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Sustained Tensile Strength of Concrete
Résistance a la traction du béton sous charge de longue durée
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SUMMARY

Tests have been carried out in order to study the behaviour of concrete under concentric and
eccentric sustained tensile loading. Variables were the eccentricity of the load, the shape of the
concrete cross-section and the loading rate. Realistic values for the sustained tensile strength
were determined, depending on the load level and the loading rate.

RESUME

Des expériences ont été menées afin d'étudier le comportement du béton sous charge de
traction centrée et excentrée. Les variables étudiées ont été I'excentricité de la charge, la forme
de la section en béton et le temps de chargement; ceci aboutit & la détermination de la résistance
a la traction, qui dépend du niveau de sollicitation et du temps de mise en charge.

ZUSAMMENFASSUNG

Es wurden Versuche zur Beschreibung des Verhaltens von Beton unter zentrischer und exzentri-
scher Dauerzugbeanspruchung durchgefuhrt. Dabei wurden unterschiedliche Exzentrizitdten
sowie unterschiedliche Betonquerschnitte untersucht. Eine realistische Grosse der Zugfestigkeit
des Betons unter Dauerbeanspruchung wurde in Abhéngigkeit von Belastungsniveau und Be-
lastungsgeschwindigkeit ermittelt.
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1. INTRODUCTION

Nowadays the significant role of the tensile strength in the design of concrete structures
begins to be reckognized. In the introductory lectures by Hillerborg and Duda/Konig many
factors, influencing the concrete tensile strength and the post-cracking ductility, were
discussed. However, hardly any attention has been devoted to the role of the so-called
sustained loading effect. Nevertheless, if results of various authors may be believed, the
sustained tensile strength is considerably lower than the tensile strength, obtained in a short
term test. The ratio sustained to short term tensile strength is reported to be about 70%, see
Fig. 1.
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Fig. 1 Principle of sustained tensile test

An important observation is that this sustained strength-limit is reached after a relatively
short period. A few days of sustained loading are sufficient to reach the 70% limit. This
phenomenon may have important consequences, both in a favourable and in an unfavourable
way. With regard to strength considerations, such as the shear capacity of members not
reinforced in shear, a reduction of the eapacity seems mandatory. On the other hand, a
reduction of the tensile strength by sustained loading would have a positive effeet in cases
where minimum reinforcement is required due to the effect of imposed deformations. In this
case the reduction of the tensile strength leads to a proportional reduction of the required
amount of minimum reinforeement.

This shows that it is worthwhile to consider the influence of the strain rate more in detail. A
number of questions can be raised, f.i.

- To what extend does the sustained strength-limit depend on the definition of the short
term tensile strength? If the loading rate of the short-term test is not the same in all the
tests, the sustained strength-limits f.¢ /fcy,o &s reported by various authors in the
literature, are not comparable.

- Up to now only concentric sustained tensile tests have been reported. Many structural
actions, however, lead to stress gradients. [t is questionable if the results of concentric
tensile tests can be applied to eccentric load application, or to flexure.

- Furthermore it may be wondered if the classical sustained loading test is representative
for any loading case. If imposed deformations are concerned, the tensile stresses develop
slowly in time and reach the cracking level within a period which may vary between hours
and days.

In order to generate answers on these questions a number of tests has been carried out.
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2. EXPERIMENTS

2.1 Sustained concentric tensile loading tests

The classical concept of a sustained loading test is as follows. The short term tensile strength
(rapid test) is determined with a certain loading rate: subsequently, concrete with the same
properties and storage conditions are loaded to a certain fractile of the previously
determined short-term tensile strength. At this loading level the stress is kept constant. For
high levels ({'—“—— > 0,7), the conerete is observed to fail after a certain period.

This principlé: ot testing was adopted for the first series of tests. The tests were carried out
on cylindrical (4 150 x 300 mm) and rectangular (150 x 150 x 300 mm) specimens, casted
vertically in steel moulds. In order to prevent the development of internal stresses by
shrinkage, the specimens were sealed before and during testing with plastic sheets. The
average cube strength was 32 N/mm2.

The short-term tensile strength was determined by testing specimens with such a loading rate
that failure occured after about 10 seconds. In the sustained loading tests, the sustained load
level was reached within one minute. Then the load was kept constant until failure occurred.
The results of these tests are shown in Fig. 2.
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Fig. 2 Relationship between relative sustained stress level and time to failure for the
concentrie tensile tests

It can be seen that time to rupture increases with decreasing stress level o./f... It was
found that, if a specimen did not fail within the first three hours, no failure at all occurred
(the maximum loading time was two weeks). The lower limit of o./f., as observed, was 0.7.
The specimens which did not fail after a period of sustained ioading were subsequently loaded
to failure in a rapid tests. Surprisingly, the strength obtained after this procedure was
significantly higher than the strength obtained in a short term test on virgin specimens! This
cannot be explained by the effect of continuing hydration, since an increase in strength was
also observed after a sustained load of only a few hours. This might be explained by
relaxation of the cement matrix during sustained loading, which could lead to a relaxation of
stresses at the tip of the miero-cracks.

2.2 Sustained eccentric tensile loading tests

After the concentric tensile loading tests, a series of experiments was carried out on
specimens, subjected to an eccentric tensile load. The relative load-eccentricities adopted in
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the tests were e/d = 0.167 and 0.5.

Figs. 3a and b show, that the decrease of the strength by sustained loading, is smaller, the
larger is the eccentricity of the load. For e/d = 0.167 no failure was observed to values of
oc/f ey smaller than 0.75. For e/d = 0.50 the lower limit was even about 0.9.
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Fig. 3 Relation between relative stress level and time to rupture by eccentrie tensile
loading, with e/d = 0.167 and e/d = 0.50.

Also here the specimens which did not fail during sustained loading where loaded to failure in
a short term test, and also here an increase of the strength was observed.

Obviously the sustained loading effect consists of two mechanisms, a damaging one and a
hardening one. If the damaging mechanism is not strong enough to cause failure, the
hardening mechanism starts to dominate, which results in & higher strength than the original
one.

2.3 Eecentric tensile tests with different loading rates

If the previous conclusicns, coneerning damaging and hardening, were true, this would mean
that, in case of a constant loading rate, a reduction of this loading rate could possibly lead to
an increase of the strength, In order to examine this phenomenon, cylindrical specimens were
loaded up to failure with different loading rates. The failure occurred after about 6 seconds,
2 minutes, 20 minutes, 1 hour and 2,5 hours. Fig. 4 shows the relatlonshlp between the failure
load after the loading rate.

In Fig. 4 the loading rate is represented along the horizontal axis. The highest loading rate
was such, that failure oceurred in about 6 seconds (righthand side of the diagram). If the
loading rate is deereased (passing from right to left), the strength decreases too. However,
further lowering the loading rate leads to an increase of the strength.

This is remarkable because in such a situation, which reflects f.i. the case of stresses by
imposed deformations (such as solar radiation), the lowest strength is obtained for a loading
rate, which is generally considered as helonging to a short term test. Tensile splitting tests,
carried out on control specimens, as usual in practice, do generally not require more than 2
minutes, so that applieation of a strength reduction factor to consider a sustained loading
effect in practical situations seems to be unjustified.
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Fig. 4 Relationship between failure tensile load and loading rate for an eccentricity of e/d =
0.167

3. CONCLUSIONS

- In concentric tensile tests the strength under sustained loading is smaller than under
short-term loading. In order to determine the sustained strength limit, a clear definition
of the short-term strength is necessary. If the short-term strength is determined within a
failure time of 10 seconds, the sustained tensile strength is about 70% of the short-term
strength, whereas in the case of 100 seconds failure time, the sustained tensile strength is
about 859% of the short-term strength.

- The sustained tensile strength increases with increasing eccentricity: i.e. if a stress
gradient is available over a cross-section, and the short term strength is defined as that
strength, which is obtained in 100 seconds, the sustained loading effect can be neglected.

- In addition to the damaging effect there is also a hardening effeet, which can probably be
explained by the reduetion of the peak stresses by relaxation. This is most effective if the
loading rate is relatively small.
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SUMMARY

Anchoring elements, such as headed studs, are used to transfer concentrated loads into
reinforced concrete members. From experimental evidence it is known that, provided the steel
strength of the stud is high enough, failure occurs by pulling out a concrete cone formed by
circumferential crack growth in the so-called mixed mode, with significant size effect. Numerical
analyses indicate that the dominant influence factor on the failure load is the concrete fracture
energy. It is shown that in such applications, the load transfer from the anchor into the concrete
may safely be done by using the concrete tensile strength.

RESUME

Des éléments d'ancrage tels que les boulons sont utilisés pour transmettre localement des
charges dans une structure en béton armé. Selon I'évidence expérimentale, il est clair que si la
résistance de |'acier du boulon est suffisante, la ruine est atteinte par arrachement d'un céne en
béton: une fissure circulaire se développe, accompagnée d'un effet de taille significatif dans ce
qu’on appelle un «mode mixte». Les analyses numériques indiquent que I'influence dominante
sur la charge ultime a I'énergie de fracture du béton. Il est trés intéressant que dans ce type de
structures, le béton puisse transmettre des charges de I'ancrage a la masse enserrante sans
I'aide de I'armature, et ceci grace a la mobilisation de sa résistance a la traction.

ZUSAMMENFASSUNG

Befestigungselemente wie Kopfbolzen werden haufig eingesetzt, um Lasten in Stahlbetontrag-
werke einzuleiten. Versuche zeigen, dass das Versagen bei ausreichend hoher Stahltragfahigkeit
durch die Ausbildung eines Betonausbruchkegels hervorgerufen wird. Die Bruchlast hangt nach
den Ergebnissen der numerischen Untersuchungen hauptséchlich von der Betonbruchenergie ab.
Es wird diskutiert, dass in diesen Anwendungsfillen die Betonzugfestigkeit in Anspruch ge-
nommen werden kann, ohne dass ein Sicherheitsrisiko besteht.
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1. INTRODUCTION

In engineering practice, headed anchors are often used to transfer loads into
concrete structures. From experimental evidence it is known that, provided the
steel strength of the anchor is high enough, headed anchors fail by pulling a
concrete cone. The failure is due to the failure of concrete in tension by
forming a circumferential crack growing in the so-called mixed mode [1]. 1In
recent years several attempts have been made to understand this growth and to
predict the failure load of headed studs [1]) - [4]. Summarizing these
activities, it can be said that material models based on plasticity and on
stress-strain relationships together with stress failure criteria are not
capable of predicting the behavior of anchors as observed in experiments [1],
[S]. Furthermore, the predicted failure load depends on the element size and
load step size. A better explanation of anchorage behavior can be expected
using more general material models based on fracture mechanics. Some recent
results of the numerical analysis using axissymmetric finite elements and a
non-local microplane model for concrete are shown and discussed. The main
objective of this study is to demonstrate the influence of different concrete
properties and the size effect on the failure load. Furthermore, it |is
discussed why in these applications the concrete tensile strength can be used
without safety risk.

2. REVIEW OF THE NON-LOCAL MICROFLANE MODEL

The microplane models were initiated by G.I.Taylor [6], who suggested the
principle for the modeling of plasticity of polycrystaline metals. Recently
[7]1, this approach has been extended to include strain softening of concrete,
and has been renamed more generally the "microplane model", in recognition of
the fact that the approach is not limited to plastic slip but can equally well
describe cracking and strain softening damage.

Basically, on the material level one may distinguish two types of interactions
among particles or damage sites in the microstructures, which must be somehow
manifested in the continuum model: (1) Interaction at a distance among various
sites (e.g., between A and B, in Fig. 1); and (2) interaction among various
orientations {see angle « in Fig. 1).

The Iinteractions at a distance control the localization of damage. They are
ignored in the classical, 1local continuum models, but are reflected in
non-local models [8]. 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 within a certain region around the peint. In the current study, an
effective form of the non-local concept is used in which all variables that
are associated with strain softening are non-local and all other variables are
local [9]. The key parameter in the non-local concept employed is the
characteristic length I over which the strains are averaged. However, it is
still not clear how to “correlate the characteristic length with concrete
properties in general 3D stress-strain states. In a preceding paper [9] the
non-local microplane model as well as an effective numerical iterative
algorithm for the loading steps used in the finite element code are described
in detail.

3. REVIEW OF THE NUMERICAL STUDIES ON THE BEHAVIOR OF ANCHORAGES

The behavior of headed studs embedded in reinforced concrete blocks is studied
in [10] - [12]. In these studies, the influence of the different material 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 demonstrate the size effect, the influence
of the embedment depth on the failure load is studied.

The analysis is performed using axissymmetric four-node finite elements and
the non-local microplane model. A typical finite element mesh employed in the
analysis is shown in Fig. 2. Fig. 3 shows a comparison between test results
and results of the numerical analysis and demonstrates that the non-local
microplane model can correctly predict the cencrete cone failure load.

Fig. 4 demonstrates the influence of the concrete fracture energy G_ on the
failure load. In these studies, the concrete tensile strength was kept
constant. According to the Fig. 4, the failure load is roughly proportional to
the square root of G_. The influence of the tensile strength, for a constant
value of GF, on failure load is shown in Fig. 5. It indicates 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
displacement field, but a relatively little influence on the failure load
[11].

Because the analysis shows the dominant role of the concrete fracture energy
on the anchor behavior a large size effect on the failure load must be
expected. Indeed, results of numerical analyses obtained in [11] and [12], as
well as test results indicate a significant size effect that is close to that
predicted by linear elastic fracture mechanics (Fig.6).

In spite of the fact that the G value has a dominant influence on the
concrete cone failure load, the design of fastenings should be based on the
concrete compression strength, since this concrete property can easily be
measured and is known to the designer.

4. USE OF THE TENSILE STRENGTH IN ANCHORAGES

In many 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 contrast to that, generally in reinforced concrete design, the
concrete tensile strength is neglected and any tensile stresses in the
concrete are taken up by reinforcement. This approach is justified by the fact
that tensile stresses may be induced in the concrete by the restraint of
imposed deformations i.e. due to creep, shrinkage, temperature variations or
support settlements, which may reach the concrete tensile strength and cause
cracks in the concrete. These stresses are parallel to the tension stresses
(i.e. bending stresses) induced by loads. Therefore, failure of the structure
may 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 embedded in concrete, the situation is somewhat
different. The fallure surface is not perpendicular to the load directions and
the 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 tensile 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 circumferential crack forms a cone
and the crack tip has to penetrate a larger area the move it grows. Therefore,
if the additional stresses cause locally the formation or widening of a
microcrack, stable stress redistribution 1is possible. According to rough
theoretical investigations a reduction of the concrete cone failure load by
about 20% can be expected if the additional tensile stresses ¢ reach the
concrete tensile strength [13]. This possible reduction of the**failure load
is smaller than the reduction which must be expected if the anchor is located
in a crack [14]. 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 numerical results as well as experimental observations indicate that the
failure of headed studs embedded in plain concrete is due to failure of
concrete in tension (circumferential cracking) rather than in compression. The
failure load is mainly influenced by the concrete fracture energy G _. However,
the design of fastenings should be based on the concrete compression strength,
since that value is known to the designer.

In spite of the fact that the concrete cone failure load is governed by the
tensile properties of concrete, no reinforcement is necessary to take up the
concrete tensile stresses induced by the ancher. This can be explained by the
fact that the tensile stresses induced in the concrete by other external loads
or by restraint of imposed deformations , e.g. due tc temperature variations,
intersect hardly with the tensile stresses induced by the anchor. Furthermore,
the fracture process is very stable so that a stable stress redistribution is
possible 1if 1local cracks are caused in the concrete by these additional
tensile stresses. However, reinforcement may be provided to increase the
anchor strength,
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SUMMARY

The shear behaviour of reinforced concrete beams with various types of vertical shear reinforce-
ments and for different load arrangements, modelling the action of headed anchors installed in
the tension zone, is numerically analysed by a non-linear finite element program based on a
smeared crack approach taking into account non-linear fracture mechanics. Factors affecting the
ultimate shear strength are discussed with respect to the numerical analysis and the overall
structural response.

RESUME

Le modele mécanique d'affaiblissement de contrainte aprés fissuration du béton en traction, ainsi
que la résistance-méme en traction de ce matériau constituent le base du modéle de discrétisa-
tion des fissures dans une analyse par éléments finis. Ce concept est ultilisé dans I'analyse du
probléme du cisaillement de poutres en béton armé sous différentes positions de la charge, celle-
ci cheminant dans la matiére au moyen des éléments d'armature ancrés dans le béton et les
étriers. Les facteurs qui influent sur la résistance ultime & |'effort tranchant sont discutés a la
lumiere du respect des dispositions énoncées par la Norme au sujet des techniques d'ancrage.

ZUSAMMENFASSUNG

Es wird der Einfluss von durch Kopfbolzen in die Betonzugzone eingeleiteten Lasten auf das
Schubtragverhalten von Stahlbetonbalken mit unterschiedlichen Schubbewehrungen untersucht.
Die Studien werden mit einem nichtlinearen FE-Programm durchgefiihrt, das auf dem Konzept
der verschmierten Risse unter Berlcksichtigung der nichtlinearen Bruchmechanik beruht. Die das
Schubtragverhalten beeinflussenden Faktoren werden diskutiert.
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1. INTRODUCTION

The shear strength of reinforced concrete beams is almost exclusively studied for the cases where the
loads are applied through plates directly onto the top beam surface. However, in modern structures
the loads may partly be applied by means of high-tech metal anchoring elements placed in the bottom
part of the beam. The influence of this load application by means of anchoring elements on the shear
strength of beams without shear reinforcement has been extensively studied by Eligehausen et al.
[3]. Their principal conclusion was that on an average the shear failure load is reduced by 10% when
the entire load is applied by means of anchoring elements placed in the bottom, tensile zone. The
same conclusion was verified by Cervenka et al. [2] in a finite element analysis of reinforced concrete
beams with no shear reinforcement.

The present analysis is accomplished by the FE program AXIS, developed at the Institut fir Werk-
stoffe im Bauwesen, University of Stuttgart. The goal was to study the influence of loads introduced
into the bottom zone on the shear strength of beams with different vertical shear reinforcements.

2. SCOPE OF ANALYSIS

The analysis concerns reinforced concrete beams failing in shear. The dimensions of the T-beam
(Fig. 1) and the shear span ratio A = a/d = 2.8 are chosen in order to ensure a shear-tension failure
and to avoid a shear-compression (for small A) and bending failure (for large A). The principal goal
is to investigate the influence of different load arrangements for various stirrups cross-sections on
the shear strength. Three different loading cases may be distinguished from Fig. 2, in which load
case a represents a beam with concentrated loads applied on the top surface. Load case b represents
the application of 20% of the total loads by means of anchoring elements placed in the bottom zone.
Load case ¢ is analysed for the sake of direct comparison with load case b, with the same shear span
ratio and load proportions, but with loads placed on the top surface. Each of this three loading cases
was applied on a beam with five different stirrups configurations (no stirrups; two-legged ¢6, ¢8,
¢10 and four-legged ¢8 stirrups, each at a spacing s = 0.15m). The longitudinal reinforcement ratio
pw = 2.38% is taken as constant in order to preclude the influence of its variability on the results.
Yielding point for all stirrups is f,y; = 350M Pa and for bending reinforcement f, = 450M Pa.

In the bottom part of the web, headed studs with anchoring length h, = 100mm are located. The
stud spacing s = 0.30m is chosen in order to avoid mutual effects of neighbouring studs {3]. The
loads applied on the studs are proportional to the loads applied on the top surface, and are smaller
than the concrete cone failure load of 55.0kN (according to [3}).

Only the effects of static loading are considered. The loads are increased gradually. Load increments
are not equal, and depend on the employed arc length iterative procedure, which is a displacement
controlled analysis. Effects of repeated, dynamic or reversed loading were not studied.

3. FE ANALYSIS: MATERIAL MODEL
3.1 Concrete Parameters

Reinforced concrete is a highly nonlinear structural material. Prior to crushing or tensile fatlure, in
the FE program AXIS, concrete is considered as a hyperelastic material, for which the stress-strain

relations are of the form:
oi; = F(I,J2,J3)€; (1)

where the initial elastic constants are replaced by scalar functions F'(I1, Js, J3) associated with the
first invariant I; of the stress tensor and the second and third invariants Js,Js of the deviatoric
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stress tensor. The nonlinear isotropic elastic stress-strain relation prior to crushing or tensile fail-
ure is modelled by a guadratic parabola in compression and by lirear loading in tension. A linear
strain softening is assumed after crushing and after tensile failure (Fig. 3). The scalar functions
F(I, Ja, J3), developed from Kupfer’s biaxial experimental data are established to include the vari-
able peak strengths in compression or tension, depending on the total state of stress. The crack is
initiated after the principal stress exceeds the tensile strength. The softening modulus in tension
Er is based on nonlinear fracture mechanics and calculated according to the crack band theory of

Bazant and Oh (1} :

E 2G+E
La = f (2)

L
1- —fb‘ t
. Ci
in which L. is the width of an element, or the square root of the area assigned to an integration

point. The value L., called characteristic length is assumed to be a material property dependant
on the fracture energy Gy, modulus of elasticity E and the direct tensile strength f;. '

In the present analysis, the material properties are characterized by only three material parameters,
with the following values: uniaxial compressive strength f, = 30M Pa, Poisson ratio v = 0.17 and
fracture energy Gy = 66N/m. The direct tensile strength f.; is assumed to be a function of the
compressive strength:

for = 0.269£°66  —  f., = 0.269(30.0)*%%° = 2.60M Pa (3)

The values of the initial tangent modulus and softening modulus in compression are assumed as:

E =5015/f. [MPa] = E =27500MPa (4)
E.e = —E./80 = E,=-3500MPa (5)

3.2 Shear transfer across the crack

Employing a smeared crack approach, the FE program AXIS has the options for both the fixed
crack model based on orthotropic concepts and the rotating crack model based on nonlinear elasticity
relations in principal coordinates. In the fixed crack model, the mechanisms of shear transfer accross
the crack due to aggregate interlock or dowel action is simulated by reducing the value of the shear
modulus corresponding to the crack plane according to the following expression:

E

G = BGinitial = ﬂm (6)

In the program, the shear retention factor 8 can be assumed as constant or variable. For a variable
3 value the following expression derived by Kolmar [5] is utilised:

€
In-=
—-__° - L‘OOS) = 10.0 =2 (f‘i@)

in which €, (given in °/,,) is the strain perpendicular to the crack and p < 0.02 is the reinforcement
ratio related to the considered finite element.

4. RESULTS OF THE NUMERICAL ANALYSIS

The influence of different crack models on the load displacement behavior of one analysed beam (load
case a, stirrups ¢10) is shown in Fig. 4. When using a fixed crack model in connection with variable
shear retention factor according to Eq. 7, the beam fails in shear. However, the use of a fixed crack
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model with constant shear retention factor, or a rotating crack model will result in a completely
different behavior, namely a bending failure with considerably higher ultimate loads. Therefore, the
fixed crack model with shear retention factor by Kolmar is used for the entire analysis.

The ultimate stage is reached after extensive diagonal cracking and after yielding of stirrups in case
of beams with shear reinforcement. The ultimate shear forces P, for all analysed cases are listed
in Table 1. The ultimate shear stresses, computed by v, = P,/(7bd/8), are shown in Fig. 5. A
comparison of the results for load case a with empirical formulas by Kordina and Blume [6], Mallee
[7] and Specht [8] is presented in Fig. 6 (see [4] for details), For lower shear reinforcement ratios, the
FE analysis gives higher ultimate shear stresses than the empirical formulas. This can be explained
by the fact that with the FE analysis a T-beam was considered, while the empirical formulas are valid
for beams with rectangular cross section. Test results prove that the shear strength of T-beams is
about 20% higher than for beams with rectangular cross-section. Numerically obtained rate of shear
strength increase with increasing shear reinforcement ratio p, is somewhat lower than in empirical
formulas, but matches well the prediction by the exact truss analogy for which the shear carried
by stirrups is equal to: v, = p,f,yctga. The angle of major inclined crack o increases (and ctga
decreases) with increasing reinforcement ratios. However, in most code provisions and empirical
formulas it is assumed that v, = p, f;y K in which the constant multiplyer K does not depend on p,.
The consequence is a steeper increase of the ultimate shear stress then in the case with K = ctge.

no o6mm ¢8mm Hl0mm 2¢8mm

stirrups
A, [mm? - 56.5 100.5  157.1 201.1
Load a 259 291 320 345 384
Case b 282 308 330 381 428
306 338 375 427 485

Table 1. Ultimate Force P, (Reaction at the Support) in [kN]

The values of ultimate shear force in Table 1, and ultimate shear stresses in Fig. 5 reveal higher
shear strengths for load cases b and ¢ than for load case a. The reason is a shift from a concentrated
load (load case a) towards a more uniformly distributed load (load cases b,c). According to test
results, under otherwise constant conditions, the shear strength of a beam with distributed loads is
higher than for concentrated loads. This change of loading arrangement represents a change of the
shear span ratio and precludes the direct comparison between load case ¢ and load cases b, c.

To study the influence of anchor loads on the shear strength of beams, load cases b and ¢ which have
the same shear span ratio are compared. The placement of anchoring elements in the bottom zone
(load case b) results in a lower shear strength than for the beam where all loads are applied on the
top surface (load case ¢). The measure of decrease is obtained from a comparison of the ultimate
loads by: .
Pe— P
AP = o (8)
in which superscripts denote load cases. Obtained values are presented in Fig. 7. The results show
that the difference of shear strength is within the range of 8 - 11%. The higher shear strength for load
case ¢ is explaned in Fig. 8, where from the free body diagram follows that a part of the top load is
directly transferred to the support. In contrast to that, the bottom load must be transferred to the
top zone by stirrups before being transferred to the support by diagonal struts. Details concerning
the decrease of shear strength are discussed in [4]. In the present analysis, the decrease of shear
strength for the beam without shear reinforcement is about 8%. This is somewhat higher than found
in a similar analysis performed by Cervenka et al. [2] for beams without shear reinforcement where
100% of the load is applied in the bottom zone and a decrease of 8-10% is obtained.
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5. CONCLUSIONS

The performed analysis gives an insight into the behavior of reinforced concrete beams which are
loaded by a concentrated load on the top surface and by equally distributed loads over the top or
bottom zones. The analysis shows that loads introduced into the bottom zone by headed anchors
might negatively influence the shear carrying capacity. The effects of different load arrangements
are outlined.
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SUMMARY

It is discussed in this paper how an anchor bolt, embedded in concrete, carries the applied load
under static and fatigue loadings. An experimental test was conducted using anchor bolts of
relatively small size in diameter and length. Examining the failure mode of concrete in detail, a
mechanical model is developed in terms of an angle of crack propagation, stress distribution and
the tensile strength of concrete.

RESUME

Ce rapport décrit la facon dont un boulon d'ancrage dans le béton supporte I'application d'une
charge statiqgue et endure la fatigue. L'expérience a été menée sur des boulons d'ancrage
relativement de petite taille (longueur et diametre). Aprés observation du mode de rupture du
béton environnant, un modele mécanique est développé en fonction de I’angle de propagation de
la fissure, de la distribution des contraintes et de la résistance du béton a la traction.

ZUSAMMENFASSUNG

In diesem Aufsatz wird erortert, wie ein im Beton eingebetteter Ankerbolzen die Last unter
statischen und ermUdenden Belastungen trégt. Der Versuch wurde mit in Durchmesser und
Lange relativ kleinen Ankerbolzen durchgefithrt. Nach sorgfaltiger Priifung des Betonbruchs
wurde ein mechanisches Modell unter Berlicksichtigung des Winkels des Rissfortschritts, der
Verteilung der Spannung und der Zugfestigkeit des Betons entwickelt.
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1. INTRODUCTION

The authors have reported the characteristics of the newly developed fixings
(undercut type fixings) in terms of the static and fatigue strength, the ap-
plicability near the edge or the corner of concrete structures [1]. In the paper
the empirical formulas were proposed for estimating the static and fatigue
strength of such type fixings based on the experimental results. However, the
formulas were limited to the fixings having 40 mm embedment length because of
the limited range of test data. It was necessary to extend the study on the load
carrying mechanism of the fixings from the low load level up to the failure
stage with variations of embedment length and dimension of bolt.

In order to develop a general model of load carrying mechanism of the fixings,
the static pull-out test was first conducted varying both the embedment length
of bolt and the location of bolt from the edge of concrete block specimen.
Referring to the study on application of acoustic emission to the pull-out test
of anchor bolt [2], the discussion was extended to how the concrete carried the
applied 1load, and what was the rational expression for the load carrying
capacity of the undercut type fixings. The study should be applicable to the
load carrying mechanism of ordinary anchor bolt because the load transfer point
from the bolt to the surrounding concrete of this fixings is similar to that of
ordinary anchor bolt.

2. EXPERIMENT

2.1 Bolts I
The main parameters in the - §§§T——:
experiment were the size Concrete Size of bolt | Torque d W

(diameter) and the embed- |BlOCK ( mm ) ) (KN +cm)
ment length of bolt., The (cm) d e ¢ le

shape of bolt is shown 1in |50x50x20 | 14x40 M10 18| 2.35

Fig.1l and the dimension is
suﬁmarized in Table 1. The |60x60x30 | 14x60 M10 18} 3.53

tensile strength of bolt 18x80 M12 24 | 6.76 —k

was 800 MPa. In order to |120x60x30! 22x100 Ml6 28 | 11.8 | D I

assure the anchorage of

bolt, the torque iisted in Table 1 Dimension of bolt Fig.1 Shape of
Table 1 was applied to a bolt

bolt in advance of the
pull-ocut test.

2.2 Test Setup

Fig.2 shows the test setup. The load was applied
to a bolt by a center hole type oil jack, and was ™ ioad cell
measured by a load cell of 50 KN or 200 KN i
capacity. The displacement was measured by LVDT- i

's. In order to avoid the confinement effect due . i transducer
to the reaction supports, the supports were rack ;

placed 3 times of embedment length (3-le) away Ij -

from the bolt. b

All the data were recorded and stored in a micro- 2 !

computer through a dynamic strain meter and an le l"‘JbCHt

A/D converter. The similar system was used for 3le

the fatigue test. The strength of concrete block - .

specimen was evaluated by the compressive concreue

strength test using a cylindrical specimen of
$10x20 cm. Fig.2 Test setup



A K. MARUYAMA, K. SHIMIZU, M. MOMOSE 745

3. TEST RESULTS AND DISCUSSION

After the pull-out test, the failure mode cm

of the specimen was examined concerning 15 10 5 Q 2 1015
with the shape of ruptured cone of con-
crete. A typical projection of cone is
shown in Fig.3. The failure surface can
be simplified as a tri-linear line as
shown in Fig.4. Near the bottom end of
bolt the concrete was splitted, and the
crack developed at an angle of ¢ from the Fig.3 Ruptured cone
horizontal. At a certain point the angle
of crack propagation turned to 0.
Finally, the ruptured cone was pulled out
with the skirt of shallow angle near the ]
surface of concrete.

Since the measurement of cone depth was
done 1in the four directions, Table 2
shows four values of ¢ and 8. The shallow J

angle of the skirt of cone was not shown ) P=39°
because it was less important in the load _4£§(p

carrying mechanism as will be discussed

in the next section. The first angle (¢) Fig.4 Simplified cone

ranged from 26 to 50 degree, and the

second one (8) from 20 to 40 degree. There observed 1little influence of the
diameter and the embedment length of bolt, and of the concrete strength on the
angles. The mean values were 39 and 27 degree for ¢ and B, respectively. Some
data of ¢ are not shown because too much rupture of concrete made the measure-
ment of angle impossible. The location of turning point of the crack angle {from
¢ to B was observed scarcely influenced by the embedment length of bolt and the
concrete strength. In the test it was about 1 cm away from the center of bolt
({Fig.4). The examination was extended to the mortar block. The results were
similar to those of concrete block, showing ¢=36 and 9=24 degree.

Bolt fC ft ¢ S| Pmax
d le ¢ MPa MPa (degree} (degree) KN
14x40 M10 19.2 1.75 41 34 48 -- 28 20 48 25 20.7
36 43 27 -~ 24 30 27 27 20.8
14x60 M10 38.7 2.84 - e == == 26 20 27 45 44 .1
47 42 46 -~ 29 27 27 25 55.0
37T 45 48 35 15 18 21 25 38.4
18x80 M12 31.4 2.24 45 38 -- -- 30 30 25 30 61.9
38.7 2.84 29 32 53 45 24 35 21 29 65.7
37.3 2.52 49 41 -~-- -- 21 26 23 22 55.0
22x100 M16 37.3 2.52 37 26 41 30 37 28 24 38 90.6
35 30 36 -- 30 30 31 16 86.2
38 54 -- -- 34 32 -- -- 109
14x40 M10 37.4+% 2.39 42 33 51 20 27 24 26 20 22.18
Mean Value 39.2 27.1
Standard Deviation 8.2 6.5
Coeff. of Variation 20.8 % 24.0 %

* : Block was made of mortar.

Table 2 Test results



746 LOAD CARRYING MECHANISM OF ANCHOR BOLT

4. MODELLING OF LOAD CARRYING MECHANISM

Before constructing a mechanical modei, the
pertinent researches were surveyed. Rokugo et al
[2] reported that up to the maximum load 1level
the acoustic emission in the pull-out test
generated within the circle area having the
radius of 1.6 times of embedment length (1.6-1le;
Figs.5,6). On the other hand, the finite element
analyses done by Kamimura ([3] and Kosaka [4]
showed that the principal tensile stress became
to zero at the 1location of (1.7-1.8)-:le away
from the center of bolt. The similar results
were obtained by the other series of test which
examined how the pull-out resistance of anchor
bolt was influenced by varying the bolt location
from the edge of concrete block.

Taking these results 1into account, the lcad
carrying mechanism of anchor bolt was modelled
on the following assumptions {(See Fig.T7).

(1) Crack initiates and propagates along the
assumed cone line as shown in Fig.4.

(2) At the tip of crack (distance of x from the
bolt center in Fig.7), the applied 1load is
resisted by both the splitting strength of
uncracked portion of concrete (outside the tip
of crack) and the frictional resistance of
cracked portion (inside the tip of crack). The
distribution of resistant stress is assumed to
be an isosceles triangle.

(3) Crack begins to propagate when the
stress at the tip of crack exceeds the
modulus of rupture of concrete (ftx).

150

~
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(4) The modulus of rupture of concrete
depends upon the confinement condition of
concrete. As shown in Fig.7 the modulus of
rupture near the bottom end of bolt is
assumed to be 1.2 times of (ft) which is

given by the standard test [5]). The con-
finement effect decreases and fades out at
the location of 1.7-le away from the
center of boit.

{5) The fraction of resisting stress is
neglected near the bottom of bolt where
the concrete was splitted, and is
neglected outside the projected circle
range of 1.7+le radius.
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Fig.7 Proposed load carrying
mechanism

The load corresponding to a given resistant stress distribution is, then, calcu-

lated as follows:

n-ftX
P= ——+(2+:a"X) —A

c0328

(1)

where, A :modification factor due to imperfect shape of stress distribution.
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The wultimate capacity of fixings 1is, then,
calculated so as to find the maximum value of P
in Eq.(1) 1in the supposed failure surface. In
addition, the resistant stress conditions could
be correlated to the load-displacement curve in
Fig.8. For example, at stage 1 , the deformation
is mainly attributed to the elastic deflection
of bolt. During stages 2 through 3, crack
propagates at an angle of © and the cracked
portion of concrete is lifted up. The displace-
ment may be due to the flexural deflection of
cracked portion.

5. COMPARISON OF CALCULATION WITH TEST
5.1 In general

For calculation by the model, it is neces-
sary to determine the angle of © and the
base length (a) of the shape of stress

angle of 8 was fixed as 27 degree which was
the mean value of the experimental results.
On the contrary, there was not any rational
method to determine the length (a) at this
moment. Then, the length (a) was chosen as

distribution in advance. In this study the PIIIﬂX(KN)
1

2.7 cm which was the best fit value to the ©0-

test results after several trial and error

calculations. Fig.9 shows the comparison of 40-

calculated results with test results having

the factor of correlation of 97.5 %. 20- o

0

5.2 Near Edge

The model with the same values of 8 and (a)
was applied to the case in which the bolts
were mounted near the edge of concrete
block. The resistant stress outside the
edge was naturally neglected as shown in

80- r=97.5%

Load (KN)
100'

] @

s0l/®

O

M16

O 6 12
Displacement (mm)

Fig.8 Load-displacement

00

O 20 40 60 80 100
Peal(kN)

Fig.9 Comparison with test

Fig.10. The comparison is shown in Fig.11. The factor of correlation was 91.9 %
which was slightly less than that of general cases. This may be attributed to

(1) the 1less confinement effect near the

edge of concrete block, and (2) the dif- Pé(KN)
5

ference of the failure pattern from the o
assumed one. However, the value of 91.9 % o
might not be so bad in prediction. 404 r=91.9% 0
(o]
301 o°
8 o]
201 ° 2
10-

0

O 1020 3040 50
Pcal (KN)

Fig.10 Stress distribution near edge Fig.11 Comparison with test
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6. FATIGUE CAPACITY OF FIXINGS

Varying the applied cyclic load level, the Iﬁn
fatigue 1life of fixings was examined. The 30
test results are plotted in Fig.12, where
the solid circles represent the cases of
bolt fracture and the open circles are
those of <concrete rupture in a conical
shape. The solid line is drawn from the ZO‘Kz
equation for the fatigue 1life of bolt
(Eq.2), and the broken lines are from the
equation for concrete (Eq.3). Both equa-
tions are proposed by the Japan Society of

Civil Engineers [6]. 10
(0]
k
f = 1900 (10%/N%) - (1- £ 2 N
- (1O7/NT) - (-0, /fyq)  (2) No.of cycle (leg10)
where, o = 0.82-0.0039% , k = 0.12, Fig.12 Fatigue Capacity
¢ = diameter of bolt (mm).
log N = 17-{1—(UmaXHOmin)/(fu—qmin)} (3)
where, ¢ = maximum stress in concrete due to the model, 6 . = minimum stress
max min

and fu = static strength.

7. CONCLUSIONS
The followings were concluded from this study.

(1} The resistance of concrete against the pull-out force of bolt may be at-
tributed to the area within the projected circle with a radius of 1.7 times of
the embedment length of bolt.

{2) The pull-out resistant capacity of the fixings can be predicted by the
proposed model. The model is also applicable to the fixings used near the edge
of concrete structures.
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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.

RESUME

On adopte ici une procédure itérative et incrémentale dans le cas de I'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-méme des fissures apparues. Cette
approche est appliquée a I'analyse proposée par RILEM TC-90 FMA, concernant le test d'arrache-
ment d'un boulon ancré dans le béton. On ne considére dans cet article que |'état de contrainte
bidimensionnel.

ZUSAMMENFASSUNG

Ein inkrementelles Iterationsverfahren wurde fur eine nichtlineare Finite-Element-Analysis von
Stahlbetonbauten verwendet. Beton wird als ein hypoelastischer Werkstoff dargestellt, hingegen
wird gerissener Beton (Bruchmechanik und Kornverzahnung) mit Rissbandern, nach dem
«smeared crack»-Verfahren dargestellt. Das vorgeschlagene Verfahren wird fiir die vom RILEM
TC-90 FMA vorgeschlagenen Analysis, Ausziehungsversuchen von Betonankerschrauben an-
gewendet. Es wird nur ein ebener Spannungszustand berlcksichtigt.
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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 nonsymmetric 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], [51). 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:

- E0 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 60 is represented by the area lying between the

curve and the ¢ axis:

w /[ o(e)de=G_ (1)
Then, from Fig.2b:

€= o/Ed+6/w (2)

€." o /E, (3)

1/ +1/E = 1/E, (4)

G~ (2.72+3,10 o) a: d /E, (from [2]) (5)

3. AGGREGATE INTERLOCK CONSTITUTIVE LAWS
The "Rough Crack Model" initially proposed by Ba¥ant and Gambarova [3], and
later improved ([4}, [8], (9], {10]), is here adopted:

an’n- a1zr V?In ant./h (6)
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where: "
f= aa+a4) r’| (8)
g= 1+a“r (9)
h= (l+r)** (10)
= St/Sn i a1£-0.62, a- 2.45/r0, a - 2.44(1-4/10), f°-0.25 o,
d. =maximum aggregate size (3.5mm in the present paper), from (5).
o} o
0, - a) 4 b)
- 1 1
.}
O o oii“ L& €,
[3V] i -
o = 9
G ocobocoaas
' ’I j [' pi 606 8’ 808 "
FIG.1-Plane Tensile failure Envelope FIG.2-Stress-Strain Diagrams for
of Model.(——)Code, (-~ -)Kupfer et al. Fracture.

4. ANALYSIS OF ANCHOR BOLTS IN CONCRETE

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

154
~
o

= 0.2 Poisson's ratio;
o 3.0 N/mm" uniaxial tensile strength;

3;--40.0 N/mm’ uniaxial compressive strength;

ec--.0022 uniaxial crushing strain;

cu--.0031 uniaxial ultimate strain;

g =0.6 stress ratio for failure surface input;

vy =1.0 strain scaling factor for multiaxiality;

k = 0.6 control for iso/orthotropic material law;

a = .01 control for loading/unloading chriterion;

1ch= EOGF/at = 333.3mm characteristic length. 4@-
F

__ b

4 -

DI

H)

2c Qa
B e e ey |
ed . ard
hl

W

P/2

d= 50, 150, 450 mm
a= d/2, d, 2d; b=1lmm

2¢c= 3d/10, t=d/10

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=1.mm, the load-displacement curves of the full slab are shown
in Fig.4 and have the maximum values P“, 6u as in Table 1I. Within the

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 [11l] 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.

‘/(/K/J,/AW : ///ﬂ
=
//

/

120.00
(N/MM)
200.00

P

150.00

90.00

x10'

<
x10'

50.00
100. 00
N

30.00
50.00

4_/2——*} L4
/,
DY A (MMX1DDOD) 2
cb—r 00 80.00 160.0D 240.00 320 %.00 10.00 20.00"10?3.00 40.
K=D FIG.4- Load-Displacement Curves. =00
TABLE I-Maximum Loads and Displacements Pu/6u [N/, ([11]).
K= 0 «
d [mm] 50 150 450 50 150 450
Ozbolt 175/35  427/90 934/185) 328/60 804/200 1790/400
Author 338/107 440/116 1469/327 | 414,40 1063/110 2232/346
Cervenka(f)| 318/100 472/115 1090/340 { 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 follo-
wing tolerance on convergence:
(O.S%Pu) maximum allowed unbalanced load norm,

ls for the norm of unbalanced incremental energy.

5. BAYANT-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.

3o 33

o~

c

. 10 <
23 4

>3

L

p— .2.,4
204 I

> 20
1.5 +

1.5 4

18 3 Y = 0.00445 X + 0.7925 104 Y = 0.00473 X + 0.912

X = d (mm

-034 Fn = Fu B'S!+d/d.)“" . 4 Fn = Fu B{1+d/de)""?
u=235 (f d e (ACH Fu = 10 sgrt '9 d ... (ACH
1 - 1.123 i do = 173.10( ) 18 = 1.04 ;( - 192.81 ey
~0.40 .
O calculated log (d/de) 1o colculated
-0 -03s -ot0 ols 0.d0 ods 0083 -0 —os3 oz 037 od2 o7
K=0 FIG.5-Ba¥ant-Size-Effect-Laws [6](Figs.by Ozbolt{11l]). K=

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 camn 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 mneeded 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 [ll] (with fixed cracks) seems very close
to that one of the Author. Instead, Ozbolt [l1] use a refined nonlocal
microplane model. Some of the features of this comparison are:

- the shapes of the lcad-displacement curve are very similar;



754 PULL-OUT TEST OF ANCHOR BOLTS EMBEDDED IN CONCRETE A

- there is a certain scatter for the values Pu/au that can be ascribed to dif-

ferent meshes, different constraint, different shear reduction factors.

For the Ba¥ant-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.

2.1t appears rhat the results are consistent with Bazant’s approximate size
effect law for failures due to distributed cracking, as should be theoreti-
cally 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 fung
tion of specimen size is in agreement with the physical implications of the
size effect law and supports its applicability.
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SUMMARY

A thick-walled concrete ring model is presented to analyze the state of stresses in the anchored
zone of ordinary reinforcement and prestressing steel. The stress-strain diagram of concrete with
an ascending and descending branch was used to describe the measured, large, relative strains. A
gradual plastification starting from the internal surface of the ring towards the external one was
observed.

RESUME

Un modele d'anneau en béton a parois épaisses est étudié en vue d'analyser I'état de contrainte
régnant dans la zone d'ancrage d'armatures ordinaires et des aciers de précontrainte. Le
diagramme contrainte-déformation du béton présentant une branche croissante et décroissante a
été pris en compte lors de la description des déformations relatives élevées obtenues. Les
résultats montrérent une plastification progressive s'étendant de la face intérieure de I'anneau
jusgu'a sa face extérieure.

ZUSAMMENFASSUNG

Es wird ein dickwandiges Betonring-Modell vorgestellt und zur Analyse der Spannungen im
Eintragungsbereich der Bewehrungsstabe und Spanndrahtlitzen herangezogen. Fir die Be-
schreibung der gemessenen grossen 6rtlichen Dehnungen wird ein Kraft-Verformungs-Diagramm
mit einem steigenden und einem fallenden Ast ben(tzt. Es wurde eine kontinuierliche Plastifizie-
rung des Querschnitts vom inneren zum ausseren Rand des Betonrings festgestellt.
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1. INTRODUCTION

Anchorage of deformed bars and strands by bond causes relatively
large radial compressive stresses at the interface between steel
and concrete. A thick-walled concrete ring model has been
considered to analyse the influence of radial compressive stress
on the state of tensile stresses in the anchored area. The
concrete ring approximates the effect of the surrounding concrete.
The cylinder can be located in the beam section as shown in Fig.1.

1 Gf/p

Fig. 1: a/ Location and geometry of the ring model in the section
and stresses on an element.
b/ The wvariation in tangential tensile stresses in the
ring model at the elastic stage.

The stresses are mostly calculated for an elastic or plastic

stage:

— a solution for the stresses in a thick-walled ring subjected to
internal pressure at the elastic stage is given by Timoshenko
[11, :

— the concrete is assumed to act plastically, that is the ring
will not break until the stresses in the tangential direction at
every part of the ring section have reached the ultimate tensile
concrete stress {2].

2. EXPERIMENTAL TESTS FOR EVALUATION OF STRAINS

The variation in tangential and radial strains were investigated
on thick-walled concrete rings with inner radius a = 9 mm, outer
radius b = 50, 100, 150 mm and a height of 30 mm. The test rings
concrete mix was of the following properties:
- the aggregate was a washed river sand with a maximum size of

4 mm,

-~ compressive cube strength £ = 37,9 N.mm -,
C

~ tensile strength f = 2,8 N.mm ",
- modulus of elasticity E = 28 125 N.mm ° and Poissons ratio
v = 0,134 at stress level of about 40 ¥ of ultimate strength.



A J. BILCIK, V. PRIECHODSKY 757

The rings were subjected to hydraulic pressure on the inner

surface. The deformations of the rings were moniteored with
electric resistance strain gauges (length 8 mm) in the radial and
tangential direction - see Fig. 2 The o©bserved relative

tangential strains £ and relative radial strains ¢ in the ring
model for the increasing internal radial pressure p_r are plotted
in the Fig. 2. In order to show the ability of the model to carry
large strains it was importante to measure also the strains in the
fracture zone, 1i. e. where the final failure occurs due to a
crack.

3. TEST RESULTS AND DISCUSION

Fig. 2 shows that the tangential strains measured in the fracture
zone are much higher (Fig. 2b) than that obgserved outside this
zone (Fig. 2c, d, e).

Before the ring fails due to a crack in the fracture zone, under

increasing radial pressure, a strain decrease was registrated
outside the fracture zone. The following general conclusions
regarding the experminental tests may be drawn:

1. The measured tangential strains in the fracture zone reached
the maximal wvalue € .= 2,4.10 " which many times exceeds the
ultimate strain recorded at the centric tension test

-3
g, = 0,12.10 .

2. The test indicate that the observed maximum carrying capacity
of the rings, exposed to internal radial pressure are lower
than the theoretically carrying capacity at the plastic stage.
These informations indicate that the intensity of tangential
stress is considerably lower if the strain in the fracture zone
exceeds a certain critical wvalue. This fact shows that the
fictitious crack model [3] gives a realistic description of
tensile stresses in the tested rings. Based on the fictitious
crack medel it was possible to describe the state of tensile
stresses in the ring.

The ascending branch of the stress-strain diagram was determined
by means of the tensile test. The descending branch have been
determined from the strains measured just before the final failure
occurs and from the observed carrying capacity of the rings.
The carrying capacity is given by
b

J o dr = p.a (1)

a
The stress-strain diagrams of concrete for various inner radius
are shown in Fig. 3.

Fig. 4 shows the variation in the tangential tensile stresses
according to the stress—-strain diagrams in Fig. 3.

It can be seen a continual transmission from elastic to
elastoplastic stage starting from the internal surface of the ring
towards the external one. From the distribution of the stresses it
is evident that it is not possible to consider the ultimate
tensile strength evenly distributed over the cross section.

The measured load capaties of the tested concrete rings, at the
time cracks first appear, are plotted in Fig. 5. The experimental
values occur Jjust where expected, i. e. between the elastic and
plastic stages.
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Fig. 3: Stress-strain diagrams of concrete in tension
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Fig. 4: The variation in the tangential tensile stresses for the
increasing internal pressure
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L PLASTIC STAGE

* EXPERIMENTAL RESULTS

a=9mm

f=2.8 N.mm 2

ELASTIC STAGE

1 a ] '] I Il 1

0 2 4 6 8 10 12 14 16 18
b/a

Fig. 5: Load carrying capacities of the rings on occurrence of
cracking.

4. CONCLUSIONS

Realized tests confirm that by means of the elastoplastic ring
model, based on the stress—-strain diagram with an ascending and
descending branch, it is possible to analyse the state of the
tensile stresses in the transmission zone of prestressed or
non—-prestressed reinforcement. Futher tests based on the same
approach are recomended in order to obtain wvalid results for
practical design purposes.
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SUMMARY

To ensure the durability of reinforced concrete members, concrete cover has been increased
lately. This paper shows that the strength of members may be reduced by an increasing concrete
cover because this often leads to a higher transverse tension in the concrete cover of the
compression zone, for example in frame corners subjected to positive moments and in beams
subjected to shear and bending.

RESUME

On montre qu'un accroissement du recouvrement de béton — pour des raisons de durabilité —
peut entrainer une réduction de la résistance de certains membres du fait d’'une augmentation de
la tension transversale dans la zone de béton en compression. Cela peut ainsi réduire de fagon
notable la résistance a la rupture dans des angles soumis 8 des moments positifs.

ZUSAMMENFASSUNG

In diesem Beitrag wird aufgezeigt, dass die aus Griinden der Dauerhaftigkeit erhdhten Beton-
deckungen die Tragféhigkeit von Bauteilen negativ beeinflussen kénnen, da die Vergrésserung
der Betondeckung in vielen Féllen héhere Querzugbeanspruchungen in Betondruckzonen hervor-
ruft. Dies gilt z.B. bei Rahmenecken mit an der Innenseite Zug erzeugender Biegebeanspruchung
und bei Balken, die auf Schub und Biegung beansprucht sind.
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1. INTRGDUCTION

Concrete cover is usually regarded today as a perfect part of the compression
zone. In general a sufficient tensile strength of concrete must be presupposed
to do so.

A change of direction of the compressive stresses in frame corners subjected to
positive moments as well as a change of magnitude of the compression force im
beams with acting shear reinforcement causes tensile stresses in the concrete
cover of the compression zone.

But all common codes allow omission of these tensile forces.

In the cases mentioned before a biaxial stress state exists. It must be
considered that with increasing longitudinal compressive stress the transverse
tensile stremgth is decreasing /1/. Our design rules were derived from
laboratory tests, which were carried out with preciseness avoiding temperature
shocks; therefore it is to be expected that in these tests the temsile strength
was much higher than in practice. Furthermore most of these tests were made with
a very thin concrete cover (1.0 - 2.5 cm), which is smaller than the concrete
cover claimed by codes to ensure durability (Table 1).

Exposure DIN 1045 MC EC2
Member | =00y 59 72,78 88 | 78 90 | 0
interior 10 10 20 15 20 20 fmm)
Slabs humid 5 20 30 20 35 25 Imm}
humid 40 30 50 | 30 50 | ¢0 | imml
de-icing
interior 15 15 20 15 20 20 {mm}
Beams humid 20 25 35 25 35 30 Immi
humid 0 35 50} 35 50 | &5 | (memt
de -icing

Table 1 Comparison of the concrete cover for different codes (mominal values)

In this paper some examples will show that the influences mentioned above can
lead to safety risks even when the requirements of the codes are fulfilled.

2. FRAME CORNERS WITHOUT INCLINED REINFORCEMENT

Extensive laboratory tests of frame cornmers without inclined reinforcement
subjected to positive moments were performed by Nilsson /2/ and Kordina /3,4/.
Especially in cases of higher reinforcement ratios failure occured far below the
calculated ultimate moment. The calculated ultimate moment was determined at an
even beam for the same reinforcement. The reason for failure is generally a
spalling of concrete cover or of the outer part of the compression zonme in that
area, where the compression force is being diverted. Afterwards the resisting

Fig. 1 Graphical illustration of the failure for two different tests of corners
subjected to positive bending moments (and two different types of reinforcement)
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moment decreases abruptly. Already under a small load a crack begins to form at
the inside of the corner. Under higher load the crack divides into two cracks
vhich approximately follow the reinforcement until the temsile force, which is
necessary for diverting the compression force, cannot be carried any more and
failure occurs. For example see the two crack patterns in Fig.1.

The force distribution in the corner can be described simplified by means of a
strut and tie model /5/, which takes into account the failure mechanism and
therefore separates the forces in the concrete cover /6/. See Fig.2.

Fa
T Y
d //4 F::‘Fcc>
a4
|
i v
d— | F.
11
F:t/ .
| : ———Compression
1 } ——Tension
i
Fe B Re F
A

Fig. 2 Strut and tie model illustrating the failure mechanism.

This simple model shows that the compressive force F.. of the concrete cover can
only be diverted by the tensile Force F¢{ resulting from concrete tensile
stresses. The compressive force F.. has to be determined with an area A;, the
height of which must exceed the concrete cover c, because the crack area between
the reinforcement bars is curved (Fig.3). In this paper the area A; is
determined simplified by A¢ = b-c”> = b -(c+s/4) with ¢ = concrete cover and s =
distance of the bars. The approximation s/4 means that the crack area assumed to
be a parabolic area with a maximum inclination of 1.5:1.

Fig. 3 Area A for the determination of the compression force F.. of the
concrete cover,

Taking into account the fast increasing of F.. with increasing concrete cover
for a given bending moment it is evident that also the tensile stresses which
are decisive for the failure, grow fast. If in case of a small concrete cover
the tensile strength is already utilized, it is obvious that in case of a larger
concrete cover an equilibrium is only possible if a reduction of the bending
moment occurs.

The German code DIN 1045 allows the design of frame corners subjected to
positive bending moments without inclined reinforcement up to a reinforcement
ratio g = 0.4 7. It must be pointed out, that a limitation of g is not a good
criterion but that a limitation of w = p-fg/f., (a mechanical reinforcement
ratio referred to the tensile strength of concrete) would be more precise.

In case of reinforcement ratios g < 0.4 7 and normal concrete strength the
influence of the concrete cover in the range of 2cm < ¢ < 5cm at the compression
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zone is without much importance for members with small depth (d < 20 cm),
because the neutral axis depth x for the calculated ultimate moment is not much
higher than c‘(for ¢ = 2 cm). But in case of members of intermediate height
(d ~ 50 cm)the influence of the concrete cover (at the compression zone) on the
resistance may be great.

Taking, for example, a member with x = 0.4 %, B 35 (DIN 1045)~ C 30/37 (EC2),
d = 40 cm and s = 8 cm, an increase of the concrete cover from¢c = 2 cmto ¢c = 5
cm causes an increase of Fo. of about 25 7%. Assuming that for a concrete cover
¢ = 2 cm the resistance due to the transverse tension is already met, so that no
greater Fc. can be carried, the failure moment is about 17.5 7% lower. Taking
into account the influence of the longitudinal compressive stress on the
transverse tensile strength acc. to /1/ the failure moment is still about 10 7%
lower, because the longitudinal stress at the distance ¢’ from the edge is
decreasing with increasing c’ (in case of a depth of d = 60 cm the failure
moment is for ¢ = 5 cm about 14 7 lower than for ¢ = 2 cm, taking the changing
tensile strength into account). The ultimate moments calculated from a regular
design for bending of the cross section remaining after spalling is for d = 40
cm lower than, and for d = 60 cm almost equal to the failure moment in case of
the spalling of the concrete cover. That means that in cases of higher
cross- sections the calculated ultimate moment at the face of the corner for the
cross- section remaining after spalling is higher than the moment when the
concrete cover spalls. But it is possible, too, that for high cross-sections the
failure moment is lower than the calculated one of the remaining cross-section
in the face of the cornmer, because of excessive damage of the corner area during
spalling of the concrete cover (compare Fig.1a).

3. FRAME CORNERS VITH INCLINED REINFORCEMENT

Tests showed that the failure of frame corners with inclined reinforcement
occurs in a different way from the failure of corners without inclined
reinforcement /2,3/. Fig. 4 presents examples for typical failure in case of
additional inclined reinforcement. Failure does not start anymore at the face of
the corner as shown in Fig.l but at the area of the anchoring of the inclined
reinforcement. The reorientation of the compression force of the concrete cover
already takes place in this area and the resulting transverse tension leads to
failure. In cases of corners with inclined reinforcement the failure moment was
usually greater than the calculated ultimate moment in the face of the corner
(neglecting the inclined reinforcement). Tests were carried out only up to rein-

~
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Fig. 4 Graphical illustration of Fig.5 Strut and tie model,
failure of cormers with inclined illustrating the failure
reinforcement subjected to mechanism

positive bending moments
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forcement ratios of g = 1.1 7. All test specimen were reinforced in a way that
failure should be initiated by flow of the reinforcement but it was observed in
all tests that the failure was caused by spalling of the concrete cover in the
area of the anchoring of the inclined reinforcement. The strain of the
longitudinal reinforcement at failure amounted to about 2 %

A simplified strut and tie model presented in Fig.5 clearly shows the failure
mechanism. The compression force F.. of the concrete cover is already diverted
in the area of the anchoring of the inclined reinforcement (activated for the
sake of compatibility). The area of the face of the corner which is decisive for
the failure of corners without inclined reinforcement, is relieved.

In the following the test V4 of Kordina is used as an example. The ratio of the
failure moment to the calculated ultimate moment for pure bending was 1.0 ( due
to a normal force in tests the failure moment related to the axis of the temsion
reinforcement must be used). In the test specimen concrete cover was 2 cm. In
case of a concrete cover of 5 cm the failure moment was calculated in accordance
with chapter 2 by comparing the forces F¢¢, in view of the influence of the
compressive stress on the transverse tensile strength. The calculated ultimate
load for the cross section remaining after spalling is of about the same size as
the moment when the concrete cover spalls. The reinforcement ratio ot the test
V4 was g = 0.86 7. But the decisive value of u corresponding to the compressive
force F. < Fs is only g = 0.76 7%, because a tensile axial force was acting on
the cross-section. When the reinforcement ratio is related to the tensile
strength of concrete, it becomes evident that this test in relation to all other
tests of /2,3/ is among the most reinforced ones.

Taking into account that the tensile strength in practice is usually lower than
in laboratory tests it is to be expected that in practice failure moments are
lower, too. In cormers with inclined reinforcement failure moment will increase
moderately with increasing reinforcement ratio, because the cross section, which
remains after spalling of the concrete cover will become decisive provided that
the compression zone in the corner is not damaged too much.

4. BEAMS SUBJECTED TO BENDING AND SHEAR

Along a beams with high shear there is a rapid change of the compressive force.
This means that there is also a rapid change of the compressive force F;. in
concrete cover; for example see the area close to the point of zero moments
(Fig. 6).

i |

Jeees f P¢ Bﬁ
E ‘ b)

ct

Fig. 6 Two Models illustrating a possible force distributions in a beam under
high shear in the area close to the point of zero moments.

The model in Fig. 6a produces in case of thick concrete cover average transverse
tensile stresses octy = 7. Further on it will be shown that the model in Fig.6b
causes smaller tensile stresses.

The force distribution in the compression zone for model Fig. 6b was examined
for different concrete covers computing the compression zone as a wall. The
influence of the thickness of the concrete cover was examined for the most
unfavourable case of a beam with a overall depth of 30 cm (effective depth of 25
cm) and with a compression zone heigth of 10 cm. The compression field was
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supposed to act under an angle of 45° and to be uniformly distributed along the
upper rim of the wall. The spacing of the stirrups was assumed to be 10 cm.
Furthermore it was supposed that the transmission of the stirrup force into the
wall- segment should cause constant forces along the length x-c", where c¢" = ¢ +
¢s = ¢ + 1 cm. Linear and constant distribution of the compressive stresses were
examined, the resulting transverse tensile stresses differed only slightly. All
calculations are based on a linear elastic behaviour of the material. For a
concrete cover of ¢ =1 cm (c"= 2 cm) the average temsile stress amounts to
about 9 7 of the assumed acting shear stress 7. For a thick concrete cover ¢ = 5
cm (c" = 6 cm) the calculation showed destinctly higher average tensile stresses
of even more than 40 7 of 7. Localized tensile stresses are even considerable
higher.

This simplifying analysis shows that beams with a thick concrete cover which are
substantially subjected to shear may reach an ultimate limit state by a spalling
of the concrete cover. To what extent these theoretical results are representing
the actual behaviour in the concrete cover should be checked by future tests.

5. SUMMARY

This paper deals with the negative influence of the increase of concrete cover
upon the resistance of reinforced concrete. In codes the concrete cover was
enlarged in the sake of the durability of concrete structures.

The influence of an increase of concrete cover on the transverse tensile
stresses was examined in the case of a corner (with and without inclined
reinforcement) subjected to positive bending moments. It was shown theoretically
that an increase of concrete cover often leads to a substantial increase of the
transverse tensile stresses in concrete. This causes also a substantial decrease
of the failure moment compared with members with smaller concrete cover.

Also in cases of beams with high shear the transverse tensile stresses in the
concrete cover of the compression zonme increases considerably with increasing
concrete cover.

The authors think that experimental research is urgently necessary to clarify
the negative influence of an increasing concrete cover on the resistance of
reinforced concrete.
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SUMMARY

The paper reviews experimental work on specially supported elements, where there is
discontinuity in geometry and load. It proposes three calculation models: crack free state, cracked
state, and strut-and-tie. The determined tensile forces can be followed with a good detailed
reinforcement fulfilling the serviceability limit state requirements.

RESUME

L'article présente le travail expérimental effectué sur des éléments sur appuis spéciaux, ou I'on a
constaté des discontinuités dans la charge et la géométrie. Trois méthodes de calcul sont
proposées: état non-fissuré, fissuré et analogie du treillis. Les forces de traction calculées
peuvent étre requises par une armature détaillée assurant les conditions de |'état limite de
service.

ZUSAMMENFASSUNG

Der Aufsatz gibt einen Uberblick Uber Versuche besonders gelagerter Trager, bei denen in
Geometrie- und Belastung-Diskontinuitaten vorkommen. Drei Berechnungs-Methoden werden
vorgeschlagen: Rissefreier Zustand, Riss-Zustand, und Stabwerk-Modell. Die berechneten Zug-
kréfte kdnnen mit Bewehrung abgedeckt werden, die die geforderten Anspriche hinsichtlich
Gebrauchstauglichkeit erfullt.
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1. INTRODUCTION

Structural elements can be used for various purposes if their supporting is
solved 1in an "adjustable" way at the butt end. This is shown in Fig.l e.g. on a
floor-plate element, where on the left side the built up steel corbel has a
lower- and on the right side an upper position.

a) Specimens with lower steel corbel position

e i
,"gr— f'_"

i

AT W e AT v
L

Built up steel corbel
I

Rkt i
./Upper position

b, |
I

,'.E,,. Cross section

Figl Floor plate element with built up steel corbet at the end

\1 Lengirl reinforce'menf

Fig2 Reinforcement at the support for the specimens

The paper reviews some dimensioning methods which can be used at the support,
considering concrete tensile strength 1,2 .,

2.  RESULTS FROM THE EXPERIMENTAL WORK 7

The reinforcement of specimens for the test is shewn in Fig.2. During the step-
by-step loading we measured the concrete surface strains and crack width. The
typical crack patterns are shown in Fig.3 and 4.

With the steel corbel in the lower position it was found that the concrete
surface around the corbel was crack free until 75% of the ultimate load. The
cracks started from the inside-end of steel corbel. These craks can be regarded
as splitting craks. Generally at the same load level bending cracks can also be
found.

In the specimens where the steel corbel was in upper position we found crack
free state until 60% of the ultimate load. The cracks started from the butt-
surface, from the corner of steel corbel ascend.

In both cases the failure was caused by the yielding of vertical reinforcement.
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3. POINT OF VIEWS OF DIMENSIONING

Besides providing ultimate limit state and serviceability 1limit state
requirements during the dimensioning we have to take into account the following:

The steeel corbel outstanding from the concrete should be stiff in order to have
a very small deflection. The sufficient built up length ll, 12 Fig.l of
steel corbel has to be provided.

A possible failure can cause a large ecenomic damage and has a significant
danger for the human life, therefore at the dimensioning we cannot take directly
into account the tensile strength of concrete, because of brittleness 1,2 .
Splitting forces arising around the steel corbel can be counterbalanced with
vertically placed reinforcement Fig.2, where we can use one admissible value of
tensile strength for concrete at the anchorages.

At the detailing we have to be ensure the conmnection between the steel corbel
and the longitudinal reinforcement of the element, and to enlarge the
redistribution zone by use of vertical reinforcement 2 . For the calculation of
forces around the steel corbel we can use different types of models,
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4. MODELS FOR CALCULATION
In this chapter we suggest some calculation models. We assume according Sant-

Venant principle that part of the whole element near the support can be reqarded
like an independent structure.

4.1 Crack free state

Based on the experimental results 7 we assumed three typical, crack patterns
Fig.5. where cracks are concentrated in one place. Along the fully developed
cracks the tension stress distribution was taken from fracture mechanics
approaches, The failure occurs if tensile stresses in concrete arrive the
tensile strength f . The calculated tensile force is F _ = b .JAg.
Reinforcement calculated from the vertical component helps to avoid brittle
fracture. If the steel stress is reduced appropriately (exp.&= 0,4 . f__) the
crack width can be controlled. By distributing reinforcement accordifiy to the
tensile stresses, we can fulfilled the requirements (s.Ch.3.).
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Fig.5. Calculation models in crack free state

4,2 Cracked state

In the cracked state the equilibrium is arrived through reinforcement. A
simplified calculation model is shown in Fig.6 . To use the moment equilibrium
we have to choose some geometrical dates in the right way, or to make the
traditional calculation. To fulfill the serviceability limit state requirements
controll of the crack width, through the stresses in the tensioned members NS
has to be carried out.
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4.3 Strut-and-tie models

To have clear "detailing" rules we need a more accurate model like strut-and-tie
5 . Depending on the position of the steel corbel we can develop three typical
strut-and-tie models Fig.7 which follow the force paths indicated by the theory
of elasticity. Controll calculation showed that strut-and-tie elements can be
built up from concrete combining them with elements from the steel corbel,
instead of using the steel corbel as a stiff body in this system. The results of
an elastic calculation are given in Fig.7. The bearing capacity of concrete
compression struts are shownd in 3, Tie forces are counterbalanced with

reinforcement Fig.2.
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If we chose a more detailed strut-and-tie model Fig.8b we get a finer force-
distribution. Comparing these results with a more sophisticated calculation
Fig.8a (statically admissible stress-field 6 ), we can find some differences in
the forces. The clearly determined tensile forces followed with a proper
detailed reinforcement, using one admissible tensile strength at the anchorages,
secure us a good result.
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SUMMARY

Based on results of fracture mechanics and numerical modelling of concrete, the important role of
the tensile strength as material property is discussed. The contribution shows that a) contrary to
popular opinion high-strength concretes have a relatively high compressive strength compared to
their tensile strength, b) the conditions in a structural concrete structure can be better
characterized with a tension rather than a compression field, c) tensile strength of concrete must
become an integral part of any physical model, d) tensile tests and not compressive tests should
be applied in Quality Assurance.

RESUME

Tout en se référant aux résultats donnés par la mécanique de la rupture et & la simulation
numerique du béton, on discute du réle primondial de la résistance a la traction du béton par
rapport a la résistance en compression. Ce rapport met en valeur quatre aspects: a) Contraire-
ment a ce que |I'on pourrait penser, dans un béton & haute résistance, la forte résistance en
compression ne va pas de pair avec la résistance en traction mobilisable. b) Les conditions
régnant dans une structure en béton armé peuvent mieux étre caractérisées par un champ de
tractions que par un champ de compressions. c) Le résistance a la traction du béton doit devenir
partie intégrante de tout modele physique. d) Dans tout contdle de qualité, on devrait donner la
priorité au test de résistance & la traction par rapport au test de résistance en compression.

ZUSAMMENFASSUNG

Bezugnehmend auf Ergebnisse, die bei Anwendung der Bruchmechanik und numerischen
Modellierung zur Erforschung des Betons entstanden, wird die zentrale Bedeutung der Beton-
festigkeit hervorgehoben. Der Beitrag zeigt, dass a) im Gegensatz zur allgemeinen Auffassung,
die hochfesten Betone eine héhere Druckfestigkeit in bezug auf ihre Zugfestigkeit aufweisen, b)
der Beanspruchungszustand eines Tragwerks aus konstruktivem Beton kann besser mit einem
Zugfeld als mit einem Druckfeld beschrieben werden, c¢) die Zugfestigkeit muss als ein wichtiger
Bestandteil aller physikalisch integeren Modelle betrachtet werden, d) die Qualitatskontrolle sollte
statt die Druckfestigkeit, die Zugfestigkeit des Betons priifen.
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1. INTRODUCTION

Concrete is a inhomogeneous building material. It has a considerable and reliable compressive
strength and a relative law tensile strength which can be even exhausted locally under
unfortunate conditions, e.g. due to the hydration heat of cement or to its plastic shrinkage. It is
quite obvious that the concrete tensile strength was always reprehended as the most unreliable
concrete property.

As the compressive strength of the conventional test specimens (200 mm cubes or 150/300 mm
cylinders) was rather insensitive to most of the aforementioned influences and it was
convenient to be measured, it became accepted by the material science, the design office and
the construction site as the fundamental mechanical property of concrete.

Several other properties were deduced empirically by the help of best~fit formulas using the
compressive strength as basic variable.

The mean and fractile values of the different tensile strengths too became a function of
compressive strength [1]. The degressive character (e. g. the fractional exponent) of this
function reflects that high strength concretes have a relative lower tensile strength compared to
low strength concretes. Obviously high strength concretes has been always treated as less
perfect concretes.

According to a sad terminology, students learn to neglect the concrete tensile strength at
dimensioning any s. c. member. Even the CEB-FIP Model Code [2] uses this verb, in EC 2 [3]
the tensile strength will be ignored. (As a matter of fact, this applies to dimension the flexural
reinforcement only.) In dimensioning of watertight or prestressed concrete members the tensile
strength will be relied on with a shy consciousness of guilt.

Even quite recent engineering models for s. ¢. try to circumscribe those phenomena (e. g. bond)
where the tensile strength is the main influencing factor. Thus the modeling of a slab without
shear reinforcement became a quite unsolvable problem.

All these problems could be easily removed if we realize that the tensile strength is a more
fundamental mechanical property of concrete as the compressive strength is.

The introduction of fracture mechanics and numerical modeling to describe the fundamental
behaviour of concrete provides the chance to understand it and to rectify the hierarchy between
tensile and compressive strength.

This paper intends to contribute to the acceptance of the tensile strength as a more
fundamental concrete property.

2. COMPRESSIVE STRENGTH VS. TENSILE STRENGTH OR VICE VERSA

At the early seventies texture-oriented material models were developed to invqstigate the
mechanism of the internal load bearing system of the two—phase composite material concrete
[)4], (5]. These models yielded qualitative and partly quantitative predictions on the load

earing and failure mechanisms as function of the rigidity— and Strength——r_elqtlonshlps
between the cement matrix and aggregates. It was concluded that the characteristics of the
interface between matrix and aggregate are the primary source of the mechanical properties.
Depending on the differences in the rigidities of matrix and aggregates resp. the load
trajectories are forced to local deviations in their course shich cause tensile stresses in the
matrix and on the interface. These result in microcracks and inelastic response of the concrete.
The microcracks were detected during compression tests [6].

During development of their model for "numerical concrete" Wittmann et al. [7] too ree'xllized
the important influence of the interface on behaviour of concrete, the "mesolevel model" has
been introduced.
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The texture—oriented and the numerical models resp. showed that both, the compressive and
tensile strength have the same origin: the adhesion of the matrix to the aggregates. Under
tensile conditions the interface is stressed directly, under compressive conditions indirectly. In
this latter case some internal redistribution in the load bearing system is possible, this is the
source of the toughness of concrete under compression.

As methods of fracture mechanics had been applied to investigate concrete, it was not by
chance that tensile and flexural tests were applied to determine the fracture energy, e. g. the
fundamental characteristic of the material concrete, and not any compression test.

Thus we may hope that the traditional empirical way, how to deduce the tensile strength from
the compressive strength will be converted to a physically right relationship: the compressive
strength will be deduced from the tensile strength and the fractional exponent will disappear as
well.

This would become an important step towards more reliance upon concrete tensile strength.

3. COMMENTS ON THE RELATIVE LOW TENSILE STRENGTH OF HIGH STRENGTH
CONCRETES

The most important differences between the texture of a high strength concrete and a low
strength concrete resp. are the higher stiffness and strength of the cement matrix and its higher
adhesive strength to the aggregates in high strength concretes. Due to the quite similar
stiffnesses of matrix and aggregate in high strength concretes the inner trajectories under
compressive loading conditions are not forced to stronger local deviations, hence the induced
stresses along the interface remain relative small. This results in a higher compressive strength
compared to the given adhesive strength of the interface.

Thus a high strength concrete must not be reprehended any more for its relative low tensile
strength but should be praised for its relative high compressive strength.

This would be an other step to recognition of the tensile strength.

4. COMPRESSION FIELD OR TENSION FIELD?

Soil has, similar to concrete, a low tensile strength compared to its compressive strength. The
experts of soil mechanics continued to check form, position and load bearing capacity of sliding
surfaces in soil structures even after introduction of the theory of plasticity.

Similar to soil structures, the condition of s. ¢. members can be better desc_:ribed with a tension
field than with a compression field, unless the member will become over—reinforced,

The condition in different parts of a s. c. member can be characterized in relation to the
probability of exceeding a certain fractile value of the tensile strength (fcex) in s_erv1ce_ab1_hty
and ultimate limit states resp. This probability determines the necessary steps of dimensioning
and the type of reinforcement to be applied:

— regions which probably remain free of cracks in ULS get minimum reinforcement

— regions where foqx will be exceeded in ULS, but probably not in SLS, must be reinforced
without fulfilling the requirements in SLS. (As upto the ULS the tensile strength has been
already exhausted, it can not be taken into account — instead of to be neglected or
ignored — at fulfilling of equilibrium conditions. The usage of the verbs "neglect" or
"ignore" is not correct.)

— regions where f.q has been exceeded already in SLS, the requirements both in ULS and
SLS must be fulfilled as well.



776 TENSILE STRENGTH CONCRETE: PRODIGAL SON OR PRIMARY SOURCE? A

This classification can not be achieved with any classes of effective compressive strengths of
any compression field theory. Here once more the superiority of the tensile strength over
compressive strength is highlighted.

5. BIAXIAL STRENGTH OF COMPRESSIVE STRUTS

Theory, experiments and practice prove that the concrete can be loaded bi— and triaxially, it
has strengths in all directions [8].

The rapid decrease of the compressive strength under influence of transversal tensile stresses
should not merely be considered at reduction of the axial strength of some compression
elements in engineering models, but even the transversal tensile load bearing capacity of those
compression elements which are not stressed upto the uniaxial prism strength should be
realized as well.

According to the assumed strain distribution in the compression zone at ULS in flexure, only
the most exterior concrete fiber reaches the compressive failure strain, all others have .

€c < €cy- This means that the load bearing capacity of any compression zone has a reliable
transversal component as well, which is, as a matter of fact, the main part of the V¢ term [9].

In ULS each fiber of the compression zone in a s. ¢. member with bending and shear, will fulfil
the failure criterion simultaneously, the whole compression zone will fail at the same time. This
was experienced and interpreted as the brittle character of the compression zone's failure under
shear loading. The transversal stresses in the compression zone can be decreased with a
transversal (shear) reinforcement but they can not be eliminated. Compatibility conditions will
determine the effective ratio between V. and V.

Accepting the biaxial strength of concrete some interpretation problems of recent engineering
models [10], e. g.

—the shear strength of shear—unreinforced slabs

— the increase of the shear strength due to prestressing
would vanish immediately.

6. QUALITY ASSURANCE WITH TENSILE TESTS ON SITE

Performance and durability aspects have revealed the importance of concrete curing. The
tensile strength is more sensitive to mistakes during curing as the compressive strength is.

In previous clauses the central part of tensile strength as concrete property has been discussed.

All these circumstances can leed to the conclusion that the quality control of s. ¢. structures
should be performed with tension tests on the structure on site and not with compression tests
on cubes or cylinders in the laboratory.

7. SOME COMMENTS ON THE INVITED LECTURES

7.1 Comments on the Test Setups

It is beyond any dispute that the uniaxial tension test is the most direct way to determine a
strain—softening diagram. As it is difficult to carry out uniaxial tension tests on concrete under
strain—controlled conditions, simpler test setups have been looked for and applied.

In order to achieve simply interpretable test results, test specimens with predetermined failure
surfaces, e. g. notched beams in three point bending tests have been proposed as RILEM
Recommandation [11]. It must be kept in mind that the predetermined failure surfaces do not
yield that fractile value of GF, which will govern the failure characteristics of a given
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test specimen, as it will fail along its "weakest" surface, with the lowest GF.

The specimen's form and the boundary conditions of that test, shich should yield more
understanding about the fundamental properties of concrete need and must not be the simplest
one, otherwise we shall have the same situation as with the compressive strength: we shall
order and evaluate using an argument only for the reason that it is simple to be determined. It
must be cleared up, which of the properties belong to the test setup, the specimen's behaviour
and the material behaviour resp. as proposed in [13].

7.2 Comments on the Properties of the Fracture Energy

Fracture energy must be unique and independent of specimen type, size and shape. Size effect
laws are felt to be created using the nominal stress

oy=P/(b.d)

at evaluation of test results. These laws could be eliminated if the effective depth der would be
applied at evaluation of test results. The effective depth is that part of the specimen’s depth,
which is activated when the fictitious crack has first even came up to its maximum width
(w2). It is felt, that even the apparent dependence of the specific fracture energy with

increasing ligament length could be eliminated using def.

If it is true, that fracture energy is a material property, which has no direct connection with
other material properties, such as the compressive strength {12], then we shouid look for more
fundamental material properties, as after all, concrete is a quite simple composite, consisting of
a porous matrix, aggregates and an interface between them. Nevertheless, as the influencing
factors are the same as for the other mechanical properties [13], we will soon have a quite
complete and coherent understanding for these properties and their relations.
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