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SUMMARY
An incremental-iterative procedure for the nonlinear finite element analysis of reinforced concrete
structures is adopted here. Solid concrete is modelled as a hypoelastic material, whilst cracked
concrete (including fracture and aggregate interlock) is modelled with crack bands, according to
the smeared crack approach. The proposed approach is applied to the analysis proposed by
RILEM TC-90 FMA regarding pull-out tests of anchor bolts in concrete. Only the plane stress
condition is considered in this paper.

RÉSUMÉ

On adopte ici une procédure itérative et incrémentale dans le cas de l'analyse non-linéaire de
structures en béton armé. Le béton sain est modélisé par un matériau hypoélastique, tandis que
le béton fissuré (includant fractures et déchaussements des agrégats) est modélisé par des
«bandes de fissuration», ceci en accord avec l'aspect-même des fissures apparues. Cette
approche est appliquée à l'analyse proposée par RILEM TC-90 FMA, concernant le test d'arrachement

d'un boulon ancré dans le béton. On ne considère dans cet article que l'état de contrainte
bidimensionnel.

ZUSAMMENFASSUNG
Ein inkrementelles Iterationsverfahren wurde für eine nichtlineare Finite-Element-Analysis von
Stahlbetonbauten verwendet. Beton wird als ein hypoelastischer Werkstoff dargestellt, hingegen
wird gerissener Beton (Bruchmechanik und Kornverzahnung) mit Rissbändern, nach dem
«smeared crack»-Verfahren dargestellt. Das vorgeschlagene Verfahren wird für die vom RILEM
TC-90 FMA vorgeschlagenen Analysis, Ausziehungsversuchen von Betonankerschrauben
angewendet. Es wird nur ein ebener Spannungszustand berücksichtigt.
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1. INTRODUCTION

Tensile failure in concrete occurs when the tensile stress in one principal
direction exceeds the tensile strength. In this case the usual assumption that
a plane of failure develops at right angle to the previous principal direction
is introduced. Tensile cracking is identified using failure surfaces fixed at
the onset of the cracking. The smeared crack concept for fracture and
aggregate interlock is adopted As regards fracture, it is easier to use
compliance rather than stiffness matrices, and it suffices to adjust some
terms of the compliance matrix. Instead, for aggregate interlock it is easier
to use a stiffness matrix approach and it suffices to adjust four terms of
this matrix, which is nonsymmetrlc and does not yield coincident principal
axes for stress and strain increments because shear and normal components are
coupled. As a general rule, in concrete models, after tensile cracking, the
normal stress is released completely (ADINA [1]) and some coefficients of the
concrete stiffness matrix are reduced with two constant factors (ADINA, DIANA

[1], [5]). Isoparametric elements with a maximum of eight nodes and four
integration Gauss points in each direction are used. For concrete, we must
take into account three different angles at each integration point for:
failure plane, principal strains, principal stresses [9]. The tangent
stiffness matrix is referred to:
- principal stress directions, before tensile failure;
- failure coordinate system (axes parallel and transverse to the crack planes)

after tensile failure.
The tensile failure envelope given in Fig.l is employed. It may be observed
that compressive stress change this tensile strength. The nominal stress at
failure decreases as the size increases. This is caused by the fact that in
the presence of the softening the failure cannot be simultaneous but must
occur through propagation of a failure across the structure. In a larger
structure, this nonsimultaneous nature of failure is more pronounced. In
pullout failure, the existence of the size effect must clearly be expected,
due to the brittle nature of these failures.

2. RELATIONSHIP BETWEEN THE STRESSES AND THE CRACK OPENING IN FRACTURE

The simplifing assumption that the descending branch is a straight line is
adopted here. The analytical curve is shown in Fig.2a). The material behaves
in the nonlinear way shown in Fig 2b), where:
- Eq is the Young's modulus of concrete;
- the quantity of energy absorbed per unit crack area when the crack widens

from zero up to or beyond 5^ is represented by the area lying between the

curve and the e axis :

w / a(c )de""Gfi (1)

Then, from Fig.2b:

a/Eo+S/w (2)

VEo (3)

l/Cf+l/Eo - 1/Et (4)

G- (2.72+3.10 a ax d /E (from [2]) (5)
F t t «' 0

3. AGGREGATE INTERLOCK CONSTITUTIVE LAWS

The "Rough Crack Model" initially proposed by BaSant and Gambarova [3], and

later improved ([4], [8], [9], [10]), is here adopted:

a — a r Vs"* a /h
xm 12 n nt (6)
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FIG.l-Plane Tensile failure Envelope
of Model.( )Code,( )Kupfer et al.

FIG.2-Stress-Strain Diagrams for
Fracture.

4. ANALYSIS OF ANCHOR BOLTS IN CONCRETE

The material properties are as follows:
E^-30000 N/mm initial tangent modulus;

0.2 Poisson's ratio;
CT— 3.0 N/mm uniaxial tensile strength;
<* — -40.0 N/mm2 uniaxial compressive strength;

- .0022

- .0031

EG/ctort

uniaxial crushing strain;
uniaxial ultimate strain;
stress ratio for failure surface input;
strain scaling factor for multiaxiality;
control for iso/orthotropic material law;
control for loading/unloading chriterion;

333.3mm characteristic length.

;

A

2

d= 50, 150, 450 nun

a- d/2, d, 2d; b=lmm

FIG.3-Model by Round Robin and F.E.Mesh.
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The finite element mesh is shown in Fig.3. The load is applied at point A. For
the unit width b-l.mm, the load-displacement curves of the full slab are shown

in Fie.4 and have the maximum values P S as in Table I. Within the° U U

deadline of the Round Robin [11], the Author performed a case alone for
d-150mm, a-d, K-0. But the final results gathered in [11] compelled himself to
extend the analysis to all the six cases for a-d in order to complete the
comparisons, expecially with Cervenka and Ozbolt.

TABLE I-Maximum Loads and Displacements P /& [N//j] ([11]).
U U

K- 0 00

d [mm] 50 150 450 50 150 450

Ozbolt
Author
Cervenka(f)

175/35 427/90 934/185
338/107 440/116 1469/327
318/100 472/115 1090/340

328/60 804/200 1790/400
414/40 1063/110 2232/346

690/120 1307/310 2549/600

Some of the features of the solution process are:
- both material and geometrical nonlinearities are considered;
- only prescribed displacemets are used;
- the load steps are performed in such a way that the peaks of the stress -

strain curves for tensile stresses are matched within +2% (Fig.2b);
- the strain-softening range runs for at least 2 steps;
- the stiffness matrix is updated at each step;
- the equilibrium iterations are performed during each step, with the following

tolerance on convergence:
(0.5%P maximum allowed unbalanced load norm,

U

1% for the norm of unbalanced incremental energy.

5. BASANT-SIZE-EFFECT-LAW

In concrete structures, the size effect [6] is intermediate between the linear
elastic fracture mechanics, for which is much too strong, and the plastic
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limit analysis, for which it is absent. These laws are represented in Fig.5.
B is the negative slope of the tangent to the curve in Figs.5c,d. This slope
approaches that of linear fracture mechanics for increasing d. In terms of
sensitivity, it seems that in these cases the value of B is close to 0.5. One

consequence of this is also that the formal stress associated with pull out of
a bolt is very size-dependent.

6. CONCLUDING REMARKS

Within this research project, a pre-existing F.E.program for the nonlinear
analysis of R.C.elements has been implemented with suitable models for
concrete fracture and aggregate interlock.
In principle, the model for tensile fracture can be applied in analysing all
the cases where we need to rely on the tensile strength of concrete We are
still far from a sufficient understanding of all types of tensile-induced
structural failures. Some of them are very complicated to analyse. A major
research effort is needed within this area in order to achieve better
guidelines for design rules. Such a research effort may be expected to lead a
more even safety factor and large savings. The anchorage of bolts is a case
which can be teoretically analysed although it is rather complicated,
because not only tension, but also shear stresses act in the fracture zone,
and several fracture zones may have to be taken into account. In order to
compare different analytical methods,an invitation was given to a round robin
of this common structural detail. Here, comparison with more test results was
done. The Code proposed by Cervenka [11] (with fixed cracks) seems very close
to that one of the Author. Instead, Ozbolt [11] use a refined nonlocal
microplane model. Some of the features of this comparison are:
- the shapes of the load-displacement curve are very similar;
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- there is a certain scatter for the values P /5 that can be ascribed to dif-
U U

ferent meshes, different constraint, different shear reduction factors.
For the BaXant-Size-Effect-Law, it may be conclude that:
1.The present analysis results confirm that a size effect is present, i.e. the

nominal shear bond stress at failure decreases as the specimen increases.
2. It appears rhat the results are consistent with Bazant's approximate size

effect law for failures due to distributed cracking, as should be theoretically

expected according to the known failure mechanism.
3.The analyses indicate that larger specimens tend to fail in a more brittle

mode, while smaller specimens tend to fail in a less brittle mode or more
plastic shear-pullout mode. This transition in the type of failure as a funç
tion of specimen size is in agreement with the physical implications of the
size effect law and supports its applicability.
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