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Anchonng elements, such as headed studs, are used 10 transfer concentrated loads Into 
reinforced concre te members From ex penmen ta l eVidence It IS known that, prOVided the steel 
St rength of the stud IS high enough, fa ilure occurs by pulling out a concrete cone formed by 
clrcumferentral crack growth In the so-called mixed mode, w ith signi ficant size effect. Numencal 
analyses md,cate that the dommant mfluence factor on the fa ilure load IS the concrete fracture 
energy, It IS shown that In such applica tions, the load transfer from the anchor Into the concrete 
may safely be done by uSing the concrete tenSile strength . 

RESUME 

Des elements d'ancrage tels que les boulons sont ut ilises pour transmettre localement des 
Charges dans une structure en beton arme. Selon revldence expenmentale, II est clair Que s; la 
reSiS tance de r acier du boulon est suff,sante, la rUlne est altein te par arrachement d'un cone en 
beton . une f'ssure clfculalfe se devefoppe, accompagnee d 'un effet de ta ,lIe slgnlflcat" dans ce 
QU'on appelle un ((mode rnlxtell . Les analyses numenques ,nd'quent que l'lnfluence domlnante 
Sur la charge ult lrne a l'energle de fracture du beton. II es t Ires Interessant que dans ce type de 
~truc tures, Ie beton pUlsse transmenre des charges de l'ancrage a la masse enserrante sans 
J aide de I'armature, et ceci grace a la mobilisation de sa resis tance a la traction 

lUSAMMENFASSUNG 
BefeStigungselemente w le Kopfbolzen werden hauflg emgesetzt: um Lasten m Stahlbe:.ontrag­
werke elnzulelten . Versuche zergen, dass das Versagen bei ausrelchend hoher Stahltra~fahlgkelt 
durch die Ausblldung eines Betonausbruchkegels hervorgerufen w lfd Ole Bruchlast hangt nach 
den Ergebnlssen der numerlschen Untersuchungen hauptsachllch von der Betonbruchenergre abo 
Es Wlfd drsku tlert . dass In dlesen Anwendungsfaflen die Betonzugfestlgkell 10 Anspruch ge­
nommen werden kann. ohne dass eln S,cherhertsr;Sllco besteht 
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1. INTROWCTIOH 

In engineering practice, headed anchors are often used to transfer loads Into 
concrete structures. Fro. exper1.ental evIdence It Is known that, provIded the 
steel strength of the anchor Is high enough, headed anchors fall by pulling a 
concrete cone. The fallure Is due to the fallure of concrele In tension by 
foraing a clrcuaferentlal crack growing in the so-called alxed .ode [IJ . In 
recent years several atte.pls have been .ade to understand this growth and to 
predIct the fallure load of headed studs III - (4]. Sumaarlz1ng these 
activitles. it can be said that uterlal aodels based on plastlcity and on 
stress-strain relationships together with stress fallure criteria are not 
capable of predicting the behavior of anchors as observed in experiments [lJ. 
[51. Further.ore, the predicted fallure load depends on the elelllent size and. 
load step size. A better explanation of anchorage behavior can be expected 
using more general aaterial models based on fracture mechanics. Some recent 
results of the numerical analysis using axlssymmetric fInite elements and a 
non-local .Icroplane .odd for concrete are shown and discussed. The .ain 
obJective of this study is to de.onstrate the influence of different concret~ 
properties and the size effect on the fallure load. Further.ore, it is 
discussed why in these applications the concrete tensile strength can be used 
without safety risk. 

2 . REVIEW OF TIlE NON-L0C4L HICROPLANE HODEL 

The xdcroplane models were inItiated by G. 1. Taylor (6] . who suggested the 
principle for the m.odeling of plasticity of polycrystal1ne metals. Recently 
(7), this approach has been extended to include strain softening of concrete, 
and has been rena.ed more generally the -aicroplane model-, in recognition of 
the fact that the approach is not limited to plastic slip but can equally well 
describe cracking and strain softening da.age. 
Basically, on the aaterial level one may dIstingUish two types of interactions 
among particles or da.age sites in the aicrostructures, whIch aust be sOlllehow 
aanifested In the continuum model : (1) InteractIon at a distance aaong various 
sites (e.g • • between A and B, in Fig. 1); and (2) interaction among various 
orienlationa (see angle « in Fig. 1) . 
The Interact10ns at a distance control the locallzation of damage. They are 
ignored In the classical, local contlnuUII Iloclels. but are reflected in 
non-local aedels £8J. According to the non-local straIn concept, the stress at 
a poInt depends not only on the straIn at that poInt but also on the strain 
field wi thin a certain region around the point. In the current study, an 
effective fora of the non-Ioca.l concept Is used in which all variables that 
are associated with strain softening are non-local and all other variables are 
local (9). The Icey paraaeter in the non-local concept e.ployed is the 
characteristic length lc over which the strains are averaged. However, it is 
still not clear how to correlate the characteristic iength with concrete 
properties In general 3D stress-strain states. In a preceding paper (9J the 
non-local aicroplane medel as well as an effectIve numerical iterative 
algorltha for the loading steps used in the finite ele.ent code are described 
in detall. 

3. REVIEW OF TIlE IlUKERICAL SIUDIES ON TIlE BDlAVIOR OF ANCHORAGES 

The behaVior of headed studs e_bedded in reinforced concrete blocks 1s studied 
In (10] - 1121. In these studIes, the influence of the d.ifferent Dlaterlal and 
geometrical parameters on the concrete cone fallure is investigated. The 
concrete 
tensile and compression strength, fracture energy, initial Young ' s modulus and 
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the size of the stud are varied. To deaonatrate the size effect . the influence 
of the e.~ent depth on the faIlure load Is studied. 
rhe analysis Is perroT.ed using axissyaaetrlc four-node finlte elements and 
the non-local alcroplane aodel . A typical fInIte element mesh employed In the 
analysis Is shown In Flg. 2 . FIg. 3 shows a comparison between test results 
and results of the numerIcal analysis and delllonstrates that the non-local 
Ilcroplane lIIodel can correctly predict the concrete cone {allure load. 
Fig. 4 de.oDstrates the influence of the concrete fracture energy G on the 
faIlure load. In these studies. the concrete tensile strength Fwas kept 
constant. According to the FIg. 4. the faIlUre load Is Toughly proportional to 
the squaTe root of G • The influence of the tensile strength. for a constant 
value of Gr' on falltre load is shown in Fig. S. It indica tes that the 
concrete tensIle strength has a small influence on the concrete cone failure 
load. Both results are also confirmed by Sawade (5}. Concrete compression 
strength and the size of the head have a significant InflUence on the 
displace.ent field. but a relatively little Influence on the failure load 
(11 1. 
Because the analysis shows the dominant role of the concrete fracture energy 
on the anchor behavior a large size effect on the fallure load must be 
expected. Indeed. results of n\Ulerical analyses obtained in IU) and (121. as 
well as test results indicate a significant size effect that is close to that 
predicted by linear elastic fracture aechanics (Fig. 6). 
In spite of the fact that the G value has a dominant influence on the 
concrete cone failure load. the ~eslgn of fastenings should be based on the 
concrete compression strength, since this concrete property can easily be 
_easured and is known to the designer. 

C. USE OF THE TDlSILE S"l'IUl«mI IN ANCHORAGES 

In .any applications. no reinforcement can be provided in the region of headed 
anchors that could take up the load transferred by the anchor into the 
structure. Therefore. these forces must be resisted by the concrete tensile 
strength. In contras t to that . generally in reinforced concrete des ign, the 
concrete tensile strength is neglected and any tensile stresses In the 
concrete are taken up by reinforce.ent. This approach is justified by the fact 
that tensile s tresses JDay be induced in the concrete by the restraint of 
i_posed defor.ations i . e . due to creep. shrinkage. temperature varIations or 
Support settlements. which .ay r each the concrete tensile strength and cause 
cracks in the concrete. These stresses are parallel to the tension stresses 
fl . e. bending stresses) induced by loads. Therefore, failure of the structure 
aay be caused by the restraint of imposed deformations if no reinforcement Is 
present to take up the tensile forces due to loads. 
In the case of headed studs elQbedded In concrete. the si tua tion is somewhat 
different. The failure surface Is not perpendicular to the load directions and 
tbe tensile stresses on the faIlure plane are inclined to the concrete surface 
(Fig. 7). Therefore. the tensile stresses induced by the anchor load intersect 
with additional tensHe stresses generated in the concrete and due to the 
restraint of imposed deformations. which are parallel to the concrete surface 
OVer a small part of the failure area only. Furthermore, the fracture process 
is very stable up to peak load because the c ircumferential crack forms a cone 
and the crack tIp has to penetrate a larler area the move it grows. Therefore, 
1f the additional stresses cause locally the for.ation or widening of a 
.1crocrack. stable stress redistribution is possible. According to rough 
theoretical investigations a reduction of the concrete cone fallure load by 
about 20Y. can be expected if the additional tensile stresses ~.d reach the 
concrete tensile strength Il3} . This possible reduction of the failure load 
is saaller than the reduction which must be expected if the anchor is located 
in a crack {l41. It should be taken into account in the design of the 
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fastening. Naturally, reinforcement must be present to prevent failure of the 
structure serving as anchor ground. 

5. CONCLUSIONS 

The nuaerlcal results as well as experimental observations Indicate that the 
fallure of headed studs embedded In plain concrete Is due to {allure of 
concrele In tensIon (circumferential cracking) ralher than In co~presslon. The 
faIlure load Is aalnly influenced by the concrete fracture energy G . However, 
the desIgn of fastenings should be based on the concrete comPTes51ah strength. 
sInce that value Is known to the designer. 
In spIte of the fact that the concrete cone faIlure load Is governed by the 
lensUe properUes of concrete. no reinforcemenl Is necessary to take up the 
concrete tensIle stresses induced by the anchor. This can be explained by the 
fact that the tensile stresses induced in the concrete by other external loads 
or by restraint of Iaposed deforaatlons , e.g. due to temperature variatIons, 
intersect hardly with the tensIle stresses induced by the anchor. furtheraore, 
the fracture process is very stable so that a stable stress redIstributIon is 
possIble if local cracks are caused. in the concrete by these add! tional 
tenaUe stresses. However, reInforcement aay be provided to increase the 
anchor strength. 
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Fig. 1 InteractIon among the varioUS 
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Flg. 2 Typical finite ele.ent .esh 
used In the analysis 
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