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ABSTRACT: In the present paper the results of a finite element study of anchor channels and single headed 
anchors close to the free edge loaded in shear perpendicular and parallel to the edge (concrete edge failure) 
are discussed. For single headed anchors experimental tests and numerical simulations have been performed 
to investigate the load bearing behavior under arbitrary shear load (Hofmann 2005, Grosser 2008). In case of 
a headed anchor subjected to a shear force parallel to the free edge the failure is initiated by a splitting force 
acting perpendicular to the edge. It is a fraction of the applied shear load. In order to account for the fact that 
a higher shear load acting parallel to the edge is required to cause concrete edge failure compared to a shear 
load acting perpendicular to the edge in the draft fib Design Guide (fib (2009)) the calculated concrete edge 
capacity valid for a shear load perpendicular to the edge is multiplied by an increase factor. This factor pri-
marily depends on the pressure in front of the anchor. For anchor channels arranged perpendicular to the edge 
and subjected to a shear load applied parallel to the edge limited experimental investigations performed by 
Roik (2009) indicate that the increase factor is higher compared to headed anchors. The non-linear finite ele-
ment program MASA was used to study the load bearing behavior of headed anchors and anchor channels 
loaded perpendicular and parallel to the edge. It was verified that for anchor channels the ratio failure load 
(shear load parallel to the edge) to failure load (shear load perpendicular to the edge) is larger than for headed 
anchors. This is explained by the significantly lower pressure on the concrete in front of the channel com-
pared to headed anchors. 

1 INTRODUCTION 

A single headed anchor close to the edge loaded in 
shear parallel to the edge may fail by a concrete 
edge breakout. A typical breakout pattern is shown 
in Figure 1a. The breakout pattern is similar to an 
anchor loaded by a shear load perpendicular to the 
edge. Only in front of the anchor the local spalling is 
more pronounced.  

 

 
Figure 1. (a) Typical breakout pattern for a single anchor 
loaded parallel to the edge (b) Splitting forces caused by a 
shear load parallel to the edge. 

 
The failure is caused by the splitting force in 

front of the anchor (Fig. 1b) which is a fraction of 
the applied shear force. In Figure 2 the distribution 
of stresses in front of the anchor caused by the shear 
force is shown. The ratio splitting force to shear 
force depends on the pressure in front of the anchor 
related to the concrete compressive strength.  
 

 
Figure 2. (a) Single anchor bolt subjected to a shear load (b) 
Stress distribution (schematic). 

 
Therefore the concrete edge failure load for a 

shear force acting parallel to the edge may be calcu-
lated according to Equation (1).  
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In Equation (1) p denotes the pressure in front of 

the anchor, Vu,0° the concrete edge failure load when 
loading the anchor perpendicular to the edge and 
Vu,90° the concrete edge failure load when loading 
the anchor parallel to the edge. 
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Hofmann (2005) assumes a linear relationship be-
tween the splitting force and the pressure in front of 
the anchor in the direction of loading (x = 1). The 
pressure p is defined as the quotient of the acting 
shear load and the area of the pressure zone in front 
of the anchor. This area is assumed to be A = d

2
 

(d = bolt diameter). Based on the evaluation of test 
results, the factor v1 is taken as 0.06. Rearranging 
Equation (1) leads to the increase factor according to 
Equation (2a). 
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Experimental and numerical investigations have 

shown that the ψ90°,V –factor decrease with increas-
ing edge distance and decreasing anchor diameter. 
This is shown in Figure 3. Instead of calculating the 
ψ90°,V –factor according to Equation (2a) the value 
ψ90°,V  can be taken as a constant with the lowest 
value obtained in tests. This simplification was 
adopted in the draft fib Design Guide (fib (2009)) 
and ψ90°,V  = 1.5 was chosen.  

 

 
Figure 3. Influence of the edge distance and the anchor diame-
ter on the increase factor ψ90°,V 

. Results of tests with single an-
chors loaded parallel and perpendicular to the edge.  

 
When loading anchor channels by a shear load, 

the load is mainly transferred into the concrete by 
the channel profile. The anchors are mainly needed 
to take up the tension forces generated by the eccen-
tricity between acting shear load and resulting com-
pression force in the concrete (Potthoff (2008)). 
When loading an anchor channel with two anchors 
by a shear load, which is applied over one anchor 
(see Fig. 4a), only a part of the channel profile is ac-
tivated. In case of an anchor channel subjected to a 
shear load parallel to the edge only limited experi-
mental investigations exist. Therefore, in the draft fib 
Design Guide (fib (2009)) a factor ψ90°,V  = 1.5 is as-
sumed for the case of an anchor channel arranged 

perpendicular to the edge and loaded in shear paral-
lel to the edge, which acts over the front anchor (see 
Fig. 4b). To investigate if this simplification is justi-
fied and to understand the load bearing behavior of 
anchor channels loaded in shear parallel to the edge, 
numerical simulations were performed using the three-
dimensional finite element program MASA.  

 

 
Figure 4. (a) Anchor channel arranged parallel to the free edge 
and loaded perpendicular to the edge (b) Anchor channel ar-
ranged perpendicular to the free edge and loaded parallel to the 
edge.  

2 FINITE ELEMENT CODE MASA 

2.1 General 

The finite element program MASA has been devel-
oped at the Institute of Construction Materials, Uni-
versity of Stuttgart, and can be used to perform two 
and three-dimensional non-linear analysis for struc-
tures made of quasi-brittle materials such as con-
crete. Numerous simulations have shown that the fi-
nite element code MASA is capable to realistically 
represent the load bearing behavior of anchorages 
subjected to a shear load close to the edge.  

2.2 Constitutive law – Microplane model 

The FE code MASA used in the present study is 
based on the microplane model (Ožbolt et al. 2001) 
and a smeared crack approach. In the microplane 
model the material properties are characterized sepa-
rately on planes of various orientations at a finite 
element integration point. On these microplanes 
there are only a few uniaxial stress and strain com-
ponents and no tensorial invariance requirements 
need to be considered. The constitutive properties 
are entirely characterized by relations between the 
stress and strain components on each microplane in 
normal and shear direction. It is assumed that the 
strain components on the microplanes are projec-
tions of the macroscopic strain tensor (kinematic 
constraint approach). Knowing the stress-strain rela-
tionship of all components, the macroscopic stiffness 
and the stress tensor are calculated from the actual 
strains on the microplanes by integrating the stress 
components on the microplanes over all directions. 
Therefore only uniaxial stress-strain relationships 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



are required for each microplane component and the 
macroscopic response is obtained automatically by 
integration over all microplanes. To ensure mesh in-
dependent results a so-called “localization limiter” is 
used. Two different methods are implemented in 
MASA. Either the crack band approach (Bažant & 
Oh 1983) or the non local integral approach (Ožbolt 
& Bažant 1996) can be employed. For the analysis 
presented in this paper the crack band approach was 
used. More details about the model can be found in 
Ožbolt et al. (2001).  

The analysis is carried out displacement con-
trolled. The displacement is applied incrementally in 
several steps. For the preparation of the model (pre-
processing) and the evaluation of the numerical re-
sults (post-processing) the commercial program 
FEMAP (Version 8.1) is used.  

3 NUMERICAL INVESTIGATIONS 

3.1 Model details and discretization 

The discretization of the concrete member is per-
formed using four node solid finite elements. As 
shown in Figure 5 the concrete slab is modeled with 
a length of ≥ 6c1 (c1 = edge distance) for headed an-
chors and anchor channels arranged perpendicular to 
the edge and ≥ 6c1+s (s = anchor spacing) for anchor 
channels arranged parallel to the edge, a width of 
≥ 4c1 for headed anchors and anchor channels ar-
ranged parallel to the edge and ≥ 4c1+s for anchor 
channels arranged perpendicular to the edge and a 
height of ≥ 3c1. 
 

 
Figure 5. Geometry used in the finite element study.  

 
The concrete properties are taken as: Cylinder 

compressive strength fc = 24 MPa, cube compressive 
strength fcc = 28.5 MPa, tensile strength ft = 1.9 
MPa, Young’s modulus EC = 27,400 MPa, Poisson’s 
ratio νC = 0.18 and fracture energy GF = 0.065 
N/mm. The behavior of steel is assumed to be linear 
elastic with Young’s modulus ES = 210,000 MPa 
and Poisson’s ratio νS = 0.33.  

3.2 Headed anchors 

In Figure 6 a section through the used model is 
shown in order to explain the several layers (see Ta-
ble 1) and their functions. 
 

 
Figure 6. Typical FE mesh of a headed anchor and contact 

elements. 

 
To ensure a realistic load bearing behavior interface 

elements (thickness 0.5 mm) with contact bars which can 
take up only compressive stresses are introduced around 
the bolt and between the teflon sheet and concrete. A 
small gap around the head and at the bottom of the 
headed anchor is introduced to take into account that 
there is no load transmission at this surface (see Fig. 6). A 
teflon sheet is modeled between the concrete specimen 
and the steel plate to minimize friction between the con-
crete and the steel surface. Additionally a nut, washer and 
a clearance hole in the plate are modeled to consider real-
istically the stiffness of the connection between anchor 
bolt and base plate. The geometrical properties for all in-
vestigated cases are summarized in Table 2. All anchors 
are loaded perpendicular and parallel to the edge.  

 
Table 2. Geometric properties.* 

test c1 danchor dhead hef α [-] 
**

 

A1 40 6 12 45 0°/90° 
A2 75 10 20 94 0°/90° 
A3 100 10 20 94 0°/90° 
A4 100 16 32 130 0°/90° 
A5 100 22 44 130 0°/90° 
A6 150 16 32 179 0°/90° 

*Dimensions in [mm] 
**0° = shear load towards the edge 

90° = shear load parallel to the edge 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
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volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  

 

J•∇=
∂

∂
−

t

w
                              (2) 

 
The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 

 

nsc
w

s

e
w

c

e
w

h
h

D
t

h

h

e
w

&&& ++
∂

∂

∂

∂

=∇•∇+
∂

∂

∂

∂

− αα

αα

)(

    

(3)

 
 

where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  

 

( )
1

1
10

1
10

1
1

22.0188.0
0

,
1

−
⎟
⎠

⎞
⎜
⎝

⎛
−∞

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
−∞

−−+−

=

h
cc

g
e

h
cc

g
eGs

s
s
c

w

sc
K

αα

αα

αα

αα

 

(6)

 
 
The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



The boundary conditions were defined as nodal 
load and constraints. A shear load parallel to the edge 
is applied to only one node to allow a hinged load ap-
plication (see Fig. 6). For comparison the behavior for 
a shear loading acting perpendicular to the edge is in-
vestigated as well. All nodes at the bottom of the con-
crete member are supported in vertical direction to 
avoid tilting of the slab. In load direction only one line 
at the bottom of the front surface is supported. Addi-
tionally two further nodes in the third dimension are 
restraint due to the fact that the numerical model re-
quires constraints in every direction. 

3.3 Anchor channels 

The model used for the numerical simulations of an-
chor channels is shown in Figure 7. Three different 
sizes of anchor channels (28/15, 50/30 and 72/48) 
are modeled. Anchor channels 50/30 and 72/48 are 
hot rolled profiles (type 1) and channel 28/15 is a 
cold rolled profile (type 2). 
 

 
Figure 7. (a) Type 1 (hot rolled profile) (b) Type 2 (cold rolled 
profile) (c) Typical FE mesh of an anchor channel and contact 
elements.  

When loading an anchor channel under shear the 
load is mainly transferred by compressive stresses in 
front of the channel profile and to a small part by the 
anchors. Therefore interface elements with contact bars 
which can only take up compressive stresses are mod-
eled around the anchor channel to avoid the transmis-
sion of tensile stresses. Numerical investigations with-
out this layer have shown that the failure loads are 
significantly overestimated. The anchors fixed to the 
channel are modeled according to chapter 3.2.  

The geometrical properties of all investigated 
cases are summarized in Table 3. As for headed an-
chors, all anchor channels are loaded perpendicular 
and parallel to the edge. The boundary conditions 
were defined as described in chapter 3.2. The shear 
load is applied to only one node on the screw (see 
Fig. 7c). 
 
Table 3. Geometric properties. 

 

4 ANALYSIS OF THE NUMERICAL INVESTI-
GATIONS AND COMPARISON WITH TEST 
DATA 

4.1 Headed anchors 

In both the experimental and the numerical investi-
gations a characteristic concrete edge failure could 
be observed. A typical failure pattern is shown in 
Figure 8.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Post peak crack pattern, c1  = 100 mm (edge dis-
tance), hef  = 130 mm (embedment depth), load direction (a) 
perpendicular (b) parallel to the edge, left: test result, right: 
numerical investigation. 
 
 

In Figure 9 the load-displacement curves ob-
served in the experiments and the numerical simula-
tions are compared. The agreement of the numerical 
obtained failure pattern and load-displacement be-
havior with the test observations is very good. 

(a) 

(b) 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



  
Figure 9. Load-displacement curves of headed anchors, 
c1  = 100 mm (edge distance), hef  = 130 mm (embedment 
depth), load direction (a) perpendicular (b) parallel to the edge. 

 
A summary of the results of the simulated headed 

anchors is shown in Table 4. For comparison, in the 
same table the predictions for a single anchor loaded 
by a shear load perpendicular to the edge according 
to Equation (3) are shown. Equation (3) has been 
proposed by Hofmann (2005).  
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Table 4. Summary of the results. 

 

The numerical results agree very well with the 
values calculated according to Equation (3). 

4.2 Anchor channels 

In the experimental investigations both concrete 
failure and steel failure could be observed due to the 
low steel strength of the screw and the anchor chan-
nel. In the numerical simulations the behavior of the 
steel is assumed to be linear elastic to avoid steel 
rupture. In Figure 10 and Figure 11 a typical con-
crete edge failure obtained in the experimental and 
numerical investigations is shown. 
 

 
Figure 10. Post peak crack pattern, anchor channel 50/30, 
c1  = 100 mm (edge distance), s  = 150 mm (spacing), tests by 
Roik (2009). 

 

 

 
Figure 11. Numerically obtained post peak crack pattern, an-
chor channel 50/30, c1  = 100 mm (edge distance), s  = 250 mm 
(spacing). 

 
Table 5 summarizes the numerical results of the 

anchor channels loaded perpendicular and parallel to 
the edge. For comparison, the predictions for an an-
chor channel loaded by a shear load perpendicular to 
the edge according to Equation (4) are shown. Equa-
tion (4) has been proposed by Potthoff (2008).  
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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4.3 Numerically obtained ψ90°,V –factors 

In Figure 12 the obtained factors ψ90°,V for the simu-
lated headed anchors and anchor channels are plot-
ted as a function of the edge distance. They decrease 
with increasing edge distance. Furthermore for 
headed anchors with a constant edge distance they 
increase with increasing anchor diameter. These 
findings agree with the results shown in Figure 3. 
The ψ90°,V –factors valid for anchor channels are sig-
nificantly higher than for headed anchors. In Table 6 
the factors ψ90°,V for anchor channels and headed an-
chors are compared with each other. The factors 
ψ90°,V for anchor channels are between about 4.5 
(c1 = 40 mm) and 3.0 (c1 > 100 mm) and for headed 
anchors between about 2.7 (c1 = 40 mm) and 1.7 
(c1 = 150 mm). The factors ψ90°,V for anchor chan-
nels are valid for the allowable minimum edge dis-
tance of the different channel sizes. When for a 
given channel size the edge distance is increased, the 
factor ψ90°,V will decrease. However in the tests by 
Roik (2009) with anchor channels with minimum 
edge distance, partly failure of the channel lips with 
breaking of the special screw out of the channel pro-
file occurred. Therefore when the edge distance is 
increased significantly, steel failure and no concrete 
edge failure will occur. 
  
Table 6. Comparison of the results. 

 
 

 

 
Figure 12. Increase factor ψ90°,V obtained in numerical simula-
tions versus edge distance. 

 
Figure 13. Load-displacement curves of anchor channel 50/30 
(d

  

= 10 mm) and headed anchor (d = 10 mm, hef  = 94 mm) for 
an edge distance c1 = 100 mm. 

 
 

To investigate the reason for the higher factors 
ψ90°,V  for anchor channels, the stress distribution in 
front of a headed anchor and a channel profile with 
the same edge distance as the anchor is compared for 
the same load level (peak load of headed anchor, see 
Fig. 13, Point A and B). Furthermore the compres-
sive stresses at peak load of the anchor channel are 
evaluated (Point C in Fig. 13). The diameter of the 
anchor fixed to the channel profile agrees with the 
diameter of the tested headed anchor. In Figure 14 
the compressive stresses in the concrete in the vicin-
ity of the headed anchor with a diameter d = 10 mm 
and an embedment depth hef = 94 mm are shown at 
ultimate load. In Figure 15a the distribution of the 
compressive stresses in front of the headed anchor 
along the upper part of the embedment depth are 
plotted. Figure 15b shows the distribution of the 
compressive stresses along three cross sections, 
which are shown in Figure 14. Figure 15 is valid for 
peak load of the headed anchor.  

 
 

 

 
Figure 14. Compressive stresses at ultimate load. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



 
Figure 15. Compressive stresses at peak load (a) in front of the 
headed anchor along the embedment depth (Section 1) (b) in 
bolt axis in sections 2 to 4 (location of sections see Fig. 14). 

 
The maximum pressure pmax = 150 MPa is ap-

proximately 5·fcc. The depth of the compressed zone 
is about 3.5·d. With increasing distance to the an-
chor bolt, the compressive stresses decrease rapidly. 

In Figure 16 the compressive stresses in the vi-
cinity of the anchor channel 50/30 are shown. In 
Figure 17a the distribution of the compressive 
stresses in front of the anchor channel as a function 
of the distance from the concrete surface is plotted. 
Figure 17b shows the compressive stresses in cross 
section 2 and 3. Section 2 is located at the concrete 
surface and section 3 at the lower end of the channel 
profile (see Fig. 16). Parameter is the applied shear 
load (equal with peak load of headed anchor and 
peak load of anchor channel). 
 

  
Figure 16. Compressive stresses in the vicinity of anchor chan-
nel, load at Point B of load-displacement curve. 

The maximum pressure in front of the channel 
profile is much lower than for a headed anchor. At a 
shear load equal to the peak load of the headed an-
chor it amounts to about 20 MPa (~2/3·fcc) and at 
peak load of the anchor channel the maximum pres-
sure pmax = 28 MPa is approximately fcc. Below the 
channel profile, the compressive stresses increase 
due to the load transfer by the anchors fixed to the 
channel. The compressive stresses decrease towards 
the concrete surface because of spalling of the con-
crete in front of the channel. As with headed an-
chors, with increasing distance from the channel the 
compressive stresses decrease rapidly. 

 

 

 

 
Figure 17. Compressive stresses for load B (peak load of 
headed anchor) and load C (peak load of anchor channel) (a) in 
front of the anchor channel as a function of the distance from 
the concrete surface (Section 1) (b) in Section 2 (concrete sur-
face) and Section 3 (lower end of channel profile) as a function 
of the distance from the channel. 

 
 

According to Equation (2) the ratio ψ90°,V = 
Vu,90°/Vu,0° decreases with increasing pressure. The 
pressure in front of headed anchors averaged over 
about d² is about four times higher than the values 
valid for anchor channels. This explains the higher 
factors ψ90°,V for anchor channels compared to 
headed anchors with the same edge distance.       
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



5 SUMMARY AND CONCLUSIONS 

In the present study the behavior of headed anchors 
as well as anchor channels close to an edge under 
shear load is numerically investigated. Two load 
cases are studied (i) shear load is applied perpendicular to 
the free edge (ii) shear load is applied parallel to the 
free edge. The numerical results are compared with 
limited test data and current design recommenda-
tions. It is shown that the numerical model is able to 
represent realistically the load-bearing behavior of 
anchorages subjected to a shear load close to the 
edge. The aim of the study is to evaluate the rela-
tionship between the failure loads when the shear 
load is applied parallel and perpendicular to the edge 
(factor ψ90°,V) (see Equation (2)). Therefore the ψ90°,V 

–factors obtained in the numerical simulations of an-
chor channels and headed anchors are compared. 

Based on the results of the numerical investigation, 
the following can be concluded: a) The factors 
ψ90°,V  = Vu,90°/Vu,0° of anchor channels are about 1.4 
to 1.8 (on average 1.5) times larger than for headed 
anchors. This can be explained as follows: In case of 
a shear load parallel to the edge the failure is caused 
by splitting forces. These splitting forces decrease 
with decreasing pressure in front of the anchor or 
channel profile and for anchor channels the pressure 
in front of the channel profile is much lower than for 
headed anchors. b) It is proposed to calculate the 
mean concrete edge failure load of anchor channels 
arranged perpendicular to the edge and loaded by a 
shear load parallel to the edge by Equation (2) with 
Vu,0° according to Equation (4) and ψ90°,V = 2.5. To 
improve this design recommendation and extend its 
validity to other applications further theoretical, ex-
perimental and numerical studies are recommended. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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