൌ 9 ∙ 111.0 ൌ 999.0	kN 

Concerning the deformation of the component, assuming an uniform shear load distribution 
along the beam, an equal distribution of the load amongst the shear studs is expected.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EN1994-1-
1:2010 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

	

160	

The stiffness of the component is obtained as a function of the number of shear studs and 
of the stiffness of a single row of shear studs, as follows  

kୱ୪୧୮ ൌ N ∙ kୱୡ ൌ 900	kN/mm 

where the stiffness of one shear connector ksc may be considered equal to 100 kN/mm, 
see cl A.3(4) in EN 1994-1-1:2010. 

Step 3 Component beam web and flange in compression 

According to EN1993-1-8:2006, the resistance can be evaluated as follows  

Mୡ,ୖୢ ൌ
W୮୪ ∙ fୱ୷୩

γ୑଴
ൌ
628	400 ∙ 355

1.0
ൌ 223.0	kN 

Fୡ,୤ୠ,ୖୢ ൌ
223	000

ሺ300 െ 10.7ሻ
ൌ 771.1	kN 

The stiffness of this component may be neglected. 

Step 4 Component steel contact plate in compression 

According to EN1994-1-1:2010, the resistance can be evaluated as follows and the 
stiffness is infinitely rigid compared to rest of the connection. 

Fୡ୮ ൌ f୷,ୡ୮	Aୣ୤୤,ୡ୮ ൌ 440 ∙ 200 ∙ 30 ൌ 2	640	kN 

Step 5 Component T-stub in compression 

According to EC 1993-1-8:2006, the bearing width c can be calculated using the hypothesis 
of cantilever beam for all directions.  It is an iterative process as the bearing width and the 
concrete bearing strength f୨ are mutually dependent.  

c ൌ tୟ୮ ∙ ඨ
f୷

3 ∙ f୨ୢ ∙ γ୑଴
 

f୨ୢ ൌ
β୨ Fୖୢ,୳

bୣ୤୤ lୣ୤୤
ൌ
β୨ Aୡ଴ fୡୢ ට

Aୡଵ
Aୡ଴

Aୡ଴
ൌ β୨	fୡୢ	k୨ 

where	β୨ is the foundation joint material coefficient and Fୖୢ୳ is the concentrated design 
resistance force.  Assuming an uniform distribution of stresses under the equivalent rigid 
plate and equal to the bearing strength of the concrete, the design compression resistance 
of a T-stub should be determined as follows 

Fେ,ୖୢ ൌ f୨ୢ ∙ bୣ୤୤ ∙ lୣ୤୤ 

where	bୣ୤୤ and lୣ୤୤ are  the effective width and length of the T-stub flange, given by 

Aୣ୤୤ ൌ min൫2c ൅ bୡ୮; bୟ୮൯ ∙ ൫c ൅ lୡ୮ ൅ min൫c;	eଵ,ୡ୮൯൯ ൌ 69.4	 ∙ 239.4 ൌ 16625.9	mm2 

and f୨ୢ is the design bearing strength of the joint.  

Thus, c = 19.7 mm; fjd = 84.9 MPa; leff = 69.4mm; beff = 239.4 mm; Fc = 1411.0 kN	

The initial stiffness Sini,j may be evaluated as follows 

S୧୬୧,୨ ൌ
Eୡ	ඥAୣ୤୤
1.275

 

c is given by c ൌ 1.25 ∙ tୟ୮  and	bୣ୤୤ and lୣ୤୤ are given by  

Aୣ୤୤ ൌ min൫2.5	tୟ୮ ൅ bୡ୮; bୟ୮൯ ∙ ൫1.25	tୟ୮ ൅ lୡ୮ ൅ min	ሺ1.25	tୟ୮, eଵ,ୡ୮ሻ൯ = 67.5 ∙ 237.5 ൌ

16	031	mm2 
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Thus, c	ൌ	18.7 mm; leff ൌ	67.5	mm; beff	ൌ	237.5 mm and S୧୬୧,୨ ൌ	3	575.0 kN/mm 

This value of the initial stiffness could be used for the calculation of the component of 
displacement related to the T-stub in compression.   

 

Step 6 Joint Link 

In the proposed model based on the STM principles, the properties of this diagonal spring 
are determined as follows: 

- The resistance is obtained based on the strut and nodes dimension and admissible 
stresses within these elements, given in Tab. 3.2.  

- The deformation of the diagonal spring is obtained by assuming a non-linear stress-
strain relation for the concrete under compression, as defined in (Henriques, 2013). 

In terms of resistance, the model is characterized by the resistance of the nodes at the 
edge of the diagonal strut.  Accordingly, the maximum admissible stresses, see Tab. 3.2, 
and the geometry of these nodes define the joint link load capacity.  It is recalled that failure 
is governed by the nodal regions and disregarded within the strut.  Hence, the resistance 
of the nodes is obtained as follows. 
 
6a) Node N1  
The geometry of the node is defined in one direction by the bend radius of the longitudinal 

reinforcement and by the strut angle  with the dimension a Fig. 9.30. In the other direction 
(along the width of the wall), assuming the distance between the outer longitudinal 
overestimates the resistance of this node, since the analytical approach assumes that the 
stresses are constant within the dimension brb and the stress field “under” the hook and 
along this dimension is non-uniform. 

 

Fig. 9.30 Definition of the width of node N1 

According to Henriques (2013), in order to obtain a more accurate approach, an analytical 
expression was derived to estimate an effective width “under” each reinforcement bar 
where constant stresses can be assumed. The basis of this analytical expression was a 
parametrical study performed by means of numerical calculations. 
In order to obtain an expression which could approximate the effective width with sufficient 
accuracy, a regression analysis, using the data produced in the parametric study, was 
performed The effective width beff,rb		of the reinforcement is calculated as a function of the 
reinforcement bar diameter drb, the spacing of bars srb	and strut angle θ as follows 

s୰ୠ ൒ 80	mm bୣ୤୤,୰ୠ ൌ n ∙ 2.62 ∙ d୰ୠ
଴.ଽ଺ ∙ ሺcos θሻିଵ.଴ହ

s୰ୠ ൏ 80	mm 							bୣ୤୤,୰ୠ ൌ n ∙ 2.62 ∙ d୰ୠ
଴.ଽ଺ ∙ ሺcos θሻିଵ.଴ହ ∙ ቀ

s୰ୠ
80
ቁ
଴.଺ଵ 

 
As in this case srb൐80 mm 
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θ ൌ arctan ቀ
z

b
ቁ ൌ arctanቌ

406.65

300 െ
16
2
െ
10
2
െ 30 ∙ 2

ቍ ൌ 1.06 rad 

a ൌ 2 ∙ r௛௢௢௞ ∙ Cosሺθሻ ൌ 2 ∙ 160 ∙ Cosሺ1.06ሻ ൌ 155.97	mm 

bୣ୤୤,୰ୠ ൌ 6 ∙ 2.62 ∙ d୰ୠ
଴.ଽ଺ ∙ ሺcos θሻିଵ.଴ହ ൌ 478.054	mm 

The node dimensions are determined from 

A୒ଵ ൌ bୣ୤୤,୰ୠ ∙ 2 ∙ r ∙ cos θ 

where	A୒ଵ is the cross-section area of the diagonal concrete strut at node N1.  Finally, the 
resistance of the node is given by 

F୰,୒ଵ ൌ A୒ଵ ∙ 0.75 ∙ ν ∙ fୡୢ ൌ 1	252.7kN ν ൌ 1 െ
fୡ୩,ୡ୷୪

250
ൌ 0.84 

 
6b) Node N2  
The geometry of the node, on the concrete strut edge, is defined by the projection of the 
dimensions of the equivalent rigid plate, representing the anchor plate subjected to 
compression, in the direction of the concrete strut, see Fig. 9.31.  
The node dimensions are determined from 

A୒ଶ ൌ
lୣ୤୤
cosθ

∙ bୣ୤୤ ൌ 35	041.3	mmଶ 

where: AN2 is the cross-section area of the diagonal concrete strut at node N2 where the 
admissible stresses have to be verified; leff	and beff	are the dimensions of the equivalent 
rigid plate determined according to the effective T-stub in compression.  Considering the 
admissible stresses and the node dimensions, the resistance of the node is obtained 

F୰,୒ଶ ൌ A୒ଶ ∙ 3 ∙ ν ∙ fୡୢ ൌ 2	354	kN 

 
Fig. 9.31 Definition of the width of node N2 

6c) Joint link properties  
The minimum resistance of the two nodes, N1 and N2, gives the resistance of the joint 
link in the direction of the binary force generated by the bending moment applied to the 
joint. Projecting the resistance in the horizontal direction, yields 

Fେି୘,୎୐ ൌ F୰,୒ଵ ∙ cos	θ ൌ 610.6	kN 

According to (Henriques 2013), the deformation of the joint link is given by 
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Δ୎୐ ൌ ൫6.48	൉ 10ି଼ ൉ Fଶେି୘,୎୐ ൅ 7.47	൉ 10ିହ ൉ Fେି୘,୎୐൯ ∙ cos θ 

Thus, considering 10 load steps, Tab. 9.4 summarizes the force-displacement curve. 

Tab. 9.4 Force-displacement for the Joint Link component 

Fh [kN] Δh [mm] 
0.0 0.00 
61.1 0.00 
122.1 0.00 
183.2 0.01 
244.2 0.01 
305.3 0.01 
366.3 0.02 
427.4 0.02 
488.5 0.03 
549.5 0.03 
610.6 0.03 

Step 7 Assembly of joint 

The simplified mechanical model represented in Fig. 9.32 consists of two rows, one row 
for the tensile components and another for the compression components. It combines the 
tension and compression components into a single equivalent spring per row.  

 
Fig. 9.32: Simplified joint model with assembly of components per row 

The properties of the equivalent components/springs are calculated, for resistance, Feq,t 
and Feq,c, and deformation, Δeq,t and Δeq,c, as follows 

Fୣ୯ ൌ minሺF୧	to	F୬ሻ 

∆ୣ୯ൌ෍∆୧

୒

୧ୀଵ

 

where index i to n represents all relevant components, either in tension or in compression, 
depending on the row under consideration. 

According to the joint configuration, it is assumed that the lever arm is the distance between 
the centroid of the longitudinal steel reinforcement bar and the middle plane of the bottom 
flange of the steel beam. The centroid of the steel contact plate is assumed aligned with 
this reference point of the steel beam. Hence, the bending moment and the corresponding 
rotation follow from 

M୨ ൌ minሺFୣ୯,୘; Fୣ୯,େ; F୎୐ሻ ∙ h୰ Φ୨ ൌ
Δୣ୯,୘ ൅ Δୣ୯,େ൅Δ୎୐

h୰
 

Thus 

Ft,max = 566.5 kN Longitudinal rebar 
Fc,max = 610.6 kN Joint link 
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Feq	= 566.5 kN   
hr	= 406.65 mm   
Mj = 230.36 KNm   

Table 9.5 summarizes the main results in order to calculate the moment rotation curve, 
where Δr is the displacement of the longitudinal steel reinforcement, Δslip is related to the 
slip of composite beam through to the coefficient kslip, ΔT-stub is the displacement of the T-
stub in compression and ΔJL is the displacement of the joint link.  

Tab. 9.5 Synthesis of results 

F	
[kN] 

Δr	
[mm] 

Δslip												
[mm] 

ΔT‐stub 
[mm] 

ΔJL       
[mm] 

Δt
[mm] 

Φ	
[mrad] 

Mj

[kNm] 
0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

117.1 0.01 0.13 0.03 0.00 0.17 0.40 47.64 
152.3 0.09 0.17 0.04 0.01 0.30 0.73 61.93 
419.6 0.27 0.47 0.12 0.02 0.88 2.06 170.63 
566.5 5.68 0.63 0.16 0.03 6.36 15.53 230.36 

 

Note 

The resulting moment-rotation behaviour is shown in Fig. 9.33.  The system is able to resist 
the applied load. 

 

Fig. 9.33 Joint bending moment-rotation curve Mj	‐	Фj 
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9.7 Portal frame  

This example illustrates the design of a portal frame designed of columns with cross section 
HEB 180 and of a rafter with cross section IPE 270, as illustrated in Fig. 9.33.  The stiffness of 
the connections and column bases is considered under design.  The steel grade is S235JR, 
fy = 235 N/mm² and the profiles are class 1 sections.  Safety factors are considered as γM0	= 1.0 
and γM1 = 1.1.   

Fig. 9.34 highlights position of loads and Tab. 9.2 synthetizes the loads values, while load case 
combinations are summarized in Tab. 9.3. 

 

Fig. 9.33 Designed portal frame 

 

Fig. 9.34 Acting loads 
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Tab. 9.2 Applied loads 

Self-weight + dead loads Wind 
gF = 0.5∙5.3 ≈ 2.7 kN/m 
g = 4.8 kN/m 
s = 5.0 kN/m 
q1 = 3.0 kN/m. b = 2.6m (equipment) 
Q1 = 9.8 kN 
wD = 0.8 kN/m 
wS = -3.9 kN/m 
 
Imperfection r2 = 0.85, n = 2 

hw.D = 0.8∙0.65∙5.3 = 2.7 kN/m 
Hw.D = 0.4∙0.8∙0.65∙5.3 = 1.1 kN 
hw.S = 0.5∙0.65∙5.3 = 1.7 kN/m 
 
Impact load (EN1991-1-7:2006) 
Fd.x = 100 kN (h=1.45m) 
 
max QStab ≈ (48+58) 0.85/200 < 0.5 kN 
(added in the wind load case) 

Tab. 9.3 Load case combinations 

LC 1 ൫g൅g௙൯ ∙1.35 
LC 2 ൫g൅g௙൯ ∙1.35 + s ∙1.5 
LC 3 ൫g൅g௙൯ ∙1.35 + s∙1.5 + q1∙1.5∙0.7 
LC 4 ൫g൅g௙൯ ∙1.35 + s∙1.5+ (w+wD) ∙1.5∙0.6 + q1൉1.5∙0.7 
LC 5 ൫g൅g௙൯ ∙1.35 + s∙1.5∙0.5+ (w+wD) ∙1.5 + q1∙1.5∙0.7 
LC 6 ൫g൅g௙൯ ∙1.35 + s∙1.5 - (w+wD) ∙1.5∙0.6 + q1∙1.5∙0.7 
LC 7 ൫g൅g௙൯ ∙1.35 + s∙1.5∙0.5 -(w+wD) ∙1.5 + q1 ∙1.5∙0.7 
LC 8 ൫g൅g௙൯ ∙1.0+ (w൅wS)	∙1.5 
LC 9 ൫g൅g௙൯ ∙1.0 + q1	∙1.0 + truck + s∙0.2  (exceptional combination – impact load) 

 
The main steps in order to verify a steel portal frame are the following:  
Step 1 Global analysis of the steel structure, with fully restrained column bases.  

Provide internal forces and moments and the corresponding displacements 
under several loading condition. 

Step 2 Verification of single elements 
Step 3 Verification of the column-beam joint, in terms of stiffness and resistance. 
Step 4 Verification of column base joint, taking into account an impact load 
Step 5 Updating of internal forces and moments of the system considering the effective 

stiffness of the restraints 

 

Step 1 Global analysis  
From a 1st order elastic analysis the internal force diagrams envelope due to vertical and 
horizontal loads, Fig. 9.35 to 9.36 are obtained. Fig. 9.37 illustrates the structural 
displacement in case di wind load, in direction x.  For each combination is necessary to 
check whether 2nd order effects should be taken into account in the structural analysis by 
the following simplified expression for beam-and-column type plane frames 

αୡ୰ ൌ ൬
H୉ୢ
V୉ୢ

൰ ∙ ቆ
h୧

ୌ,୉ୢߜ
ቇ 

where: 
H୉ୢ  is the total horizontal reaction at the of the storey 
V୉ୢ  is the total vertical reaction at the bottom of the storey 
 ୌ,୉ୢ  is the relative horizontal displacement of the top storeyߜ
h୧  is the height of the storey   
In this case, αୡ୰ is always greater than 10 and thus the first order analysis is enough. 
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Fig. 9.35  System with max bending 
moment from all combinations [kNm] 

Fig. 9.36  System with min bending 
moment from all combinations [kNm] 

 

Fig. 9.37  System with min axial force  
from all combinations [kN] 

Fig. 9.38  Deformation  
for wind in x-direction [mm] 

 
Maximal deformation under variable load is 17 mm at the top. 
 
Step 2 Verification of elements 
Verifications are performed using the EC3 Steel Member Calculator for iPhone. 
 
Column HEB 180 is verified as  
Acting forces 
from LC 6 

Critical section 
resistance 

Buckling  
resistance 

Verification 

Nmin,d = -80 kN Nc,Rd = -1533 kN Nb,y,Rd = -1394 kN 
ε	ሺN൅My൅Vሻ ≤ 1 
0.477 

MAy,d = 51 kNm MyAy,c,Rd = 113.1 kNm Nb,z,Rd = 581 kN ε	ሺMb ൅	Nby (6.61)) ≤ 1 
0.265 MB’y,d = 45 kNm Vc,Rd = 274 kN Mb,Rd = 102.8 kNm 

 
Beam IPE 270 is verified as 
Acting force  
from LC 4 

Critical cection 
resistance 

Buckling 
resistance 

Verification 

Nmin,d = -19 kN Nc,Rd = 1079.7 kN 
Mb,Rd = 103,4 kNm 

ε	ሺN൅My൅Vሻ ≤ 1 
0.536 

MEy,d = 61 kNm My,c,Rd = 113.7 kNm ε	ሺMbሻ൅	Nby (6,61)) ≤ 1 
0.265 MB’’y,d = -51 kNm Vc,Rd = 300.4 kN 
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Step 3 Design of beam to column joint 
The connection is illustrated in Fig. Fig. 9.39. The end plate has a height of 310 mm, a 
thickness of 30 mm and a width of 150 mm with 4 bolts M20 10.9. 
Design Values 
My,Rd = -70.7 kNm > -54.5 kNm (at x	= 0.09 of supports axis) 
Vz,Rd = 194 kN  

 
Fig. 9.39 Design of beam-to-column joint 

The verification is performed using the ACOP software. The resulting bending moment – 
rotation curve is represented in Fig. 9.40. 

 
Fig. 9.40 The bending moment to rotation curve Mj	‐	Фj 

 
Step 4 Verification of the column base joint 
Main Data 

- Base plate of 360 x 360 x 30 mm, S235 
- Concrete block of size 600 x 600 x 800 mm, C30/37 
- Welds aw,Fl = 7 mm, aw,St = 5 mm 
- The support with base plate is in a 200 mm deep of the foundation. 

Design Values 
Characteristic LC Nx,d [kN] My,d [kNm] 
Nmin	 6 -80  51 
Mmax	 9 -31.6  95.6 
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Fig. 9.41 represents the designed column base.  In the verification procedure, the 
following step are accomplished:  
a) calculation of the resistance of component base plate in bending and anchor bolts in 

tension; 
b) evaluation of the area of concrete in compression, 
c) calculation of the strip c around the column cross section, 
d) calculation of moment resistant of column base, 
e) check of the end of column, 
f) evaluation of the bending stiffness component stiffness;, 
g) evaluation of the stiffness of tension part, bolts and T stub, 
h) evaluation of the bending stiffness. 
 

 
Fig. 9.41 Designed column base 

 
4a) Resistance of component base plate in bending and anchor bolts in tension  
For anchor bolt lever arm, for fillet weld awf = 7 mm, it is 
m ൌ 60 െ 0.8 ∙ a୵୤ ∙ √2 ൌ 60 െ 0.8 ∙ 7 ∙ √2 ൌ 52.1	mm 
The T - stub length, in base plates are the prying forces not taken into account, is 

lୣ୤୤,ଵ ൌ min

ە
ۖۖ

۔

ۖۖ

ۓ
4 ∙ m ൅ 1.25 ∙ eୟ ൌ 4 ∙ 52.1 ൅ 1.25 ∙ 30 ൌ 245.9
4 ∙ π ∙ m ൌ 4 ∙ π ∙ 52.1 ൌ 654.7
0.5	b ൌ 0.5 ∙ 360 ൌ 180
2 ∙ m ൅ 0.625 ∙ eୟ ൅ 0.5 ∙ p ൌ 2 ∙ 52.1 ൅ 0.625 ∙ 30 ൅ 0.5 ∙ 240 ൌ 243
2 ∙ m ൅ 0.625 ∙ eୟ ൅ eୠ ൌ 2 ∙ 52.1 ൅ 0.625 ∙ 30 ൅ 60 ൌ 183
2 ∙ π ∙ m ൅ 4 ∙ eୠ ൌ 2 ∙ π ∙ 52.1 ൅ 4 ∙ 60 ൌ 567.4
2 ∙ π ∙ m ൅ 2 ∙ p ൌ 2 ∙ π ∙ 52.1 ൅ 2 ∙ 240 ൌ 807.4 ۙ

ۖۖ

ۘ

ۖۖ

ۗ

ൌ 

lୣ୤୤,ଵ ൌ 180	mm 
The effective length of anchor bolt Lb is taken as  
Lୠ ൌ 8 ∙ d ൅ t ൌ 8 ൉ 20 ൅ 30 ൌ 190	mm 
The resistance of T - stub with two anchor bolts is   

F୘,ଵିଶ,ୖୢ ൌ
2 ∙ Lୣ୤୤,ଵ ∙ t

ଶ ∙ f୷

4 ∙ m	 ∙ γ୑଴
ൌ
2 ∙ 180 ∙ 30ଶ ∙ 235

4 ∙ 52.1 ∙ 1
ൌ 365.4 ∙ 10ଷN 

while the tension resistance of two anchor bolts M 20 for the area of threaded part of bolt  
Aୱ ൌ 314	mm 

F୘,ଷ,ୖୢ ൌ 2 ∙ B୲,ୖୢ ൌ 2 ∙
0.9 ∙ f୳ୠ ∙ Aୱ

γ୑ଶ
ൌ
0.9 ∙ 360 ∙ 314

1.25
ൌ 162.8 ∙ 10ଷN 

4b)To evaluate the compressed part resistance is calculated the connection concentration 
factor as 
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aଵ ൌ bଵ ൌ minቐ

a ൅ 2 ∙ a୰ ൌ 360 ൅ 2 ∙ 120 ൌ 600

3 ∙ a ൌ 3 ∙ 360 ൌ 1 080
a ൅ h ൌ 360 ൅ 800 ൌ 116

ቑ ൌ 600 mm 

and  
aଵ ൌ bଵ ൌ 600	mm ൐ max	ሺa, bሻ  
The above condition is fulfilled and  

k୨ ൌ ඨ
aଵ ∙ bଵ
a ∙ b

ൌ ඨ
600 ∙ 600

360 ∙ 360
ൌ 1.67 

The grout is not influencing the concrete bearing resistance because  
0.2min 	ሺa; bሻ ൌ 0.2 ∙ min	ሺ360; 360ሻ ൌ 72	mm ൐ 30	mm ൌ t 
The concrete bearing resistance is calculated as  

f୨,ୢ ൌ
2

3
∙
k୨ ∙ fୡ୩

γ୑ୡ
ൌ
2

3
∙
1.67 ∙ 30

1.5
ൌ 22.3	MPa 

for each load case, from the force equilibrium in the vertical direction Fୗୢ ൌ Aୣ୤୤	f୨ െ F୲,ୖୢ, 
is calculated the area of concrete in compression Aeff in case of the full resistance of tension 
part. 

Aୣ୤୤ି୐େ଺ ൌ
Fୗୢି୐େ଺ ൅ Fୖୢ,ଵ

f୨ୢ
ൌ
80 ∙ 10ଷ ൅ 365.4 ∙ 10ଷ

22.3
ൌ 19	973.1	mmଶ 

Aୣ୤୤ି୐େଽ ൌ
Fୗୢି୐େଽ ൅ Fୖୢ,ଵ

f୨ୢ
ൌ
31.6 ∙ 10ଷ ൅ 365.4 ∙ 10ଷ

22.3
ൌ 17	802.7	mmଶ 

4c) The flexible base plate is transferred into a rigid plate of equivalent area.  
The width of the strip c around the column cross section, see Fig. 9.40, is calculated from 

c ൌ t ∙ ඨ
f୷

3 ∙ f୨ୢ ∙ γ୑଴
ൌ 30 ∙ ඨ

235

3 ∙ 22.3 ∙ 1
ൌ 56.2	mm 

 
Fig. 9.42 The effective area under the base plate 

 
4d) The active effective width is calculated from known area in compression 

bୣ୤୤ି୐େ଺ ൌ
Aୣ୤୤ି୐େ଺
bୡ ൅ 2 ∙ c

ൌ
19	937.1

180 ൅ 2 ∙ 57.2
ൌ 68.3	mm ൏ t୤ ൅ 2 ∙ c ൌ 14 ൅ 2 ∙ 56.2 ൌ 126.4	mm 

bୣ୤୤ି୐େଽ ൌ
Aୣ୤୤ି୐େଽ
bୡ ൅ 2 ∙ c

ൌ
17	802.7

180 ൅ 2 ∙ 57.2
ൌ 60.9	mm ൏ t୤ ൅ 2 ∙ c ൌ 14 ൅ 2 ∙ 56.2 ൌ 126.4	mm 

The lever arms of concrete to the column axes of symmetry is calculated as 

rୡି୐େ଺ ൌ
hୡ
2
൅ c െ

bୣ୤୤ି୐େ଺
2

ൌ
180

2
൅ 56.2 െ

68.3

2
ൌ 112.1	mm 

rୡି୐େଽ ൌ
hୡ
2
൅ c െ

bୣ୤୤ି୐େଽ
2

ൌ
180

2
൅ 56.2 െ

60.9

2
ൌ 115.8	mm 

Moment resistances of column base are 
Mୖୢି୐େ଺ ൌ F୘,ଵ,ୖୢ ∙ r୲ ൅ Aୣ୤୤ି୐େ଺ ∙ f୨ୢ ∙ rୡି୐େ଺ ൌ 104.7 kNm 
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Mୖୢି୐େଽ ൌ F୘,ଵ,ୖୢ ∙ rୠ ൅ Aୣ୤୤ି୐େଽ ∙ f୨ୢ ∙ rୡି୐େଽ ൌ 100.8 kNm 
 
4e)The end of column needs to be checked. The design resistance in pure compression is

N୮୪,ୖୢ ൌ
A ∙ f୷

γ୑଴
ൌ
6	525 ∙ 235

1.0
ൌ 1	533.4	kN 

and column bending resistance 

M୮୪,ୖୢ ൌ
W୮୪ ∙ f୷

γ୑଴
ൌ
481 ൉ 10ଷ ∙ 235

1.0
ൌ 113.1	kNm 

The interaction of normal force changes moment resistance 

M୒୷,ୖୢ ൌ M୮୪,ୖୢ ∙

1 െ
Nୗୢ
N୮୪,ୖୢ

1 െ 0.5 ∙
A െ 2 ∙ b ∙ t୤

A

ൌ 113.0 ∙

1 െ
80

1	533.4

1 െ 0.5 ∙
6	525 െ 2 ∙ 180 ∙ 14

6	525

ൌ 120.9	kNm 

 
4f) To evaluate the bending stiffness the particular component stiffness is calculated 

kୠ ൌ 2.0 ∙
Aୱ
Lୠ

ൌ 2.0 ∙
314

190
ൌ 3.3	mm 

k୮ ൌ
0.425 ∙ Lୠୣ୤୤ ∙ t

ଷ

mଷ
ൌ
0.425 ∙ 180 ∙ 30ଷ

52.1ଷ
ൌ 14.6	mm 

 
Fig. 9.43 The T stub in compression 

 
The concrete block stiffness is evaluated based on T-stub in compression, see Fig. 9.43 
aୣ୯ ൌ t୤ ൅ 2.5 ∙ t ൌ 14 ∙ 2.5 ∙ 30 ൌ 89	mm 

kୡ ൌ
Eୡ

1.275 ∙ Eୱ
∙ ටaୣ୯ ∙ bୡ ൌ

33	000

1.275 ∙ 210000
∙ √89 ∙ 180 ൌ 15.6	mm 

 
4g) The lever arm of component in tension zt and in compression zc to the column base 

neutral axes is  

r୲ ൌ
hୡ
2
൅ eୡ ൌ

180

2
൅ 60 ൌ 150	mm 

zୡ ൌ
hୡ
2
െ
t୤
2
ൌ
180

2
൅
14

2
ൌ 83	mm 

The stiffness of tension part, bolts and T stub, is calculated as  

k୲ ൌ
1

1
kୠ

൅
1
k୮

ൌ
1

1
3.3

൅
1

14.6

ൌ 2.7	mm 

 
4h) For the calculation of the initial stiffness of column base is evaluated the lever arm 
r ൌ r୲ ൅ zୡ ൌ 150 ൅ 83 ൌ 233	mm 
and 

a ൌ
kୡ ∙ rୡଵ െ k୲ ∙ r୲

kୡ ൅ k୲
ൌ
15.6 ∙ 83 െ 2.7 ∙ 150

15.6 ൅ 2.7
ൌ 43.26	mm 

The bending stiffness is calculated for particular constant eccentricity 

e୐େି଺ ൌ
Mୖୢି୐େ଺

Fୗୢି୐େ଺
ൌ
104.7 ∙ 10଺

80.0 ∙ 10ଷ
ൌ 1	308.8mm 
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e୐େିଽ ൌ
Mୖୢି୐େଽ

Fୗୢି୐େଽ
ൌ
100.8 ∙ 10଺

31.6 ∙ 10ଷ
ൌ 3 189.9mm 

as  

S୨,୧୬୧ି୐େ଺ ൌ
e୐େି଺

e୐େି଺ ൅ a
∙
Eୱ ∙ r

ଶ

μ∑
1
k୧
୧

ൌ
1	308.8

1	308.8 ൅ 3	189.9
∙
210	000 ∙ 233ଶ

1 ∙ ቀ
1
2.7

൅
1

15.6
ቁ
ൌ 25	301	kNm/rad 

S୨,୧୬୧ି୐େଽ ൌ
e୐େିଽ

e୐େିଽ ൅ a
∙
Eୱ ∙ r

ଶ

μ∑
1
k୧
୧

ൌ
3	189.9

3	189.9 ൅ 3	189.9
∙
210	000 ∙ 233ଶ

1 ∙ ቀ
1
2.7

൅
1

15.6
ቁ
	ൌ 25	846	kNm/rad 

These values of stiffness do not satisfy the condition about the rigid base 
S୨,୧୬୧	൒ 30	E ∙ Iୠ/Lୠ ൌ 45	538	kNm/rad 

 
Step 5 Updating of internal forces and moments  
Steps 1 to 4 should be evaluated again considering internal forces obtained from a 
structural analysis taking into account the stiffness of column base, see Fig. 9.44.  Tab. 9.4 
summarizes results of the structural analysis of the two meaning full combinations Nmin		and 
Mmax.  

 
Fig. 9.44 Structural system with rotational springs 

 
Tab. 9.4 Comparison of internal forces between the model with rigid column base joint and 
the model with the actual stiffness  

Load 
case 

Column base 
stiffness 

Point A Point B Point C Point D 
N	  

[kN] 
M	

[kNm] 
N  

[kN] 
M 

[kNm] 
N    

[kN] 
M 

[kNm] 
N   

[kN] 
M 

[kNm] 

6 
Rigid -57.0 1.6 -54.0 27.7 -56.0 49.3 -80.0 51.0 

Semi-rigid -56.9 3.1 -53.3 24.3 -57.1 -40.7 -80.8 48.4 

9 
Rigid -31.6 95.6 -29 -18.7 -29.0 -36.0 -47.0 32.6 

Semi-rigid -30.5 87.3 -27.9 -17.7 -30.9 -40.6 -48.4 34.7 

 
For the LC6 has been implemented a structural model with two rotational springs equal to 
25	301 kNm/rad. For the LC9 the adopted rotational stiffness was equal to 25	846 kNm/rad.  
Due to the proximity of the stiffness value calculated in Step 4. it was reasonable to 
assumed in a simplified manner. The lower value of the stiffness in order to update the 
internal forces of the system. 
 
As shown in the above table, the differences in terms of internal forces are negligible and 
therefore the single elements and the beam to column joint is considered verified.  Tab. 9.4 
synthetizes the updated properties of the column base joint. 
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Tab. 9.4 Updated properties of the column base joint  

Load 
case 

Column base 
stiffness 

Aeff	
[mm2] 

beff
[mm] 

rc
[mm] 

Mrd

[kNm] 
S୨.୧୬୧ 

[kNm/radሿ 

6 
Rigid 19 973.1 68.3 112.1 104.7 25 301 

Semi-rigid 20 008.0 68.4 112.0 104.8 25 268 

9 
Rigid 17 802.7 60.9 115.8 100.8 25 846 

Semi-rigid 17 757.0 60.7 115.8 100.7 25 344 

 

The designed column base fulfils the asked requirements as shown in the Tab. 9.4. 
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10 SUMMARY 

This design manual summarises the reached knowledge in the RFCS Project RFSR-CT-2007-
00051 New Market Chances for Steel Structures by Innovative Fastening Solutions between 
Steel and Concrete (INFASO).  The material was prepared in cooperation of two teams of 
researchers one targeting on fastening technique modelling and others focusing to steel joint 
design from Institute of Structural Design and Institute of Construction Materials, Universität 
Stuttgart, Department of Steel and Timber Structures, Czech Technical University in Prague, 
and practitioners Gabinete de Informática e Projecto Assistido Computador Lda., Coimbra, 
Goldbeck West GmbH, Bielefeld, stahl+verbundbau GmbH, Dreieich and European 
Convention for Constructional Steelwork, Bruxelles.   

The model of three types of steel to concrete connections with the headed studs on anchor 
plate are introduced.  There are based on component method and enable the design of steel 
to concrete joints in vertical position, e.g. beam to column or to wall connections, and horizontal 
ones, base plates.  The behaviour of components in terms of resistance, stiffness, and 
deformation capacity is summed up for components in concrete and steel parts: header studs, 
stirrups, concrete in compression, concrete panel in shear, steel reinforcement, steel plate in 
bending, threaded studs, anchor plate in tension, beam web and flange in compression and 
steel contact plate.  

In the Chapters 5 and 6 are described the possibility of assembly of components behaviour 
into the whole joint behaviour for resistance and stiffness separately.  The presented assembly 
enables the interaction of normal forces, bending moments and shear forces acting in the joint.  
The global analyses in Chapter 7 is taken into account the joint behaviour.  The connection 
design is sensitive to tolerances, which are recapitulated for beam to column connections and 
base plates in Chapter 8.  The worked examples in Chapter 9 demonstrates the application of 
theory to design of pinned and moment resistant base plates, pinned and moment resistance 
beam to column connections and the use of predicted values into the global analyses. 
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