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Measurement of the fracture energy using three-point bend
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Available measures of the fracture energy G obtained with the procedure proposed by
RILEM TC-50 provide values that appear to change with sample size, calling into question
the possibility of considering G as a material parameter, In this paper some possible sources
of experimental errors, when the RILEM proposal is applied, are ascertained, namely the
apparent energy dissipation firom hysteresis in the testing equipment and energy dissipation in
the lateral supports. It is concluded that either some other sources of energy dissipation are
operative or that Gg camtot be considered a material property.

I. INTRODUCTION

For structural design, the relevance of the tensile fracture
behaviour of quasi-brittle materials, such as concrete and
cementitious materials, is well established and can be
quantified by means of the fracture energy G (e.g. [1,2]).
This is a useful parameter for design purposes, as pointed
out in several examples by Hillerborg [3], as well as for
modelling the fracture behaviour of cohesive materials,
as reported in some recent reviews [4,5].

The most direct way of determining Gg is by means of
a stable uniaxial tensile test. Unfortunately, it is difficult
to perform stable and representative tensile tests [6] and
a simpler procedure, based on the determination of the
total work of fracture of three-point bend notched beams,
was recently proposed by the RILEM Technical Com-
mittee TC-50 [7].

The performance of this test was analysed by
Hillerborg {8]. After comparing the results for about 700
concrete beams of different sizes from 14 faboratories, he
concluded that the proposed test method was suitable
for use in testing laboratories with ordinary equipment,
although a dependence of Gp on specimen size was
detected. This size dependence was considered to be of
no greater importance for the calculated strength of a
structure than the corresponding size dependence in
ordinary compressive strength tests.

However, a basic question still remains: will this size
effect disappear by improving the experimental methods
or, on the contrary, is this an intrinsic size effect and is
G not a size-independent material property? The answer
to this question will dictate the survival, in the concrete
field, of the cohesive crack models and other fracture
models that imply a constant, size-independent Gy.

The purpose of this paper, and of two subsequent ones,
is to ascertain possible sources of experimental error
when applying the RILEM procedures by analysing the
contribution of the testing equipment, the sampie
characteristics and the experimental procedures to reach
the final G, value. Qur analyses point towards the
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existence of an almost size-independent Gp value, which
is obtained if the experimental procedures are refined
according to the following results.

2. THE RILEM TEST

The purpose of this test is to measure the amount of
energy absorbed when the specimen is broken into two
halves. This energy is divided by the projected fracture
area and the resulting value is assumed to be the {racture
energy Ge. The ease of performing this test as well as the
reliability of the test results will depend on the design of
the test specimen and the details of the test procedure.
The RILEM technical committee 50-FMC recommended
the use of the three-point bend test on a notched beam.
The procedure is explained elsewhere [7] and some
relevant aspects will be briefly summarized here.

The size and dimensions of the recommended specimens
{Fig. 1) were found by Hillerborg as a compromise
between competing reasons. Since in our experiments
some of the recommendations are apparently violated, it
is interesting to remember the underlying reasons
dictating the different specimen dimensions:

(a) The recommended beam depths of the specimens
were chosen to keep the specimen as small as possible
for a given aggregate size range. Notice that a single
recommended beam depth exists for a given aggregate
size. This was dictated by the convenience of keeping the
volume of the specimen as small as possible relative to
the area of the ligament, in order to minimize the influence
of bulk energy dissipation,

(b} The large span-to-depth ratio of the recommenda-
tion was dictated by the interest in getting stable tests
with testing machines working in position control. When
closed-loop machines controlled in CMOD are available,
the span-to-depth ratio becomes largely irrelevant. We
used a span-to-depth ratio of 2.5 in the experiments
presented in this work.
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RESUME

Renforcement de poutres de béton armé par collage (colles
époxy) de composites renforcés de fibres

Le renforcement externe de poutres de béton par collage
de plastiques renforcés de fibres (FRP) semble un moyen
adégquat d’aceroitre la capacité portante et la rigidité des
constructions existantes. Les poutres de béton renforcées
de FRP peuvent se rompre de différentes maniéres quand
elles sont chargées en flexion. On identifie et on analyse
dans cette étude les processus deffondrement: fléchissement
acier—rupture FRP, fléchissement acier—fragmentation du
béton, rupture en compression et décollement.

Nous obtenons ici des équations décrivant chaque
mécanisme de rupture en ayant recours q la méthode de
déformation compatible, aux concepts de la mécanigue de
la rupture et & un modéle simple pour le mécanisme du
décollement dii aux fissures de cisaillement, Ensuite, nous

produisons des diagranmes montrant les caleuls de poutre
correspondant a chaque mécanisme de rupture, et nous
examinons les effets des feuilles de FRP sur les caracté-
vistiqgues de ductilité et de rigidité des composants
renforcés,

En fin de compte, nous donnons les résultats d’essais de
flexion quatre points sur des poutres en béton armé
renforcées de diverses quantités de feuilles de carbone FRP
unidirectionnelles (CFRP). Les résultats confirment 'ana-
lyse et soulignent le réle important de la fissuration dans
la délamination de la plaque composite par le processus de
décollement, Il apparait que ce processus impose une limite
a I’épaisseur de la feuille composite au-dela de laquelle une
rupture fragile se produit, sans que la capacité de flexion
soit entiérement réalisée ni la ductilité assurée. On peut
utiliser les résultats analytigues obtenus pour établir un
processus de sélection de FRP pour le renforcement externe
d’éléments de béton par des matériaux légers et durables.
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Fig. 1 Notched beam geometry for fracture energy
determination following the RILEM recommendation [7].

(c) The variable span-to-depth ratio of the recom-
mendation was dictated by the need to keep the influence
of the self-weight of the specimens within bounds, while
keeping them as slender as possible. In our tests the
self-weight is compensated, and hence this requirement
need no longer hold.

(d) The notch-to-depth ratio was recommended to be
0.5 in order to keep the bulk energy dissipation small,
while keeping the crack surface relatively large. In our
specimens we wanted to analyse the influence of the bulk
energy dissipation, and so we decreased the notch-to-
depth ratio to 0.33.

In the recommendation, the displacement of the centre
of the beam and the corresponding load are recorded
until the beam falls down under its own weight. Then,
the load—displacement curve is corrected for eventual
non-linearities at low loads, and the energy supplicd by
the external load, W, represented by the area under the
load—displacement curve, is measured as well as the
displacement &, at final fracture. The fracture energy is
calculated from the expression

_ Wy - mgd,

Gk
Alig

(1)

where g is the acceleration due to gravily, &, the
displacement at the final failure of the beam, A;;, the area
of the initial ligament, Ay, = (D — @)B,andm = m, + m,
where m, is the mass of the beam between supports
and m, the mass of the part of the loading arrangement,
not attached to the machine, that follows the beam during
failure.

The term mgd, appearing in Equation 1 is required to
take into account the work of the self-weight in the
fracture process. In order to keep the experimental
procedure as simple as possible, no weight compensation
is suggested in the recommendation. However, weight
compensation is feasible, and the correction in Equation |
is only an approximation derived by Petersson [9],

who experimentally checked it by comparison with
weight-compensated tests.

In weight-compensated tests such as those performed
by the authors, the full load—displacement curve is
obtained (in principle) and the fracture energy is

W

Gy = - (2)
lig
where W is the total work of fracture, given by the area
under the complete load-displacement curve [9].
Actual experimental arrangements may differ appre-
ciably from the ideal design, and moreover there is always
a limit to the accuracy of the measurements. In the
following we review possible sources of error due to the
testing equipment, the sample properties and the
measurement procedures.

3. HYSTERETIC BEHAVIOUR OF
THE EXPERIMENTAL EQUIPMENT

In a loading—unioading process, the experimental equip-
ment may display hysteresis. The area of the hysteresis
loop {in the load—displacement representation) is equiva-
fent to an extra energy added to the true fracturing energy.
Hysteresis may proceed from different sources:

(a) true mechanical energy dissipation (duc to the
inclusion of inelastic joints in the displacement measure-
ment, for example);

(b) transducer hysteresis (coupled with electronic
hysteresis of the amplificrs and signal conditioners); and

(¢) recorder hysteresis (either electronic or mechanical).

If not taken properly into account, hysteresis will deliver
fracture energies larger than the actual ones. Since
hysteresis usually depends on the maximum load, it may
introduce a spurious size effect in the measurement of Gr.

An easy way to evaluate the significance of this
hysteresis is to perform standard tests with materials of
a well-known linear elastic response in the expected range
of loads. This calibration test should mimic the standard
test, except in the material to be tested. In particular,
load and displacement measurements should be performed
as in the standard test.

Qur experimental system was calibrated using this
procedure by testing steel and aluminium beams [10,117.
A small hysteresis cycle, depending on the maximum load,
was observed, and the results are shown in Fig. 2a. It is
worth noting that the dissipated energy due to equipment
hysteresis corresponding to the maximum load recorded
on testing concrete beams was less than 10 mJ. As we
will show in a subsequent paper [12], when analysing
experimental results for concrete, this figure contributes
less than 0.6% to the G value. The relative error
introduced in the specific energy determination is shown
in Fig. 2b. The reference value is Gp =81 Nm™"', the
corrected experimental specific {racture energy obtained
in our tests [12]. Although very small in our case, this
contribution cannot be neglected a priori and calibration
tests are recommended.
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Fig. 2 Measured contribution of the hysteresis of the
experimental equipment to the overall energy measurement:
(a) absolute value, (b) refative contribution to the fracture
energy. Reference value, Gp =81 Nm™L.

4. INFLUENCE OF THE SAMPLE
PREPARATION PROCEDURE

Actual samples have suffered a number of disturbances
during their preparation, which may have a different
influence on small and on larger samples, hence
introducing a size effect on the fracture energy. Apart
from this size effect, two different specimen preparation
procedures may deliver different values of G for a given
specimen size. Two cases are considered here; the
presence of a notch instead of an ideal crack, and the
heterogeneity introduced when casting the samples in
moulds.

Notched beams and precracked beams were compared
by Swartz and co-workers [13,14]. Eighty-four beam
specimens were tested, one-half precracked and one-half
notched, and it was found that failure loads were higher
for cracked beams than for notched beams, but differences
in Gy, obtained using Equation 1, were not significant
when compared with the differences in Gg for several
values of the notch-to-depth ratio.

Concrete samples are made by casting in moulds or
by sawing from a previously mouilded bigger plate. Both
procedures may induce heterogeneities in the samples;
casting favours segregation at the edges (skin effect) and

sawing produces damage. Obviously, the importance of
these heterogeneities decreases with increasing specimen
size. To ascertain the influence of both procedures on
Gg, two sets of eight samples — one set moulded and
another cut [rom a plate — were tested following the
RILEM recommendations. No significant differences
were found in the results [11].

5. EXPERIMENTAL PROCEDURES

Actual experimental arrangements differ from the ideal
design, and also material behaviour may show some
departure from the idealized model. Attention will be
paid to three possible sources of experimental error that
may influence the measurement of Gg: non-ideal boundary
conditions at the supports, non-ideal behaviour of bulk
material — more specifically, the influence of bulk energy
dissipation —, and non-ideal petrformance of the RILEM
test. 'The last two problems will be dealt with in two
subsequent papers and the first one is considered here.

5.1 Energy dissipation at beam rolling supports

Lateral supports are sensitive devices, as is well known
when testing beams. Energy can be dissipated due to
beam damage around the supports and due to friction
during the test. Indeed, the RILEM draft recommendation
[7] is quite specific about the necessity of avoiding
inclusion of energy dissipated at the supports. To do so
requires the displacement of the central section of the
beam to be measured not relative to the supports, but
relative to points of the beam above the supports (away
from them). In this way the inelastic displacements due
to crushing are excluded from the measurement. The
recommendation accepts measurement relative to the
support only if it has been proved that the corresponding
inelastic displacements -are less than 0.01 mm. Tt is also
clear from the recommendation that the supports must
be rolling supports, not fixed. Despite their clarity, these
recommendations are not always fulfilled in the experi-
ments reported in the literature. One of the aims of the
present work is to show quantitatively that they have (o
be taken into account.

In a rolling support a mixture of indentation and
friction during rolling makes the analysis very involved.
In addition, the difficulty of a numerical analysis increases
when it is considered that the details of the rollers and
the material behaviour of the beam play an important
role. Such problems prompted us to look for an
experimental approach to measure the dissipated energy.

However, previous to the experimental work, an upper
bound for the dissipated energy due to friction was
estimated under the hypothesis of fixed supports.
Although such a testing procedure is not recommended,
fixed supports are frequently quoted in test reports. To
evaluate the dissipated energy, a numerical simulation of
the test was made. With the help of the computer code
ANSYS# the beam was modelled as a cohesive material
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Fig. 3 Computed evolution of the frictional force at a fixed
support versus the relative displacement of the contacting
points. Beam depth = 50 mm, loading span = 125 mm, beam
thickness = 100 mm, notch depth = [7 mm, f, = 3.14 MPa,
E =27 GPa, Gg = 100 N m™!, bilinear softening curve
according to Petersson [9].

[4]. A bilinear softening function shaped like that of
Petersson [9] was used to describe the lracture zone, and
the bulk was considered linear elastic. Concrete properties
were E=27GPa, v=02, G.=100Nm™}, f, =3.i4
MPa and critical opening w, = 114.6 pm. Friction was
modelled according to Coulomb behaviour, allowing
sliding when the tangential load equals the product of
the normal load by the friction coefficient p. A value of
i = 0.3 was chosen. This is a typical value for steel-on-
steel friction, and a lower bound for steel-on-rock friction.
This is also an approximate value for the specific supports
used by the authors, as determined by Guinea [11].
Friction loads versus corresponding displacement were
computed for the four sizes of tested beams (as reported
in the third paper of this series [12]), where D/S = 04,
a/D = 033 and B = 100 mm, A typical plot for beams
with D = 50 mm is shown in Fig. 3. Twice the area under
this curve gives the dissipated energy due to friction
during the test. This value amounts to 30%; of the fracture
energy G, for the four sizes considered.

These results agree with a rough estimate, previously
made by two of the authors [15], by assuming simplified
rigid-body kinematics, as shown in Fig. 4. A straight-
forward analysis shows that the total external work, WE,
supplied to the beam is

D
WE= W 2u SV 3)

1.

Fig. 4 Simplified rigid-body kinematics used for approximate
analysis of friction dissipation when supports are fixed.

where W is the work done by the central load alone and
D8 is the depth-to-span ratio.

The blind use of Equation 2 leads to a ‘measurement’
of the fracture energy Grye., which differs from the true
value of the fracture energy, Gy, which should take into
account the external energy only; hence

1

Graeas = Gp ———— 4
™ T1 = 2u(D/S) @
so that the relative error in G amounts to
ﬁ — GFMeas - GF — Z#J(D/S) (5)
Gy G 1 —2u(D/S)

If b/S = 0.4 — as in our tests — and y = (0.3, the relative
error is 32%, in agreement with the more involved
estimation based on finite-element computations. The
relative error is lower — between 8 and 15% — when
samples with the recommended RILEM geometries are
used. These results warn us against neglecting friction
during testing because relative errors may be large, even
when rolling is allowed, as is shown below.

To evaluate energy dissipation during rolling of the
supports, a testing device that allows measurement of
normal and tangential forces and their associated
displacements was designed and built. This device is
shown in Figs 5 and 6. The normal force is applied, by
means of a 1275 Instron servohydraulic machine, through
rollers with an overall friction coefficient of 0.003. To
avoid bending of the upper loading rod, the lateral load
has to be applied as close as possible to the lower
specimen botftom. In this way the support reaction
and the lateral load give a combined vertical loading with
zero off-axis eccentricity.

The test was run in such a way that the variations with
time of the normat load and of the tangential displacement
were coincident with those previously recorded in a beam
test for the lateral support (the normal load on the
support was taken to be hail the central load and the
displacement at the support was taken to be half the
crack mouth opening displacement, CMOD). The rolling
support was the same as for the beam tests and the
concrete sample was from the same concrete batch.
Details of the experimental set-up are given elsewhere
[11].

Test results are shown in Fig. 7. These are typical
results from one of the 11 tests carried out. Fig. 7a shows
the evolution of the tangential load with the corresponding
tangential displacement (input), and Fig. 7b the evolution
of the normal load (input) with the normal displacement.
From these results the total dissipated work at the rolling
support, due to normal and shear forces, can be evaluated.
Work due to normal forces is mainly due to crushing of
concrete, and work due to tangential forces is mainly due
to friction. The energy dissipated at the supports is shown
in Fig. 8a as a function of the maximum load. This figure
was drawn from 11 test results using inputs from beam
tests of four different sizes, The relative influence of the
dissipation at the supports on the measured value of Gy
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Fig. 5 Photograph of the biaxial loading device used in the
experimental investigation of the rolling support.

S Normal force (Fy)

/—Sample

Tangential force ( F}

R
Support

Fig. 6 Scheme of the biaxial loading device used in the
experimental investigation of the rolling support.

is size-dependent, as is shown in Fig. 8b. For our
experiments, its relative influence is less than 209,

The above results show that crushing at the supports
may be an important source of energy dissipation and
that the strict requirements set in section 4.3 of the
RILEM draft recommendation [7] are indeed essential.
However, it appears that they are not enough, because
in the RILEM draft the rolling friction is not taken into
account. The rolling friction is not high for the major
part of the test, as shown in Fig, 9 (drawn from Figs 7a
and b} which indicates that the ratio Fy/Fy is of the order
of 0.01, as expected for rolling. However, this relationship
is not constant and becomes very large for small normal
loads. When the energy dissipated by the tangential force
is compuied from Fig. 7a, the result shown in Fig. 10a
is obtained. Fig. 10b shows the relative contribution to
the megsured fracture energy, a contribution that turns
out to be non-negligible.
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Fig. 7 Qutput of a test on the rolling support: (a) tangential
force versus tangential displacement curve, (b) normal force
versus normal displacement curve.

6. CONCLUSIONS

So far, several sources of energy dissipation have been
found. All of them, if not taken properly into account,
may influence the measured value of the specific fracture
energy Gp.

I. There is an apparent energy dissipation coming
from hysteresis in the testing equipment. Its influence is
specimen size-dependent. For a series of concrete tests
and equipment this energy contributes less than 0.6% to
the Gy value. However, this coniribution cannot be
neglected a priori and calibration tests are recommended.

2. Sample preparation should influence Gy values.
Nevertheless, no clear difference was observed between
results for notched beams and those for precracked
beams. The same conclusion applies to the results for

moulded beams and those for beams sawn from a larger

plate.

3. Ifthe lateral supports are fixed, frictional dissipation
may introduce very large errors in the measurement of
the fracture energy. Only tests with rolling supports
should be accepted in G measurements.
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Fig. 8 Total encrgy dissipated at the rolling supports:
(a) absolute value, (b) relative contribution to the measured
fracture energy. Reference value, G = 81 Nm ™%,
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Fig. 9 Experimental refationship between the normal and the
tangential load in the rolling support.

4. Even with rolling supports there is some energy
dissipation at the supports, partly duc to concrete
crushing, and partly due to friction. Direct measurement
" of such energy indicates that its influence on the measured
Gr is not negligible, and that this influence is dependent

0 50 1060 150 200 250 300 350
BEAM DEPTH {(mm)

Fig. 10 Energy dissipated at the rolling supports by the
tangential force: (a) absolute value, (b) relative contribution
to the measured fracture energy. Reference value,
Ge=8INm L

on the specimen size. Even when the crushing component
is excluded from the measurement, a non-negligible
energy dissipation is produced by rolling friction,

5. Because the measured Gy increases by more than
50%, when the size is increased three times [12], we must
conclude that the above corrections are not enough to
imply a constant value for Gg. This means either that
some other sources of energy dissipation are operative,
or that Gg cannot be considered a material property.

In the forthcoming paper, bulk energy dissipation is
analysed as a possible source of the apparent size
dependence of Gg.
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RESUME

Mesure de ’énergie de rupture par des essais en flexion
trois points: 1 — Influence des méthodes expérimentales

L’expérience montre que 1'énergie de rupture spécifique Gy
est un paraméire de calcul pour le béton et les matérianux
& base de ciment. Cependant, il apparait que les valeurs
des mesures de Dénergie de rupture Gy obtenues selon la
méthode préconisée par la Commission Technique 50 de la
RILEM, dont on dispose, changent avec la taille de
Péprouvette, ce qui mef en question la possibilité de
considérer G comme un parametre du matériau. Dans cet
article, on a mis au jour plusieurs sources de dissipation de
’énergie qui, toutes, si on n'en tient pas compte comme il
convient, risquent d’influer sur la valeur de énergie
spécifique Gg.

Il existe une dissipation de ’énergie apparente dans le
dispositif d’essai due ¢ hystérésis dont Uinfluence dépend
de la taille de ’éprouvette. Bien que dans le dispositif
expérimental des autewrs 'hystérésis soit trés bas, on ne
peut a priori négliger cet élément et on recommande des
essais d étalomnage. Si les supports latéraux sont fixés, la
dissipation due au frottement peut introduire des erreurs
importantes dans la mesure de énergie de rupture. Pour
mesurer G, il faudrait accepter seulement des essais avec
des supports roulants et, méme dans ce cas, il y a une
dissipation de I'énergie non négligeable en rapport avec la
taille de I’éprovvette.

Bien que les effets considérés ci-dessus introduisent des
erreurs de Gy, ef contribuent G son effet d’échelle, on
conclut que soit d’antres sources de dissipation de ['énergie
interviemtent, soit Gp ne peut étre considéré comme une
propriété du matériaun.




