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Abstract 
The discrete crack model is applied to both linear and non-linear 
fracture mechanics analyses of anchor bolt pull-out experiments. 

automated mesh generation is used for remeshing at each step 
of crack propagation. 

1 Introduction 

In this paper, a fracture mechanics analyses of anchor bolt 
experiments using discrete crack model are presented. Both 
and non-linear fracture mechanics are used and their applicability 
is discussed. For linear fracture mechanics, a path independent 
contour integral based on the reciprocal work theorem is used to 
evaluate the crack tip stress intensity factors (Stern et. al. 1976). 
For non-linear fracture mechanics, an interface crack model is 
to simulate the cohesive z.one (i.e. fracture process z.one) ahead of 
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crack tip (Cervenka 1994). In the finite element model, a crack 
is represented by two free surfaces, which can be connected through 

interface crack model for non-linear fracture mechanics. This 
means that for each crack extension, it is necessary to modify the 

element model by inserting additional element surfaces or in­
elements. In the presented analyses, this is accomplished 

with an automatic mesh generator. An analysed problem is repre­
sented by its solid model (i.e. boundary representation), which is 
modified for each crack propagation, and a new finite element model 
is generated (Cervenka 1994). 

Two different test geometries are considered in the analysis. The 
general geometry of the test specimens is shown in Figure 1, and the 
exact dimensions and material properties for both tests are listed 

1. The geometry and material properties that were used 
the analysis, were specified by the Japan Concrete Institute (JCI 

· 1993) their invitation to the round robin tests and analysis, and 
they are similar to the round robin analysis promoted by RILEM 
TC90-FMA (1991). 
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Figun' 1: Anchor bolt. pull out. test. geometry. 
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Tahk 1: Parameters of anchor bolt. pull out tcst.s. 

Test a b c d t E fr. 1: - G1 
[mm] [GPa] [MP a] [MP a] [N/mm] 

I 300 100 60 150 15 900 30.0 30.0 3.0 0.1 
II 60 80 30 60 6 350 29.4 34.3 3.4 0.1 

2 Linear elastic fracture mechanics 

In the linear elastic fracture mechanics analysis, an initial crack is 
introduced in the direction perpendicular to the direction of maxi­
mal principal stress at the point with its highest value. The stress 
intensity factors are evaluated using the path independent integrals 
of Stern et. al. (1976). The load required for crack propagation 
is determined by scaling the reference load such that the crack tip 
energy release rate in the direction of crack propagation is equal to 
the specific fracture energy G F· The direction of crack propagation 
is evaluated using the maximal circumferemtial stress criterion of 
Erdogan and Sih ( 1963). 

The results from both tests are showed in the form of deformed 
finite element meshes in Figure 2 and plots of load-displacement 
curves in Figure 3. The load-displacements diagrams show the re­
lationship between the force acting on the anchor and the vertical 
displacement of the anchor's upper edge. The force is normalized 
with respect to the product b x d x f ! . 

3 Non-linear fracture mechanics 

In Section 2, the anchor bolt pull-out experiments were analy~ed 
using the linear elastic fracture mechanics (LEFM). LEFM is not 
applicable for this problem size as it is documented on the resulting 
load-displacement curves (Figure 3). For both geometries the loads 
were overestimated if LEFM was used (see Figures 7 and 7. 
this section, same problem is reanalyzed, but nonlinear fracture 
mechanics is used. The fracture process z:one is modeled using the 
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Figure 2: Final crack pat.tern for anchor bolt pull out. tests. 

Fig11r<' 3: Load displan'ment curves for anchor bolt pull out. t.est.s. 
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interface crack model (Cervenka 1994) and again automatic mesh 
generation is used to for adaptive modifications of the finte element 

model. 
The finite element meshes and crack patterns for specim~n type I 

are illustrated in Figure 4. This analysis exhibits a "zig-zag" crack 
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Figure 4: Crack propagation for anchor ho1t pull out test I. 

pattern, which indicates that the selected crack increment /j.a of 
50 mm was too large, and the crack tip "oscila.tes" around the cor­
rect path. Originally the crack propagated at an angle of about 
20 degrees, but when the crack approached the support, it sharply 
curved down, and continued at about -55 degrees. Subsequently a 
secondary vertical crack developed below the vertical support caus­
ing the final failure. Eight remeshing steps were necessary in this 
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results for specimen type II are shown in Figure 5, which 
shows the crack patterns and shaded areas of maximal principal 
stresses at remeshing steps 2,6,9 and 10. Altogether, ten different 

element meshes were used. 
cracks were considered in this analysis. One started at the 

edge of the anchor head, and second at the bottom edge. The 
first crack proved to be the dominant one, and as for specimen I, 
it first propagated in an almost hori~ontal direction (10-20 deg.), 
but below the support, the crack again sharply turned downward, 
and continued at the angle of approximately -45 degrees. Again, a 
secondary vertical crack eventually developed under the support. 

crack paths for both specimens are plotted in Figure 6, and 
they show a good agreement with the experimentally observed ones. 
It should be noted however that the experimental crack patterns in 
this figure are only approximate, since no quantitative data about 
the exact crack patterns are reported in the literature. 

load-displacement curves are shown in Figure 7 and 8 for 
specimen I and II respectively. These figures show comparison 
of analysis with experiments and numerical simulations by 

researchers. The experimental curves are adopted from Shirai 
(1993) and Slowik (1993), and the numerical curves correspond to 

best results reported by Shirai (1993). 

Conclusions 

fracture mechanics analysis of two anchor bolt pull-out experi­
ments were presented. The discrete crack model was used for both 
analyses, and it was shown that the automatic mesh generation can 
alleviate one of the major drawbacks of the discrete crack model, 
which is the need to modify the finite element mesh at each step 
of crack extension. In addition, the model successfully simulated 
crack branching and propagation of multiple cracks. For anchor-

problems it is, however, necessary to complement the fracture 
mechanics model with an appropriate constitutive formulation for 
compressive behaviour as is indicated by the results of test 
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Figure 5: Crack propagation for anchor bolt pull out test TI. 
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Figure 7: Load displacerncnt curve for test I. 
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Figure 8: Load displacement curve for test 

5 Acknowledgements 

The funding for the work presented in this paper was provided by 
the Electric Power Research Institute, Palo-Alto, through Research 
Contract No. RP-2917-08. The support of its project manager, 
Mr. Doug Morris, and its project monitor, Mr. Howard Boggs is 
gratefully acknowledged. 

References 

[1] Cervenka, J. (1994). Discrete crack modeling in concrete struc­
tures, Ph.D. thesis, University of Colorado, Boulder. 

[2] Erdogan, F., and Sih, G.C. (1963). "On the Crack Extension 
in Plates under Plane Loading and Transverse Shear," Journal 
of Basic Engineering, Vol. 85, pp. 519-527. 

[3] Shirai, N. (1993). ".JCI Round Robin Analysis in Size Effect 
in Concrete Structures," US-Japan Workshop on Fracture and 
Size Effect in Concrete, Japan. 

[4] Slowik, W. (1993). Beitrage zur Experimentellen Bestimmung 
Bruclnnechanisher 1\1aterialparameter von Betonen, Research 

1929 



land. 

(5] Stern, M., Becker, ., and Dunham, R.S. (1976). ;'A contour 
integral computation of mixed-mode stress intensity ..... factors," 
International .Journal of Fracture, Vol. 12, No. 3, pp. 359-368 

1930 


