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Abstract 
Anchoring elements such as headed and expansion studs and grouted or undercut 
anchors, are often used for local transfer of loads inlo concrete members. In order to 
better understand the failure mechanism, a large number of experiments have been 
carried out in the past . Ho,\·cver. due to the complicated three-dimensional load 
transfer a. very few or no numerical studies have been performed for a. number of 
different fastening situations i.c. influence of the embedment depth, crack-width in
ftuence (fastening in cracked concrete), influence of the edge distance etc. Therefore, 
in the present study some results of the axisymmetric and three-dimensional nume
rical analysis of the headed studs embedded in plane concrete block are presented. 
Influence of different geometrical and material parameters have been studied em
ploying finite element method and nonlocal microplane model. Comparison between 
experimental and numerical results indicate reasonable good agreement. Generally 
it has been observed that the failure mechanism is governed by fracture energy ral
her than by tensile strength of concrete. As a consequence, the size effect is strong 
and close to linear elastic fracture mechanics. 
Keywords: Concrete, Fastening, Finite element analysis, Nonlocal microplane model, 
Fracture, Size effect. 

\ Introduction 

In current engineering practice, headed anchors are used to transfer load inlo rein
forced concrete members. Experience, a large number of experiments and numerical 
studies confirm that fastenings are capable to introduce the force into the reinforced 
concrete member without using a reinforcement. As shown by Eligehausen and Sa
wade (\989) and Eligehausen and Dibolt (1991). the main reason for this is a stable 
crack propagation up to peak load, what is a consequence of a three-dimensional 
stress-strain state in the load transfer zone. However, since no reinforcement is pre
sent, the fracture process zone is relatively small and failure is rather brittle i.c. 
very close to a linear clastic fracture mecha.nics type of failure. Therefore, it is im-
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portant to clearly understand the failure mechanism and the influence of different 
geometrical and material parameters on the load capacity. This is of course not 
simple because in the practice many types of fastenings exist as well as a number of 
different geometrical situations. 

The simplest fastening case is a single headed stud anchor transferring a force 
into a large concrete block. Provided the steel strength of the stud is high enough, 
headed studs embedded in a concrete block subjected to tensile loading fail by pul
ling a concrete cone out of it. The failure is due to the failure of concrete in tension 
by forming a circumferential crack growing in so-called mixed mode (Eligehausen 
and Sawacle, 1989). In recent years several attempts have been made to understand 
this growth and to predict the pull-out load of headed studs (Ottosen, 1981; Eli
gehausen and Sawade, 1985; Krenchel and Shah, 1985; Ballarini, Shah and Keer, 
1986). Summarizing this activities it can be said that material models based on 
plasticity and on macroscopic stress-strain relationships together with stress criteria 
are not capable to predict behavior of anchors as observed in experiments (Elige
hausen and Sawade, 1989). Furthermore, the predicted failure load depends on the 
finite element size and load step size (Cedolin and Bazant, 1980). A better expla
nation of anchorage failure mechanism can be expected using more general material 
models based on fracture mechanics. Generally, the numerical analysis has to be 
carried out using three-dimensional finite elements together with a realistic three
dimensional material model for concrete. Not only material nonlinearity, but also 
fracture process in connete must be correctly simulated. 

Due to above mentioned complexity, for geometrically complicated types of 
fastenings, presently only experimental results are available. Based on these test 
results design rules were developed that are used in the engineering practice. Ho
wever, recently rather sophisticated nonlocal microplane model for concrete is de
veloped and implemented into a three-dimensional finite element code (Baiant and 
Oibolt, 1990; Oibolt and Baiant, 1992)_ This model has been successfully used 
in three·dimensional numerical studies of different problems (Baiant, Oibolt and 
Eligehausen; 1992) and therefore it is also employed here. 

In the present study axisymmetric finite element analysis of the single fastening 
element embedded in uncracked concrete block is carried out in order to investigate 
the influence of macroscopical concrete properties (tensile and compression strength, 
fracture energy) and the geometry of the structure (embedment depth, size of the 
headed stud, edge distance) on the concrete cone failure load. Beside this, in order to 
study the influence of the distance of the anchor from the edge as well as the influence 
of the crack width on the pull-out failure load, three-dimensional nonlinear analysis 
is also carried out. Results of the analysis are compared with the experimental ones. 

2 Axisymmetric analysis - material parameters and size effect 

2_1 Headed anchor with embedment depth h.= 130 mm 
A single headed anchor embedded in a large uncracked concrete block is analyzed 
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using axisymmetric four-node finite elements. The typical finite element mesh is 
shown in Fig. I . Pulling of the anchor is performed by prescribing displacements at 
the bottom of the stud. Contact between steel stud and concrete exists only under 
the head of the stud. To account for the restraining effect of the embedded anchor, 
the displacements of the concrete surface along the steel stud in the vicinity of the 
head are fixed in direction perpendicular to the load direction. The supports are 
supposed to be fixed in both directions. 

Summary of geometrical and material parameters that are used and varied in 
the analysis are shown in Table 1. 

In order to demonstrate that the present numerical approach is able to correctly 
prescribe failure load the numerical results are first compared with experimental 
results. Therefore, basic (reference) material parameters and geometry of the spe
cimen used in the analysis are similar as in the experiment (See. Fig. 1 and Table 
I . example I). 

Table 1. Parameters varied in the analysis 
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After showing that the used approach is effective, the influence of the major 
macroscopical concrete properties has been investigated i.e. compression and tension 
strength, concrete fracture energy and size of the head are considered as parameters. 
Influence of the characteristic length of the non local continuum (I,) is also studied. In 
all examples the embedment depth (h.= 130 mm) and the diameter of the steel bar 
(~= 22 mm) are keept constant. The finite element mesh for the larger headed stud 
case (dh= 52 mm) is slightly modified. Basic value of the concrete Young's modulus 
(E,= 23500 MPa) and Poisson's ratio (v= 0.(8) are taken the same as in the above 
mentioned experiment. Used fracture energy values (GF) were calculated employing 
a unit area finite element with length 1= 360 mm (similar as in experiment). To 
demonstrate the influence of the initial Young's modulus of elasticity and of the 
characteristic length, parametric studies with three different initial Young's modulus 
of elasticity i.e. three different characteristic length of nonlocal continuum, keeping 
all other parameters constant, are also carried out. 
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2.2 Headed anchor with variable embedment depth 
In order to investigate size effect in fastening of headed stud in concrete block, the 
finite element analysis as proposed by RILEM TC 90· FMA have been carried out. 
The specimen shape and the typical finite element mesh are shown in Fig. 2. The size 
effect is analyzed using three geometrically similar specimens with the size increase 
by a factor of three. The geometry of the specimens is related to the embedment 
depth hv. Three embedment depths are considered: hv= 50, 150 and 450 mm. The 
distance between support and anchor is 2hv, so that the unrestricted formation of the 
failure cone is possible. In all cases analyzed pulling out of the anchor is performed 
by prescribing displacement at the bottom of the stud. Material parameters aTC 

taken as follows: uniaxial tensile and compression strength /1= 3 MPa and it:= 
40 MPa, concrete fracture energy GF= 0.1 N/mm (assuming a tension specimen 
length of 360 mm), Initial Young's E,= 30000 MPa and Poisson's ratio v= 0.20. 
Characteristic length of the noD local continuum is taken le= 12 mm. 
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Fig. 1 Geometry and FEM used in parameter study 
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Fig. 2 Geometry and FEM used in the size·effect study 
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2.3 Results of the axisymmetric analysis 

2.3.1 Comparison of Numerical and Test Results for Headed Anchor with 
h,= 130 mm 
In Fig. 3, the numerically obtained load·displacement curve is compared with the 
measured one. As can be seen, the calculated and measured failure load agree rather 
well. This could be expected, because the characteristic length was fixed according 
to this experiment (lc= 6 mm). 

While- the calculated initial stiffness agrees well with the measured value, the 
displacements at failure are smaller than observed in the experiment. It should be 
noled lhat the area of the anchor head is relatively small (d. = 35 mm). and due to 
this the average compression stress under the head at failure load is about 10 times 
larger than the uniaxial concrete compression strength Ie (the maximum calculated 
value in one integration point is 20/c)' Therefore, most of the displacements in 
the load displacement diagram (see Fig. 3) is due to concrete compression softe
ning under the anchor head. The concrete pre- and post-peak behavior under very 
high compression in 3D stress-strain state have to be correctly modeled to predict 
load-displacement curve. As can be seen from Fig. 3, assumed peak stress in the 
analysis is too high in comparison to the behavior found in the test i.e. calculated 
displacement are too small . According to Eligehausen and Sawade (1989). most of 
the total displacement is due to concrete compaction under the anchor head. Ho
wever, in general the calculated displacement field is in good agreement with the 
experimental observations. 
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Fig. 3 Test - analysis load displacement curves 

It is observed that the circumferential cracking starts relatively early at the 
anchor head and progresses in a stable manner towards the concrete surface. ra
dial cracks are initiated at much higher loads at the surface. Failure is caused 
by circumferential cracking. The calculated slope of the failure cone surface is in 
good agreement with the experimentally measured results (Eligehausen and Sawade, 
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1989). The average angle between the pulled cone surface and the concrete surface 
amounts to Q = 35°. 
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Fig. 4 Calculated and measured crack surface area 
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Fig. 5 Load·displacement curves for different GF values 

In Fig. 4, the ratio between the crack cone surface area and the total crack 
cone surface area (calculated for a = 35°) is plotted. Stable crack growth starts 
at about 30 % of the failure load and further crack growth i~ very stable up to 
the peak load, when unstable crack development starts. These results are again in 
good agreement with experimental observations based on measurements of concrete 
strains (Eligehausen and Sawade, 1989). 

Summarizing, the obtained results are in good agreement with experimental 
findings. This is valid for the fracture process, displacement field and failure load. 

2.3.2 Influence of the material parameters on the anchor behavior 
In Fig. 5 the inftuence of the fracture energy (G F) on the load displacement behavior 
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is shown. Three different GF values are considered (see Tab. I). The concrete 
compression strength (j, = 17.6 MPa) is fixed, and average tension strength used 
was /. = 1.79 MPa. Fig. 5 clearly indicates a strong dependency between fracture 
properties of concrete and failure load. Roughly, the failure load is proportional 
to the square root of the fracture energy (Fig. 6). This finding is confirmed by 
analytical and experimental results obtained by Sawade (1992) . 
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Fig. 6 Relation between failure load and G F 
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Fig. 7 Tension strength influence on the failure load 

In Fig. 7 the influence of the tension strength on the failure load is shown. 
Namely, concrete with three different values of tension strength (see Tab. 1) and 
approximately constant fracture energy is analyzed. Concrete compression strength 
and bead diameter were constant. The results indicate no significant influence of the 
tension strength on the failure load. According to this, the fracture energy seems to 
be the governing parameter in the analysis of headed anchors. 

The influence of the CODcrete compression strength is demonstrated in Fig. 8, 
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where load·displacement curves for two specimens with head diameter dh = 52 mm 
are plotted. Tension strength and the fracture properties of the concrete are Con
stant, while two different concrete compression strengths are considered (see Tab. 
1). Results clearly indicate insensitivity of the failure load on the concrete compres
sion strength, hut the displacement at failure is smaner if the concrete compression 
strength is higher. 
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Fig. 8 Compression strength influence on the failure load 

In Fig. 9 the load-displacement curves of two specimens with the same concrete 
properties but different head diameters (d" = 35 and 52 mm) are compared. It 
can be seen that, within the range of the assumed head diameters, the failure load 
does not depend significantly on the head diameter, that means of the concrete 
compression stress-strain state under the head. When increasing the effective head 
area by a factor of 3, the increase of the calculated failure load is only 17 %. For a 
head diameter dh = 52 mm the average compression stress under the load at failure 
is only about 3.75 Ie compared to 10 Ie for d" = 35 mm. Due to this reduction 
of the compression stress the displacement of the anchor head is much smaller. 
Therefore, with decreasing head diameter concrete compression softening under the 
head contributes larger displacement at failure load. This numerical results a.re in 
agreement with test evidence (EI£gren et. aIL, 1988; Furehe, 1988). For anchor head 
dh < 35 mm, the displacement of the anchor head will increase even more, reducing 
the actual embedment depth and thus the concrete cone failure load (Furche, 1988). 

From the numerical point of view, analysis of the specimen with smaller head 
size, converges very slowly and requires considerably more computer time than ana
lysis of specimen with larger head size. This is a consequence of compression softe
ning in 3D stress·strain state under the anchor head. 

[n Fig. 10 the influence of the initial modulus of elasticity on the failure load 
is shown. Geometry and all concrete material parameters were fixed (see Tab. 1). 
According to the numerical results, the increase of the failure load is proportional to 
the E~13. This increase is slightly larger than is obtained by Saw.de (1992), using 
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linear elastic fracture mechanics (LEFM), where the increase was found to be to 
the power of 1/2. The differences are probably due to the fact that the numerical 
analysis is based on the nonlinear fracture mechanics approach. Namely, in contrast 
to LEFM where the modulus of elasticity is kept constant up to reaching the concrete 
tensile strength, in the present analysis this modulus is continuously changing from 
E = E, (at origin) to E = 0 at the peak stress. 
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Fig. 9 Influence of the head stud size on the load·displacement Curve 
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Fig. 10 Influence of the Young's modulus on the failure load 

Finally, to demonstrate that the characteristic length of the nonlocal continuum 
(Ie) has a considera.ble influence on the failure load, a parameter study is performed 
(see Tab. 1) in which the coucrete properties and geometry were kept constant and 
only Ie is varied. The results of the analysis, shown in Fig. 11, exhibit significant 
influence of the characteristic length on the concrete cone failure load in the analysis 
of the headed anchors. This increase of the failure load is approx. proportional to 
I~J3. Consequently, the question arises: how this characteristic length can be cor· 
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rectly determined and what is the relation between the fracture concrete properties 
and I,?~ According to the proposal by Baiant and Pijaudier-Cabot (1989), whicb 
is based on the smeared crack approach, Ie can be correlated with the maximum 
aggregate size. However, numerical analysis indicate that Ie is not a material pa
rameter but depend also on stress-strain slate (Baiant. Oibolt and Eligehausen, 
1992). Therefore, recently new nonlocal concept has ~een proposed (Baiant, 1992) 
which is based on the crack interactions. In this new approach the characteristic 
length defines crack-interaction volume that is not constant but also depend on the 
stress-strain state in the material. Further work is required in order to verify this 
new approach. 
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Fig. 11 Influence of the characteristic length on the failure load 

• 
Summarizing, the failure of the analyzed headed stud embedded in concrete is 

due to circumferential cracking of concrete in tension. The compression behavior of 
concrete under the head is mainly responsible for the displacement at failure. The 
concrete fracture energy plays a dominant role. 

2.3.3 Influence of the Embedment Depth on the Failure Load - Size Effect 
Load displacement curves for three different embedment depths are shown in Fig. 12. 
The displacement is monitored under the head. It can be seen that the displacement 
at peak load increase with increasing embedment depth. Assuming no size effect, 
the peak load should increase in proportion to h!, that means by a factor of 9 when 
tripling the embedment depth. The results of the analysis show that the increase 
in failure load is much less (approximately by a factor 5.7) which is a consequence 
of the size effect. Using the size effect law (Baiant, 1984), the concrete cone failure 
load can be calculated as: 

(1 ) 

where FN represents load at failure including size effect, Fu the would be failure load 
without size effect, h" the embedment depth while B and do represents constants 
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which are calculated from the linear regression analysis of the obtained failure loads. 
No size effect ultimate load Fu is calculated using the formula: 

Fu = a( ,fJ;)h~ (2) 

where Ie represents the concrete compression strength and a is factor to calibrate 
calculated failure loads with the measured values and to assure dimensional correct. 
ness of Eq. (2). Eq. (2) is proposed by ACI 349, appendix B for the prediction of 
the concrete cone failure load. 
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Fig. 12 Load·displacement curves for three different embedment depths 
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Fig. 13 Size·eff'ect observed in the analysis 

In Fig. 13 the results of the analysis are plotted and compared with the size 
effect law (Eq. (1)). The coefficient a in Eq. (2) is fixed such that the numerically 
obtained failure load for anchors with an embedment depth h~ = 50 mm is predicted 
correctly. As can be seen from Fig. 13. the concrete cone failure load exhibit a strong 
size effect, since the numerical results are close to the linear elastic fracture mechanic 
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(LEFM) solution. 
In Fig. 14 the results of the analysis are compared with the different failure 

equations. The relative failure loads as a function of the embedment depth are 
shown. The failure load for an embedment depth h" = 150 mm is taken as reference 
value. Plotted are the relative failure load according to the size elTect law (Eq. (I», 
a formula that neglects the size elTect (Eq. (2» and a formula derived on the basis 
of linear elastic fracture mechanics (Eq. (3» (Eligehausen and Sawade, 1989): 

FN = a,l y'EGF),,~/' (3) 

In Eq. (3), a, is a cOllstant. The failure loads predicted by Eq. (3) agree rather 
well with the test results (Eligehausen and Sawadc, 1989). Assuming no size eITect, 
the failure loads should increase in proportion to h~. that means by a factor of 
nine when tripling the embedment depth. The results of the analysis show that 
the increase of the failure load is much less (approximately by a factor of 5.7). 
Therefore the size effect shoul(1 be taken into acc:ount in the design of anchorages, 
otherwise the failure loads nre underestimated for small embedment depths and are 
overestimated for large embedment depths (Fig. 14). The agreement between the 
size effect formula and the formula based on the linear fracture mechanics is good 
in the entire embedment range. The size effect has also been observed in tests by 
Bode and Hanenkamp (1985) and by Eligehausen et al. (1989) , (1992) . According 
to these authors, the failure load increases in proportion to h~·s. 

�or----------------------------, 

1 no ,In eftect formula 

linear tracture mechlnjc, - U:FM 

size-died lormula - NUW , 
o numerical results 

..:::f 
i;l I , .•. ' 
~ 21 ,. ............. . 
":; L' ------:=r' 

.' .' 
.~ .. 

. ~ ~.~.~.~ .: . 

~ ,.-
~~O~~90~--,6tO~-.~I~O~~ZT70~-3~3~O~~3TSO---4JSO 

EMBEDMENT DEPTJI h. (rnm) 

Fig. 14 Different failure equations 

The relative shapes of the failure cone for three different embedment depths at 
peak load. estimated from the numerical analysis, are plotted in Fig. 15. In Fig. 16 
the distribution of the tensile stresses perpendicular to the failure cone surface aTe 

shown as a function of the ratio Ihlh ... u where Ih represents the distance from the 
anchor and I" ... .,. is the failure cone radius taken from Fig. 15. These distributions 
are estimated from the results of the numerical analysis. From Fig. 15 and 16 the 
size effect can be explained as follows: \Vith increasing embedment depth the ratio 
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diameter of the failure cone to embedment depth decreases, that means the effective 
relative cone surface area decreases as well. Furthermore. the average stress over 
the failure surface decreases with increasing embedment depth because the stress 
distribution is more triangular like, in the case of a large embedment depth , and 
more parabola like in the case of smaller embedments . 
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Fig. 15 Shapes of the failure cone surface area 
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Fig. 16 Tensile stress distribution along the cone surface at peak load 

Summarizing, the analysis indicate significant size effect that should be taken 
into account in design practice (Eligehausen and Dzboit, 1990; Baiant, Dibolt and 
Eligehausen, 1992), 
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3 Three·dimensional analysis ... the edge and crack width influence 

3.1 Influence of the edge distance on the failure Load 
To investigate influence of the distance between the headed stud and the free edge 
on the pull~out failure load. nonlinear finite element analysis is performed on the 
concrete cube specimen (Fig. 17) (Dibolt, 1991). In the analysis specimen edges are 
free except the bottom three edges which are fixed in vertical direction. However, 
the bottom edge of the specimen a.t the side where the stud is placed is taken as a. 
free. Fixing embedment depth as h.= 90 mm, the distance of the stud from the free 
edge, a" is varied as a, = 40,80,120,160 and 200 mm, 
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Fig. 17 Edge influence ~ geometry of the specimen 

Fig. 18 Edge influence - finite element mesh 

In the finite element analysis three-dimensional finite elements with eight nodes 
and eight integration points are used. A typica.l finite element mesh is shown in Fig. 
18. The spatial discretization is made such that the mesh is relatively fine in the 
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fracture process zone and coarse elsewhere. 
Analysis is performed assuming basic material properties, Young modulus and 

Poisson's ratio as: Ee= 30000 MPa and 11= 0.18. Microplane model parameters are 
set such that the calculated uniaxial concrete compression strength yields to le= 34 
MPa and the uniaxial concrete tensile strength I. ~ 1.8 MPa. 
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Fig. 19 Load-displacement curves for different edge distances 

In order to correctly represent the concrete fracture energy (G F) , it is necessary 
to properly set the characteristic length of the nonlocal continuum {Ie} However, 
since no explicit relation between G F and ie exists, the characteristic length is here 
chosen by fitting the concrete cone failure load for the case a,.= 200 mm (no influence 
of the edge) using empirical formula (Eligehausen et aI., 1988). 
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Fig. 20 Relation between failure load and edge distance 

Fig. 1 9 shows calculated load·displacement curves for different a,. values. These 
curves exhibit an increase of the peak load with increasing distance of the stud from 
the free edge. Displacement at the peak load, for all (1,. values, is approximately 
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constant and does not change significantly by increasing the a,. value. Initial stiffness 
of the stud is practically constant and independent of a r · 

In Fig. 20 calculated relative values of the peak loads for different values of a, 
and the best fit curve are plotted as a function of the distance of the stud from the 
free edge. Results clearly indicate an increase of the calculated failure load with the 
increase of a,. up to approximately a r = 2h". Further increase of an however, does 
not significantly increase the peak load. For comparison in the same figure empirical 
relation between a, and relative peak load is also plotted (Rehm, Eligehausen and 
MalJee, 1988). As can be seen from Fig. 20, comparison between results of the 
numerical analysis and prediction formula based on the test results show rather 
good agreement. 

3,2 Influence of the crack width on the failure load 
The influence of the crack width on the concrete cone pull-out is studied (the same 
as in the experiments) on the reinforced concrete thick plate dimensions 1000 x 
1040 x 300 mm (Fig. 21) (Oibolt, 1991). In the centcr of the spccimen single 
anchor is embedded with embedment depth hv= 120 mm. In order to initiate crack 
propagation in the anchor plane, a notch of a length 100 mm is introduced on the 
both vertical sides of the specimen (see Fig. 21). The crack width in the specimen is 
controlled through 12 reinforcing hars. The specimen is vertically supported around 
the bottom edges as well as around the anchor at the distance 2h". 
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Fig. 21 Influence of the crack width· geometry of the specimen 

The loading procedure used in the analysis is the same as it is common in the 
experiments. First, tensile stresses arc introduced through the reinforcement bars 
(controlling displacement) producing the cracks of a certain width. In the nexl step 
the reinforcement extension is keept fixed and pulling out of lhe anchor is performed 
(controlling force) . This is repeated (or different tension stresses in the reinforcing 
bars i.e. for different crack widths. 

In the finite element analysis only 1/4 of the specimen is modeled i.e. symmetry 
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is used. The material properties as well as the finite element type used are the same 
as in previous example. The finite element mesh is shown in Fig. 22. 

Since the analysis is based on smeared crack approach the crack width that 
is introduced through the reinforcement can not be obtained explicitly from the 
analysis. Therefore, empirical formula is used in order to calculate the crack width 
(rom the known reinforcement strains (Rehm and Martin, 1968). 

,r:' , , 

Fig. 22 Influence of the crack width - finite element mesh 
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Fig. 23 Influence of the crack width on the failure load (tes t, calculations) 

The relation between the crack width and the failure load. measured relative to 
the uncracked concrete cone failure load. is shown and compared with test results 
(Rehm, Eligehausen and Malle., (988) in Fig. 23. It can be seen that the failure load 
decreasing with the increase of the crack width rather steep up to the crack width 
6.w;;: 0.2 mm. For further increase of the crack width the failure load is constant 
and reaching approximately 70 % of the failure load obtained for the uncracked 
concrete specimen (.6.w;;: 0). Calculated relations between failure load and crack 
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width are in good agreement with experimental results (see Fig. 23). 
More detailed description of the failure mechanism at different crack widths is 

given by OZbolt (1991). 

4 Conclusions 

1. Comparison between axisymmetricai finite element analysis of the single an
chor that is embedded in a plane concrete block and test results indicate good 
agreement. In all analyzed examples failure is due to failure of concrete in 
tension (circumferential cracking) rather than in compression. Circumferen
tial crack growth starts at about 30 % of failure load and it is very stable up 
to the peak load. After the peak, unstable crack develops and the final failure 
cone is formed. 

2. The fracture load is mainly influenced by the concrete fracture energy GF and 
is approximately a square root function of GF- The size of the anchor head as 
well as the concrete compression properties have a rather small influence on the 
failure load, however they influence the load·displacement relationship signifi
cantly. The influence of the concrete tension strength, assuming constant OF 
value, has small influence on the failure load. On the other side, initial Young's 
modulus and the characteristic length of the non local continuum significantly 
influence the failure load. 

3. The numerical study of the embedment depth influence on the failure load 
indicate a significant size effect that is close to linear elastic fracture mechanics. 
The failure loads increases approximately in proportion to h!·5. This is in good 
agreement with experimental evidence. Prediction formulas which do not take 
into account the size effect overestimate the failure load for larger embedment 
depths. The size effect is due to the fact that the elastic energy at peak load is 
released from the entire structure and as a consequence, the effective relative 
failure load surface as well as the area under the tensile stress distribution 
decrease with increasing embedment depth . The size effect should be take 
into account in design practice. 

4. Results of the 3D finite element analysis indicate decrease of the failure load 
if the edge distance is decreasing. This influence practically disappear when 
a" is greater than 2h". Experiments confirm that calculated results shown in 
the present analysis are reliable. 

5. Three-dimensional finite element study of the crack width infl.uence on the 
concrete pull·out load, similar as in the experiments, confirms that the concrete 
cone failure load decrease with the crack width increase. This decrease is 
relatively fast up to crack width ~w = 0.2 mm and reaching approximately 
70% of the failure load for uncracked concrete. However, further increase of the 
crack width does not decrease failure load since reaching critical crack width 



(approx. 0.2 mm) final load transfer mechanism is formed and further increase 
of crack width does not influence failure load. Three-dimensional numerical 
analysis of the headed anchor embedded in a cracked concrete indicate that 
the calculated relation between concrete cone failure load and crack width 
exhibit qualitatively and quantitatively good agreement with experimental 
observations. 

6. Present numerical approach based on the nonloeal microplane model seems to 
be powerful tool in the analysis of the complicated 3D problems of the concrete 
structures. However, open question is the calibration of the material model 
and characteristic length of the nonloeal continuum Je which seems to be stress
strain dependant rather than in advanced fixed concrete property. Therefore, 
more promising results can be expected by the use of the new nonlocal concept 
that is based on the microcrack interaction approach. Indeed, first results 
obtained using this approach seems very promising (Ozbolt, 1992). 
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