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Abstract

The article comprises two parts. The first part pre-
sents a summary of the available methods of
characterizing the flexural toughness of fiber rein-
forced concretes (FRC), with a review of most of
the toughness standards and guidelines from stan-
dards institutions and other professional agencies
in North America, Europe and Japan. Also
reviewed are other significant proposals available
in the published literature. The second part of the
article includes a discussion of the merits and
drawbacks of these measures. Other related issues
discussed include: the fundamental significance,
problems with regard to experimental measure-
ments and the potential for practical design
implementation of a toughness measure.

Keywords: Ductility, energy absorption capacity,
fiber reinforced concrete, first-crack strength,
flexural strength, fracture energy, fracture
toughness, residual strength, testing, toughness
index.

1 INTRODUCTION

The ability of fiber reinforced concrete (FRC)
composites to absorb energy has long been rec-
ognized as one of the most important benefits

*Paper prepared while a Visiting Professor, Universitat
Politecnica de Catalunya, Barcelona, Spain.
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of the incorporation of fibers in plain concrete.
Improvements in the fracture, impact and
fatigue performance of FRC are among the
consequent benefits.

Many tests have been developed to directly
characterize the energy absorption capacity of
such composites in simple loading configura-
tions such as compression, flexure and tension.
The flexural test is the most popular because it
stimulates more realistically the conditions in
many practical situations and is simpler to con-
duct than the tension test. The results allow
toughness characterization through one or more
of the following: absolute energy absorption,
dimensionless indices related to energy absorp-
tion capacity, equivalent flexural strengths as
prescribed post-cracking deflections or other
parameters that describe the post-cracking
response of the composite. Although intended
to characterize the material behavior, results
from these tests are usually affected by the
specimen size and geometry. Nevertheless,
these tests have potential engineering uses as
evident by the spurt, in recent years, of stan-
dards and recommended specifications for the
flexural toughness testing of FRC.'"* A critical
review of these standards and other significant
proposals'>~2* available in the published litera-
ture is undertaken here to identify possible
improvements in toughness characterization
procedures and use.

Alternately, there are other types of tests that
have been used to measure the fracture proper-
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ties, impact resistance and fatigue resistance of
FRC. To varying degrees these non-standard
tests, particularly the notched beam test dis-
cussed in Section 2.4, allow the measurement of
properties of a more fundamental nature that
are related to the ability of the composite to
absorb energy. An exhaustive discussion of
these tests is beyond the scope of this article.
However, the basis for some of these tests can
be established from the discussions presented
here as they provide fundamental relevance to
the engineering aspects of flexural toughness
measurements. Therefore, reference is made to
these tests wherever appropriate.

2 FLEXURAL TOUGHNESS
CHARACTERIZATION

The characterization of flexural toughness of
FRC is often accomplished using (unnotched)
beam specimens tested in four-point loading,
Fig. 1(a). Lesser used, but perhaps more suita-
ble to characterize the fracture parameters of
the composite, is the three-point bending test
on center-notched beams, Fig. 1(b). More
recently, toughness characterization using more
‘application-specific’ plate-bending tests have
been recommended,” Fig. 1(c). The discussions
in this paper will deal primarily with the beam
tests since they produce a predominantly uni-
axial stress-state and are hence more amenable
to the understanding of the basic mechanics of
composite behavior. The plate test, Fig. 1(c),
which may facilitate easier practical implemen-
tation of toughness results in selected
applications like ‘slab-on-grade’ and ‘tunnel lin-
ing’ invoke biaxial bending and other structural
effects, and hence will be discussed only in a
limited sense in Section 2.3.

2.1 General features of the four-point flexural
test set-up

Most of the tests reviewed here use a four-point
flexural configuration. Specimen sizes vary
slightly (Table 1) but a common size that is
often recommended is a beam of cross-section
150 x 150 mm and a length of 600 mm, loaded
at third-points using an outer span of 450 mm
(Fig. 1(a)). A geometrically proportionate spec-
imen with a 100x100 mm cross-section is
recommended for composites with shorter fib-
ers (fiber length, /;<30 mm). Beams with even
smaller depths are often recommended for

®
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500 mm
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Fig. 1. General test configurations used for flexural tough-
ness testing: (a) four-point bending, (b) notched-beam
test, and (c) plate test.

sprayed applications.>'*'* Measurement of the
net-deflection of the specimen at midspan is
prescribed by most standards. However, the
measurement of net-deflections at the load-
points is preferable and more useful. Deflection
measurements are to be made using electrical
transducers. However, ASTM C 1018* also per-
mits the use of mechanical dial gages. Load is
applied through fixtures that allow for rota-
tional freedom as illustrated in Fig. 1(a). Total
load is measured using a load-transducer. Tests
are to be conducted using a stiff testing
machine at a prescribed specimen deflection
rate (normally a permissible range of deflection
rates is specified). When conventional hydraulic
testing machines are used, it is necessary to
control the machine manually (or through
servo-control) to obtain the specified rate.
Screw-driven machines allow for loading at pre-
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scribed constant crosshead-displacement rates.
Load-deflection response is recorded continu-
ously using an X-Y plotter. If mechanical
transiiucers are used, manual plotting is accept-
able.

2.2 Interpretation of results from the four-
point flexural tests

While specimen geometries and test procedures
in most standards are comparable, how the
results from these tests are used to compute
toughness, what they really represent and how
these results can be interpreted differ signifi-
cantly. Rather than describe each standard or
test proposal separately in this section, it is
appropriate to review general features that are
common to most tests. Further, even when spe-
cific differences in these standards are
discussed, they are categorized using the basic
concepts adopted in defining toughness meas-
ures rather than by the test standards
themselves.

2.2.1 Energy-based dimensionless indices
The ACI 544 toughness index based on Hene-

gar’s’® proposal was the first energy-based
dimensionless index used to characterize the
performance of FRC. It constituted the first
major effort in recognizing that energy absorp-
tion (also related to ductility or brittleness) may
be important in addition to strength (particu-
larly true for FRC and high strength concretes).
The ACI 544 toughness index (Fig. 2) is defined
as the ratio of the area under the load-deflec-
tion curve up to a midpoint deflection of
1-9 mm (0-075 in) to the area under the same
curve up to first-crack deflection, é;. Among the
problems with this approach are that the first-
crack deflection, as discussed later, is difficult to
determine reliably, and that the choice of the
fixed deflection limit of 1-9 mm is arbitrary.
Realistically, deflection limits should be based
on serviceability requirements and hence be
‘application-specific’.

The ASTM C 1018* essentially uses the same
basic idea. The significant difference is that the
limiting deflections are prescribed as multiples
of the first-crack deflection. Toughness indices
Is, I and I, are computed at deflection limits
of 3 4, 55 &¢ and 10-5 &, Fig. 2. The limiting
deflections have been chosen to provide refer-
ence toughness index values of 5, 10 and 20,
respectively, for an elastic-plastic material. Barr
and Liu'® proposed a similar dimensionless

L o AmaOACD Ams OACD Tyer= Area OACKL
oors = 3
Arca OAB Arca OAB o =Tt §
» =25
- Arca OACM ||B=M_A£F. Sisowd
C Area OAF Area OAB S = Span .
TNGE L = Area OAGH w = Beam width
. ®TAra OAB  ¢=Beamdepth
- YA
I
S
-l
f . Fiber P, = First Crack Load
L B Beam 8= First Crack Deflection
Zero
I ' H /
i 1 Capacit
B D \F M e :
O 3, 35, 5.58, 10.58,

0.075in. 5,,,-1.;5

Net Midpoint Deflection, &

Fig. 2. Toughness definitions from ACI Committee 544
guidelines,"” ASTM C 1018 Test Standard,* and JCI SF4
Test Standard.'?

toughness index based on the ratio between the
area under the load—deflection curve up to 2 J;
and four-times the area under the load—defiec-
tion curve up to d¢. This type of index provides
an upper-bound value of 1 (for post-cracking
strain-hardening modulus approaching the ini-
tial elastic modulus) and a lower-bound value of
0-25 (for elastic ideally brittle materials). The
index proposed by Barr and co-workers'®~'® was
developed so as to be applicable for general
notched and unnotched specimen geometries
(e.g., eccentric compression, compact tension,
four-point bending) although no direct correla-
tion between toughness indices measured in the
different geometries can be readily made. The
ASTM C 1018 indices,* and the index defined
by Barr and Liu'® rely on the first-crack even
more than the ACI 544 toughness index since
the limiting deflections are multiples of the
first-crack deflections.

The Spanish standard® requires computation
of a dimensionless index equivalent to 5, of the
ASTM C 1018 (computed at a deflection limit
of 155 J;) perhaps recognizing that at the
smaller limiting deflections such an index is not
a sensitive toughness measure. It also requires
reporting of the first-crack strength and the
energy adsorption capacity, as in the Japanese
standard."”

Wang and Backer?! have also proposed the
use of an energy-based dimensionless index to
characterize toughness. The index has been
defined as the ratio of the area under the load
deflection curve up to a prescribed compliance
(20C, used as an example, where C, is the ini-
tial compliance) to the energy absorbed at
first-crack. This definition is akin to indirectly
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limiting deflection but at varying values for
materials exhibiting different post-cracking
behavior. The limiting deflection is greater for
materials with higher post-crack stiffness (rela-
tive to the pre-crack stiffness). Using several
different types of post-cracking responses, they
have demonstrated that their index provides a
better representation of the energy absorption
capacity than the ASTM C1018 toughness indi-
ces. The level of sensitivity reported for this
typc of index and the potential for practical
implementation of compliance-based limits
make this approach an attractive option deserv-
ing further investigation. It should, however, be
noted that since compliance is a specimen size-
specific parameter, toughness for different FRC
composites based on compliance limits should
be compared only while using identical speci-
men sizes.

In a more recent revision, ACI 544! addition-
ally recommends an alternate toughness index,
I;, that is defined as the ratio of the energy
absorption capacity of an FRC beam to that of
its unreinforced counterpart (Fig. 2). The defi-
nition provides a fundamental measure of the
effectiveness of fiber incorporation until com-
plete failure. The need to test a companion
plain concrete beam and the need to test the
FRC beam up to complete fracture make the
practical implementation of the index I, diffi-
cult.

2.2.2 Energy absorption capacity

The Japanese Concrete Institute (JCI) tough-
ness definition,"? Tyc, is computed for a
standard size beam as the area under the load
deflection curve up to a limiting deflection of
I[/150 (Fig. 2). Similar indices have also been
proposed in the Belgian,'® Dutch,” German,®®,
RILEM'" and Spanish® test specifications.
Gopalaratnam et al.">*® have observed that the
energy absorption capacity, defined as energy
absorbed per unit cross-sectional area of the
beam specimen computed at any deflection
limit, has in addition to the sensitivity desired
for toughness characterization, the potential for
correlation to more fundamental fracture para-
meters for the material.

One limitation cited for toughness measures
such as energy absorption capacity is that it is
specimen-size specific.”?%*> However, for a
prescribed specimen size, this value still serves
as a reference that is realistically more sensitive
to fiber type and reinforcing parameters than

the dimensionless energy-based indices of the
ASTM-type.'”?° In principle, even if the energy
based dimensionless indices at small displace-
ments do not exhibit size dependent behavior,
the strength and ductility of brittle cementitious
composites are inherently size depend-
ent.**?'=>* As a result, none of the toughness
measures discussed here and available to date
can realistically claim to be truly size-independ-
ent. The other limitation of the JCI toughness
definition is that the limiting deflection is large
and does not reflect a useful level of service-
ability for many applications. The Belgian,
Dutch and German specifications have partially
overcome this limitation by requiring energy
absorption computations also at smaller deflec-
tion limits (Table 1).

Noteworthy is the fact that the German rec-
ommendations®™® specify energy absorption
capacity that explicitly reflects the benefits of
fiber incorporation. The basic idea has some
similarities to the ACI 544 index I,. Energy
absorption capacity of a standard size FRC
beam is computed up to specified deflection
limits by subtracting the idealized contribution
of an unreinforced concrete beam of identical
size, Fig. 3. The limitations of the ACI index, [,
namely the need to test the plain concrete and
FRC beams up to complete fracture, are elimi-
nated. Energy absorption capacity of the
standard size plain concrete beam is idealized
as P¢ (0¢+1/2000)/2 (Fig. 3). This idealization
can be improved to reflect the true fracture
energy of the plain concrete matrix.

2.2.3 Strength-based dimensionless indices

It is convenient to readily implement strength-
based design in the post-cracking range until
specific energy-based design procedures become
available. Given this fact, many standards have
chosen to either exclusively’ or additionally'®
define strength-based dimensionless indices for
the post-cracking regime (equivalent to load-
based indices, given the normalization
procedure and the elastic analysis typically used
to compute stress in the post-cracking regime).
The Belgian specification, for example, uses in
addition to a toughness definition based on
absolute energy, dimensionless load ratios to
characterize the shape of the load-deflection
response in the post-cracking regime, Fig. 4.
Deflection limits are specified as functions of
the span (//n, where n = 600, 450, 300 and 150).
The French standard exclusively uses load ratios
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Ofimig= O +£/4000+ 6
(6 =¢/1200, £ 1200)

Load, P

Idealized response of
plain concrete

Actual response of
plain concrete

¢ . Otimit
Deflection :
¢
ir {
£/4000 6

Fig. 3. Toughness measures in German recommenda-
tions®® for conventional and sprayed steel fiber
reinforced. Note that the idealized toughening due to
plain concrete is excluded.

P¢=P-/Pf

£," = nT /bd?
n= 150, 300, 450 & 600

Pe

Load, P

{/m

Displacement, A

Fig. 4. Load (strength) ratios, absolute energy absorption
capacity and equivalent flexural strengoth used as tough-
ness measures in the Belgian standard.

at prescribed deflections (0-7 mm, 1-4 mm and
2-8 mm) for a standard beam size (span = 420
mm, Table 1) to characterize post-cracking duc-
tility. In both the Belgian and French standards,
the loads are normalized with respect to the
load at first-crack. It should be noted that the
load at first-crack is objectively defined in both
these standards, much like the German recom-
mendation, Fig. 5.

2.2.4 Residual strength measures
In addition to the energy-based dimensionless

indices, the ASTM C 1018* requires the compu-
tation of dimensionless residual strength
indices: Rsjo and Rjg,0 are computed as

o
P
©<
P
B
P \/\
A B
-9
o
[
Q
-1 \
A
X
03Ps}-—

On Otm Orc
.1 mm Deﬂectlon, 4]

Fig. 5. First-crack definition is more objective in most
European standards than the American and Janapese
standards. The above definition is from the German rec-
ommendation.® Offset deflections of 0-05 or 0-1 mm have
been typically used in other European standards.

20(110*15) and 10(120—110), respectively. The
residual strength indices are intended to repre-
sent the average strength retained between 3 o
and 55 &, and between 55 6 and 10-5 6,
respectively, relative to the first-crack strength.
Hence, in addition to toughness indices s, I;o
and I, it is necessary to know the first-crack
strength. Problems with the ASTM C 1018
toughness indices (i.e., the inability to identify
FRC materials with significantly different post-
cracking responses'® *"*>*") coupled with the
lack of objectivity in identifying the first-crack
strength®® make the residual strength factors
unreliable. Also, unlike the equivalent flexural
strength defined at specified deflection limit(s)
(see Section 2.2.5), it is difficult to practically
use residual strength indices that are specified
between two deflection limits.

The Norwegian Concrete Association (NB)"
in its technical specification and guidelines for
sprayed concrete bases its toughness classifica-
tion directly on post-cracking strength at
prescribed deflection limits measured on speci-
fied specimen size (depth 75 mm, width 125
mm, outer span 450 mm). Class 2 corresponds
to strengths greater than 2 and 1-5 MPa at
deflection limits of 1 and 3 mm, respectively.
Class 3 corresponds to strengths greater than
3-5 and 3-0 MPa at deflection limits of 1 and
3mm, respectively. Class 0 1s reserved for
unreinforced matrix, and Class 1 is used when
fiber type and fiber volume fraction are expli-
citly specified. The EFNARC recommendation’
uses toughness classification identical to that
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proposed by the Norwegian Concrete Associa-
tion. This type of approach to characterize
toughness may be unsuitable for general pur-
pose use.

2.2.5 Equivalent flexural strength
In addition to the energy-based toughness

measure Tjcy, the Japanese standard'® recom-
mends the use of an equivalent flexural strength
o, (also called the ‘flexural toughness factor’)
which is expressed as Tjcil/(Siimibd?). Similar
equivalent flexural strengths have been specified
in the Dutch and the Belgian standards™'®'! at
two different deflection limits. The Belgian
standard uses deflection limits of //300 and //150
while the Dutch standard specifies deflection
limits of 1-5 and 3 mm (for the standard beam
presented in Section 2.1, where / = 450 mm, the
deflection limits in the two standards are identi-
cal). Additionally, the Dutch standard also
requires reporting of the equivalent flexural
strength ratio defined as equivalent flexural
strength at the prescribed deflection limit
divided by that computed at first-crack (Table
1).

The German recommendations,®™® which use
the energy absorption capacities at two pre-
scribed deflection limits (see Fig. 3 and Section
2.2.2 for details), also require the computation
of the equivalent flexural strength at these two
deflection limits in a manner somewhat similar
to the JCI method.

Trottier and Banthia®> recommend using the
equivalent flexural strength concept of the JCI
method with some modifications that are repor-
ted to characterize post-peak toughening better.
Use of different deflection limits similar to the
Belgian standard (Jymi = I/n, n taking different
values in the range 3000-150) makes the
approach more general than the JCI method in
that it can also be applied at small deflection
limits. The more significant departure, however,
involves the use of only the post-peak (post-
‘first peak’, in FRC exhibiting two or more
peaks®) energy absorption in their mean
strength computations. Equivalent mean post-
cracking strength is computed in their proposal
as {(Etotal _Epre-peak)l}/{ (l/n - 5peak)bd2}9 where
E ... 1s the secant stiffness at a deflection of //n,
Eprepeak 18 the pre-peak stiffness, dpeax is the
deflection of the peak, b is the specimen thick-
ness and d is the specimen depth. Their
proposal neither establishes the fundamental
basis nor the motivation for excluding the pre-

peak contribution to energy absorption. The
arbitrary exclusion of the toughening in the pre-
peak regime is inappropriate and misleading.
This becomes obvious in the case of composites
with high fiber contents or relatively long fibers
which exhibit significant strengthening and one
distinct peak. The effect of the pre-peak or
volumetric contribution, as well as the basis for
linking engineering applications of toughness
and fracture mechanics in such composites, are
discussed in Section 3. Also, it is possible that
some commonly used composites may not reach
peak load capacities at the specified limiting
deflection (e.g., sprayed GFRC composites).
Toughness proposals for FRC materials should,
in general adequately characterize these types
of commonly observed composite behavior in
addition to the type of composites studied by
the authors.

The equivalent flexural strength approach
offers perhaps one of the best ways to prac-
tically implement®?**® toughness-based design.
However, further refinement of this general
concept will be needed to address some of the
issues discussed later in Section 3.

2.2.6 Deflection-based dimensionless indices
Ward and Li** have proposed a method of

toughness characterization, where two dimen-
sionless deflection-based indices (Timax and Tsp)
are used in conjunction with an energy-based
index (T10). Tmax has been defined as the ratio
of the deflection at the peak load to that at the
first-crack load. This is analogous to ductility
ratios used for reinforced concrete. Tsy has
been defined as the ratio of deflection at 50%
of the peak load (post-peak regime) to the
deflection at the same load in the pre-peak
regime. This parameter is reported to be
analogous to Hillerborg’s dimensionless param-
eter [.,/d*® used to characterize pseudo-ductility
in concrete fracture. T, has been defined as the
area under the load-deflection curve until the
load drops to 10% of the peak load divided by
the cross-sectional area of the beam. This
parameter approximately measures the total
energy absorption capacity of the FRC beam.
For FRC systems that exhibit elastic-plastic or
elastic-hardening load-deflection response, it
may not be practically convenient or possible to
determine T4 or Tsp.

Ward and Li have reported results from a
limited calibration effort in relating T\,.x to the
ratio of the tensile strength in bending to the
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tensile strength from direct tension (f¢/f;) and
T to this ratio, as well as to the beam depth d
and fiber length /;. Procedures to use these
parameters for design purposes are not obvious,
and as the authors themselves suggest, the
approach requires further development.

2.3 Plate test for toughness characterization
EFNARC’ recommends the use of the plate
test to characterize the energy absorption
capacity of FRC for sprayed applications
(Fig. 1(c)). A 600x600 mm plate (100 mm
thick) is simply supported along all four edges
using a 500 x500 mm span. Load is applied
through a 100 x 100 mm punch at a rate of 1-5
mm/min. A plot of the load versus central
deflection is used to compute the energy absor-
bed until a deflection of 25 mm. The
performance of the slabs are classified in tough-
ness Class a, b or c, for energy absorption
capacities of 500, 700 and 1000 J (Nm), respec-
tively.

Other than the simply supported slab descri-
bed above, results from field tests have been
reported for slabs supported on the ground.®
Experimentally determined first-crack loads in
these tests are reported to be 3-5 times those
computed using elastic theory and the West-
ergaard solution. Although this difference has
been attributed to the toughness of FRC,*® the
complex triaxial state of stress under the punch
perhaps leads to the larger load carrying capac-
ity recorded. Moens and Nemegeer* report
that the post-cracking characteristics observed
from tests on FRC ground-supported slabs are
superior to the post-cracking characteristics
recorded in four-point bending tests of identical
materials. This is also likely to be due to the
triaxial stress state in the plate tests. Interesting
illustrative examples of how the equivalent flex-
ural strength concept can be used for the design
of industrial floors** have been reported. The
design approach will benefit from analytical or
empirical correlation between the equivalent
flexural strength and results from the plate
tests.

2.4 Notched beam test for toughness
characterization

Typically, one would like to conduct direct ten-
sion tests for the determination of fracture
properties of brittle tension-weak materials like
FRC. However, the tension test is difficult to

conduct because of problems associated with
the gripping of FRC specimens and in ensuring
the stability of the test. Even if uniform tensile
strains along the cross-section can be achieved
in the elastic regime, unsymmetric cracking
inherent to concrete heterogeneity introduces
strain gradients in the deformation range of
interest for FRC composites. Like the tension
test, failure in the notched beam occurs due to
the localization of deformations at one critical
section. Unlike the tension test, this test is rela-
tively easy to conduct, and is reproducible.
RILEM*?¢ has recommended the notched
beam test for determining the fracture proper-
ties of plain concrete.

Gopalaratnam et al."*° proposed the use of
a notched beam tested under servo-controlled
conditions to characterize toughness of FRC.
The closed-loop test is controlled by the crack
mouth opening displacement (CMOD) as in
test procedures for determining fracture para-
meters of concrete.®®  Toughness was
characterized'>?" in terms of net-deflections
adopting the ASTM C 1018 procedure. It was
observed that the toughness indices thus
obtained were only as sensitive as the indices
from unnotched beams but exhibited much less
scatter.

The four-point bending configuration
has been used in notched beam tests so that
results could be compared to the conventional
toughness test on unnotched beams. However, a
mid-point loading configuration is obviously
more appropriate for notched beam specimens
(Fig. 1(c)).”'* This configuration (Fig. 1(b))
has numerous advantages not the least of which
is the guarantee of stability throughout the test
even for unreinforced and high strength con-
cretes with low fiber content.’’~3* Unlike the
unnotched specimen, deformation in the
notched mid-point loaded specimen is always
localized at the notch-plane and the rest of the
beam does not undergo significant inelastic
deformations. This minimizes the energy dissi-
pated over the entire volume of the specimen
and, therefore, all the energy absorbed can be
directly attributed to fracture along the notch
plane (i.e., planar energy dissipation). Conse-
quently, the energy dissipated in these tests can
be directly correlated to material response
(except for the structural size effect normally
associated with the fracture of concretes®®>'~>%)
and its fundamental fracture parameters. Other
types of notched specimens with similar localiz-

19,20, 30
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ation characteristics have also been used by
Barr and co-workers.'®™'®

Among the other advantages of the notched
beam test is the possibility of toughness charac-
terization of FRC in terms of CMOD
measurements, which are not subject to errors
of the kind observed for deflection measure-
ments (Fig. 1(b), Section 3.2.1). Moreover, they
can be readily related to crack-width limits and,
consequently, to application-specific levels of
serviceability.

The load—-CMOD response of a standard
beam tested using mid-point loading can be
directly used to characterize toughness.”® In
principle, all the toughness measures discussed
for the load-deflection response in Section 2.2
can be applied to the load—CMOD response as
well. However, Gopalaratnam et al.'**° showed
that the sensitivity of CMOD-based toughness
indices analogous to ASTM. C 1018 indices
(using CMOD instead of deflection) is unal-
tered though the scatter is lower than for the
net deflection from the same test.

In recent work, Bryars et al’*?® tested
mid-point loaded notched beams of an 85 MPa-
strength silica fume concrete reinforced with
straight steel fibers (volume fraction = 0-5%;
length = 6, 13 mm; diameter = 0-15 mm). Their
toughness index was defined as the ratio
between the area under the load—CMOD curve
until a prescribed multiple (m; m =3-10) of a
reference CMOD ( = d¢moa) and the area until
demod- Using the first-peak or bend-over-point
value as J¢mod, they found that this index
increased with fiber length and was more sensi-
tive for larger values of m. They also concluded
from tests on three sizes of beams that the
CMOD-based index was practically independent
of specimen size. The effect of specimen size on
the toughness and other fracture parameters
are presently being investigated for more effi-
cient fiber reinforcement in a continuing study
by the authors.

3 TOUGHNESS CHARACTERIZATION —
ISSUES OF SIGNIFICANCE

Several issues that need to be considered with
regard to making toughness characterization
procedures robust, fundamentally significant,
sensitive to the important material parameters
and practical to implement are discussed here.
Along with the larger issues not specifically

addressed earlier, this section also includes the
elaboration of some of the important observa-
tions made in Section 2.

3.1 Fundamental issues related to toughness
characterization

3.1.1 Shear and its influence on failure mode

and deflections

The general test geometry described in Section
2.1 is common to most of the test standards
discussed in this article. The test configuration
has a shear-span—depth ratio of 1, and a span-
depth ratio of 3. The extremely small
shear-span—depth ratio causes unusually high
shear stresses much like those in deep beams
and walls. If results from tests on reinforced
concrete deep beams are any guide, a signifi-
cant and unintended geometry-dependent
influence (changes in the failure mode itself)
may be implicit in the results from this config-
uration. Also this state of stress is
unrepresentative of many of the more common
applications of FRC (tunnel lining, slab-on-
grade, etc.). In case four-point loading is used,
shallower beams (such as the one recommended
for shotcrete by RILEM', NB" and
EFNARC?) with larger shear-span—depth ratios
should be considered. It should be noted that
for the common test configuration described in
Section 2.1, the additional deformation due to
shear, for typical FRC composites is of the
order of 25%.

3.1.2 Volumetric versus planar energy dissipation
mechanisms

Since the failure of FRC in many practical
applications occurs primarily due to localized
tensile failure, it is convenient to consider a
phenomenological model'® for fracture in ten-
sion to understand the contributions of various
energy dissipating mechanisms. In principle, this
same approach is also valid for the flexural fail-
ure of FRC beams®®. Figure 6(a) shows a FRC
panel subjected to direct tension. Figure 6(b)
shows a schematic plot of the load—deformation
response from a stable tension test conducted
under deformation-controlled conditions. The
diagram has a distinct elastic region where the
load is proportional to the deformation. Follow-
ing this is a zone of pre-peak nonlinearity,
which prior to localization can be attributed to
volumetric energy absorption. Axial strain, as a
result, is gage-length independent in this region.
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Fig. 6. Model of energy dissipating mechanisms in tensile fracture of FRC: (a) test specimen showing localization of
fracture; (b) schematic load—deformation response; (c¢) volumetric energy absorption; and (d) planar energy absorption.

After deformation localizes, much of the energy
is dissipated in the failure zone. This energy
dissipation is essentially planar. The total defor-
mation, A, of the specimen in the post-peak
region consists of the deformation, w, at the
critical section, which is idealized to be of zero
thickness, plus the deformation of the zones
outside the fracture zone (¢L). During the soft-
ening (post-peak) response, A is primarily
related to the increase in w since the region
outside the fracture zone begins to unload after
the peal load. The volumetric energy dissipation
is denoted as G, (units of Nm/m’) in Fig. 6(c)
and the planar energy dissipation, illustrated up
to a limiting crack-width of wjim;, is denoted as
G (units of Nm/m? Fig. 6(d)). The limiting
crack width may be chosen to be application-
specific to reflect realistic serviceability levels.
For very large values of w;mi, Gf approaches
Gy, which is defined as the work of fracture and
can be considered a material property.”® The
energy absorption parameters are both depend-
ent on specimen size and geometry. Any

toughness proposal should adequately take into
account the influence of this size effect when
extrapolating results from tests on small labo-
ratory specimens to real-size structures.

Generally, in all specimens and structures,
both volumetric and planar energy dissipating
mechanisms contribute to the mechanical
behavior.'”?**® The relative contribution of
each mechanism depends on the structural
geometry, loading configuration and size. It
should be noted that the volumetric component
normally occurs prior to localization and does
not directly influence failure. The determination
of these contributions and the parameters that
quantify the mechanisms will offer a way to link
engineering applications of toughness and its
characterization.

3.1.3 Effect of strength and deformation capacity
on specimen size
For plain concrete, the brittleness of structural

failure can be quantified through the use of a
parameter such as d/l.,, where d is a character-
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istic size of the structure (e.g., beam depth),
and [, is defined as the characteristic size of
the material microstructure, which is related to
the fracture energy, Gy, tensile strength, f, and
elastic modulus, E. through the relation
I, =E.GJ/ft*® The strength (i.e., maximum
stress at peak load) and post-peak load-carrying
capacity of concrete structures decrease with an
increase in size d and structural brittleness d//,.
This implies that the first-crack strengths used
for toughness characterization will also decrease
with specimen dimensions. The size dependence
of the composite strength, however, appears to
decrease with increased fiber efficiency.”

Other size effects on the load—deformation
response of FRC have also been observed. For
example, the post-cracking stiffness of some
fiber concretes increases with specimen size; for
smaller sizes a softening behavior is obtained
while hardening is observed for larger sizes.*>**
Also, the relative contribution of the volumetric
energy dissipation is expected to decrease with
increase in structure size.?? Therefore, it must
be noted that the toughness characterization
based on the load-deformation response is
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largely dependent on the size and geometry of
specimen used.

As most of the size effects in failure have
been attributed to fracture mechanisms, frac-
ture parameters that account for such effects
can be used to characterize toughness. For
example, the parameter [, represents the
pseudo-ductility of the material. This and other
material parameters based on fracture mechan-
ics are practically independent of specimen size
and geometry.** Accordingly, a parameter
analogous to [;,*® has been proposed for FRC,
where the use of energy absorption up to a
prescribed deflection or crack-width'® is more
appropriate than the energy required for com-
plete fracture.

3.2 Experimental issues related to toughness
characterization

3.2.1 Deflection measurement accuracy

Deflection measurement and its influence on
toughness measurement has received consider-
able attention in many recent studies.'®?%*%’
Figure 7 shows plots of the load-deflection
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Fig. 7. Load-deflection response of a polypropylene fiber reinforced concrete beam showing net and gross deflection
behavior as well as the geometry of the cracked beam. Inset shows that the error is elastic up to first-crack. Thereafter,

it is a function of the post-cracking load capacity.”®
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response for a 152 x 152 x533 mm polypropyl-
ene fiber reinforced concrete beam (fiber
volume fraction, V¢ = 0-1%, fiber length 51 mm,
fibrillated fiber) using gross (6;) and net (dy)
beam midspan deflections. An outer span of
457 mm was used. The inset to the figure shows
that the error in gross deflection measurement
(e = 6;—9dy) is largely linear up to first-crack.
Analytical expressions for this effect have been
obtained by computing the elastic deformations
of the beam at its supports.’ In the post-crack-
ing regime, the error is related to the
load-carrying capacity of the beam (i.e., reduces
or increases with a reduction or an increase in
the load carrying capacity, respectively).

Errors in the measurement of first-crack
deflection can result in significant errors in the
toughness measures that rely on the first-crack
deflection. For example, the toughness at first-
crack, which is the denominator in the ASTM
toughness index, is directly influenced by inac-
curacies in the measurement of J;. Also, since
the limiting deflections used for the computa-
tion of the ASTM toughness indices are defined
as multiples of ¢, the numerator in these indi-
ces is also affected in a significant manner.
These two influences have been shown?>?’ to
offset each other slightly but inconsistently,
depending upon the magnitude of the extra-
neous deformation as well as on the shape of
the load—deflection response.

While the older ACI 544 toughness index is
significantly influenced by errors in the
measurement of ¢, the toughness index I, is
not. Many standards,”'®'>~'* in contrast, avoid
problems originating from inaccuracies in the
measurement of d; by defining toughness meas-
ures that are independent of first-crack
toughness and by using deflection limits that are
prescribed fractions of the span (/300 and I/
150) or fixed limits for prescribed beam sizes.
Energy absorption capacities measured up to
deflection limits that are approximately one
order of magnitude larger than the first-crack
deflection (includes Belgian, Dutch, German,
Japanese and Spanish specifications) are not
affected significantly by the type of deflection
measurement error discussed above.

While it is possible and convenient to meas-
ure the net deflection at the midspan accurately
using one transducer mounted at the beam mid-
width,?” correlation of the area under the
load—deflection curve thus obtained to the
actual energy absorbed by the specimen is not

possible, especially in the post-cracking regime.
Significant errors result in attempting to convert
midspan deflection to load-point deflections
through a constant multiplication factor
obtained from elastic analysis, particularly
where the crack is unsymmetric.

3.2.2 The third-point loading configuration
Third-point loading, where the middle-third of
the beam is subjected essentially to pure bend-
ing free of transverse shear loads, is a suitable
configuration for the determination of the flex-
ural strength of plain concrete, where the peak
load occurs approximately at crack initiation.
Unsymmetric cracking is of negligible influence
in the analysis of results from a valid test.
Moreover, results from tests where the crack is
outside of the middle third by more than 5% of
the span length are considered invalid or the
modulus of rupture is computed using the
moment based on the actual location of the
crack.

However, in FRC beams the loads at first-
cracking and at the peak may be substantially
different. The critical crack is often unsymmet-
ric and varies in length. Given the rotational
freedom of the loading fixtures (Fig. 1(a)) it is
possible to ensure that nearly equal loads are
applied at the loading points. However, unsym-
metric cracking results in significantly different
deflections at the two loading points (differen-
ces of 15% have been typically measured’’). In
concretes with lower fiber volume fractions,
where fiber distribution is likely to be nonuni-
form, the differences may be even more
significant. This makes correlation of the meas-
ured toughness to the actual energy absorption
capacity arbitrary at best. Also, since toughness
tests for FRC are carried out up to deflection
limits that are at least one order of magnitude
larger than the deflection at first-cracking, this
problem is further aggravated. None of the
standards address this issue'™'* at all. This
problem highlights yet another inherent disad-
vantage of the four-point bending configuration.

3.2.3 Instability after matrix cracking

For concretes with low fiber volume fractions it
is not uncommon that matrix cracking is follow-
ing by momentary loss of stability in the test,
under displacement control, even while using
relatively stiff conventional testing machines.
Toughness values evaluated at small deflection
levels (<1 mm) such as those at 3 ; and 55 o¢



252 V. S. Gopalaratnam, R. Gettu

typically fall within this regime. Clearly, the
load—deflection response recorded in this
regime cannot be considered as the actual
response but is an artifact of the compliance of
the testing machine as well as of the frequency
response of the recording device. Little is men-
tioned in the referenced standards'~'* whether
results from such tests are acceptable and if so
how to interpret results from such tests. Energy
absorption capacity evaluated at larger limiting
deflections are affected to a lesser degree by
this instability. Stability at all times during a test
for all types of concretes cannot be guaranteed
even in a servo-controlled test of an unnotched
beam. However, in tests where a notched beam
is used and where the test is controlled using
the crack mouth opening displacement (Fig.
1(b)) it is possible to guarantee stability even
for high-strength low fiber-content con-
cretes.’®>* There are numerous other
advantages to this type of a test configuration as
discussed in Section 2.4.

3.2.4 Identification of first-crack and associated

problems
In addition to problems associated with the

accurate measurement of net deflection at first-
crack, often the identification of the first-crack
is not objective. The first-crack point is defined*
as ‘the point of the load-deflection curve at
which the form of the curve first becomes non-
linear’. The location of this point in practice is
ambiguous and depends upon, among other
things, the resolution of the recording device
and the judgement of the operator.> This is
particularly true of beams that exhibit post-
cracking strengthening. For such responses
many standards™®~*'%!! adopt a more objective
definition of the first-crack analogous to the
specification for yield strength of steel that does
not exhibit a well-defined yield plateau. Figure
5 shows the definition of the first-crack®™® for
three common types of load—deflection respon-
ses observed. While a fixed offset deflection for
the definition of first-crack for a prescribed
beam size is appropriate, an offset deflection
expressed as a function of beam size will pro-
vide a more general definition.

In addition, the first-crack strength and, in
general, the load—deflection response are
known to be sensitive to concrete age. Tough-
ness should hence be specified at prescribed
ages and not treated as an age-independent
property. The first-crack strength may also be

influenced to some extent by fiber type and con-
tent. Hence, it would be best to avoid toughness
definitions that use the first-crack strength or
the first-crack deflection.'?>%3>-¢

3.3 Practical implementation for design

3.3.1 Equivalent flexural strength concept in
design

It may be possible in the future to develop pro-
cedures for some applications that explicitly use
energy absorption capacity (or alternate energy-
based parameters) as a design parameter.
Meanwhile, it appears that a pseudo-toughness
approach based on equivalent flexural strength
offers a practical approach to evaluate the serv-
iceability and post-cracking response of FRC
structures. There are several design guides and
recommendations that already incorporate this
concept for the design of slab-on-grade®''**3*
and tunnel linings.>*® A simple analytical proce-
dure that demonstrates the influence of the
toughness of FRC and its contribution to the
flexural response of beams made using conven-
tional reinforcement has recently been
proposed by El-Shakra et al.*® Design aids to
select appropriate fiber types, volume fractions
and concrete properties can be readily devel-
oped using this kind of analysis. The availability
of these procedures and others to come, along
with a better understanding of the mechanics of
failure, should result in improvements in the
characterization of toughening due to fiber
incorporation.

3.3.2 Application-specific deflection or crack-
width limits

It is apparent from the foregoing discussions
that toughness measures should be general
enough so that they can be effectively applied
to different situations depending upon the
desired performance and serviceability consid-
erations. In this context, limits on deflection,
crack-width or compliance/stiffness serve essen-
tially the same purpose and, in principle, could
be related to each other.

4 CONCLUSIONS

(1) The following points are suggested to
improve toughness characterization while
using the four-point bend test on unnot-
ched beams: (a) avoid the use of
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first-crack deflection to define toughness.
If first-crack strength is needed, it should
be objectively defined (Fig. 5); (b) meas-
ure net-deflections at load-points; (c) use
shallow beams (//d ratios >5) to minimize
structural effects, and large shear spans
to minimize the effect of shear stresses;
(d) ensure stability of the test at all times
through the use of a stiff machine and/or
a servo-controlled machine; (e) use abso-
lute energy and associated equivalent
flexural strength at prescribed deflection
limits for a standard beam as sensitive
measures of toughness; and (f) wuse
deflection limits that are relative to speci-
men size.

(2) The notched beam test using CMOD
control offers a promising alternative to
characterize toughness of FRC. Though a
servo-controlled  testing machine is
required, the test avoids many of the
problems associated with the four-point
test on unnotched beams. The results can
be related to fundamental material para-
meters and to  practical  design
parameters. Using an appropriate tough-
ness measure along with suitable
serviceability limits (CMOD, deflections,
or compliance), results from the test
could be applied to structural design.
Further work is needed to develop spe-
cific proposals for this purpose.

(3) The equivalent post-cracking strength
approach offers an elegant way to incor-
porate energy absorption capacity in
design. Limits for deflection or crack-
widths used in conjunction with this
approach should be serviceability-related
and application-specific.
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