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SIZE EFFECT IN ANCHORAGE BEHAVIOR 

.. .. R. Eligehausen and J. Ozbolt 

The results of the nuaerical analysis for 
pull-out tests on headed anchors with axisr--etric 
finite eleaents and nonlocal aicroplane .odel for 
concrete are presented. Based on the results of the 
nuaerical analysis and Bazant' s size effect law a 
failure load foraula is derived and coapared with 
eapirical failure load equations. Nuaerical results 
are in good agreeaent with experiaental evidence 
and indicate a strong size effect which should be 
taken into account in current design practice. 

INTRODUCTION 

In engineering practice headed anchors are often used 
to transfer load into concrete structures. Froa experiaental 
evidence it is clear that provided the steel strength of the stud 
is high enough, headed anchors fail by pulling a concrete cone. The 
failure is due to the failure of concrete in tension by foraing a 
circuaferential crack growing in so-called aixed aode (Eligehausen 
and Sawade (1». As failure is due to concrete in tension, concrete 
tension properties as well as fracture energy have a doainant 
influence on the failure load, while concrete coapression 
properties have a saall influence on the failure load, but play an 
iaportant role in the shape of the load-displaceaent curve (Ozbolt 
and Eligehausen (2». Strong dependency between concrete fracture 
energy and failure load as well as experience froa a nuaber of 
pull-out tests indicates strong size effect. This aeans that the 
fracture is driven by the stored elastic energy that is released 
globally froa the entire speciaen at failure. This very iaportant 
aspect of pUll-out problea is still open. Due to this, the aain 
objective of this study is to investigate the size effect in 
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pull-out probleas using axisyaaetric finite eleaent analysis and 
nonloqal aicroplane aodel. 

HUJlBRICAL ANALYSIS. PINITE ELDIINT DISCRITIZATION 
AND MATERIAL MODEL 

In the nuaerical analysis four-nodes isoparaaetric finite 
eleaents with four integration points are used. The geoaetry of the 
speciaen and typical finite eleaent aesh is shown in Pig. 1. The 
size effect is analyzed using three geoaetrically siailar speciaens 
with the size increase by a factor of three. The geoaetry of the 
speciaens is correlated with the eabedaent depth d. Three eabedaent 
depths are considered: d: 50, 150 and 450 ... The distance between 
Bupport and anchor is 3d, so that an unreBtricted foraation of the 
failure cone iB poBsible. In all analyzed caseB pulling out of the 
anchor is perforaed by preBcribing displaceaentB at the bottoa of 
the head. Contact between anchor and concrete exiBts under the head 
of the Btud only. To account for the restraining effect of the 
eabedded anchor, the displaceaents of the concrete surface along 
the steel stud in the vicinity of the head are fixed in direction 
perpendicular to the load direction. Except BupportB, all other 
nodeB at the concrete surface are supposed to be free. 

The analysis is perfoned using nonlocal aicroplane aodel. 
Detailed description of the aicroplane .odel iapleaented into the 
finite eleaent code is given by Baunt and Ozbolt (3). Material 
paraaeters are taken BO that the resulting tension strength is 
approx. ft.: 3.0 MPa, fracture energy G: 0.1 N/_ and uniaxial 
coapreBBion strength approx. f : 40.0 MPa. Initial Young's aodulus 
and PoisBon's ratio are taken is E : 30000 Mfa and v : 0.20. 
Characteristic length in non local analysis is taken as 1 = 12.0 ... 

RESULTS OP DIE ANALYSIS 

Load displaceaent curves for three different eabedaent depths 
are shown in Pi,. 1. The displaceaent is .onitored under the head. 
It can be seen that the displaceaent at failure load increasing 
with eahedaent depth. AsBuin, no size effect the failure loads 
should increase in proportion to d2

, that aeans by a factor of 9 
when triplin, the eahedaent depth. The results of the analysis show 
that the increase in failure load is auch less (approxiaatel, by a 
factor of 5.7) which is a consequence of size effect. 

Using Bazant's size effect law (Bazant (4», the concrete cone 
failure load can be calculated by Eq. 1: 

F : P B(I+d/d )-1/ 2 (1) 
n u 0 

where F represents load at failure including aize effect, Fu 
a failBre load without size effect, d is eabedaent deptn 
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while B and do represent constants which are calculated froa the 
linear regression analysis of the obtained failure loads. No size 
effect ultiaate load Fu is calculated using a foraula: 

F = "If d
Z 

(2) u c 

where f represents concrete coapression strength and " is a factor 
to caligrate calculated failure loads with the aeasured values and 
to assure the diaenaional correctness of Eq. 2 • Eq. 2 is 
proposed by ACI 349, appendix B, (5) for the prediction of the 
concrete cone failure load. 

In Fig. 2 the results of the analysis are plotted and coapared 
wi th the size effect law (Eq. 1). The coefficient " in Eq. 2 is 
fixed such that the nuaerically obtained failure load for anchors 
with d= 50 .. is predicted correctly. Froa Fig. 2 is obvious that 
the results of the analysis agree rather well with the size effect 
law. 

In Fig. 3 the results of the analysis are coapared with 
different failure load equations. Plotted are the relative failure 
loads as a function of the eabedaent depth. The failure load for d= 
150 .. is taken as reference value. The peak loads according to the 
size effect law (Eq. 1) and Eq. 2, which neglects the size effect, 
are shown. Furtheracre, the failure loads according to the foraula 
proposed by Eligehausen and Sawade (6), which is derived on the 
basis of linear fracture aechanics, and is of the fora: 

(3) 

are also plotted. In Eq. 3" is a constant. The fracture loads 
predicted by Eq. 3 agree ratAer well with test results (6). Froa 
Fig. 3 it is clear that a foraula that does not take into account 
the size effect (such as Eq. 2 proposed by ACI 349) underestiaates 
the failure loads for saall eabedaent depths and is unconversative 
for larger eabedaent depths. The agreeaent between the foraula 
derived on the basis of size effect and the foraula based on linear 
fracture aechanics is good in the entire eabedaent range. 

The relative shape of the fracture cone for three different 
eabedaent depths is plotted in Fig. 4. The failure cone slopes 
after the peak load are estiaated froa the results at peak load, 
aarked in the figure. The ratio diaaeter of the failure cone to 
eabedaent depth decreases with increasing anchorage depth. This 
agrees qualitatively with test results (1). Therefore the effective 
relative cone surface area decreases with increasing eabedaent 
depth, what is a consequence of the size effect. 

The distribution of the tensile stresses perpendicular to the 
failure cone surface are shown in Fig. 5 as a function of the ratio 
Ih/l where 1 represents the distance froa the anchor and Ih •• x 

is tn:·'ailure c~ne radius taken froa Fig. 4. These distributiona, 
which are estiaated froa the results of the nuaerical analysis, are 
acre pariLbola like in the case of saaller eabedaents and acre 
triangular like in the case of larger eabedaents. Tbis is again a 
consequence of the size effect. 
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OONCWSIOBS 

The results of the present nuerical analysis indicates a 
significant size effect on the concrete cone failure load of headed 
anchors e.bedded in large concrete bl~9\s, The failure loads 
increase approxiaatel,. in proportion to d • This is in agree.ent 
wi th experiaental evidence (1). Prediction fonula which do not 
take into account the size effect. such as the fonula proposed by 
ACI 349 (5), overestiaate the failure load for large e.bedaent 
depths. The size effect is due to the fact that the elastic energy 
at peak load is released froa 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 eabedaent depth. The size effect on anchor failure loads 
should be taken into account in design practice. 
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Figure 1 Load-displace.ent diagraas and FE .esb 
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Figure 2 eo.parision between size effect law and 
calculated results 
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Figure 3 Prediction of the failure loads using different 
.ethods 
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Figure 4 Shape of the failure cone surface area 
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DISTRIBUTION OF THE TENSILE STRESSES 
4.0 ALONG THE FAILURE CONE SURFACE AT 

PEAK LOAD 
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Figure 5 Tensile stress distribution along the cone surface 
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