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Characterising the shear
behaviour of strain-
hardening fibre-reinforced
cement-based composites

Q Shangand G P A G van Zi|

Strain-hardening fibre-reinforced cement-based composites (SHCC) are a class of fibre-
reinforced concrete (FRC) that, reinforced with relatively low volumes of short fibres,
exhibit strain-hardening, tough tensile and flexural response. These qualities hold promise
also for ductile, superior shear behaviour, which has been demonstrated in experimental
projects internationally. The potential reduction or elimination of conventional steel
shear reinforcement in reinforced concrete by the use of FRC, and in particular SHCC,
is an example of how the tensile ductility properties of SHCC may be exploited. Other
uses include generally improved ductility and durability of structures by selective use

of these superior construction materials. However, the true shear behaviour of SHCC

is not yet understood and analytical and design models have not yet been formulated
due to a lack of an appropriate, accurate direct shear test method. This paper describes
the investigation of the shear properties of SHCC. A modified losipescu shear test is
developed for SHCC by finite element analysis. An experimental program of shear tests
is subsequently reported, which aims to characterise the true shear mechanisms and

properties of SHCC.

INTRODUCTION

Renewed interest in the structural use of
fibre-reinforced concrete (FRC) has led

to intensive research and development of
these cement-based composites during

the past decade. A particular class of FRC,
namely strain-hardening fibre-reinforced
cement-based composites (SHCC) has been
developed for its superior tensile mechani-
cal properties, yet containing relatively low
quantities of short fibre to avoid the need for
special mixing and placement techniques.
As described in the paper (Boshoff & Van
Zijl 2007) on page 24, the tensile ductility of
SHCC approaches that of steel, while strain-
hardening, or increased tensile resistance,
follows crack initiation. As a result, SHCC
is characterised by ultimate tensile strain
and fracture energies of up to two orders

of magnitude higher than conventional
cement-based materials (Li & Wu 1992; Li
& Leung 1992).

The shear failure of normal concrete
reinforced with longitudinal steel occurs
when principal tensile stresses within the
shear span exceed the tensile strength of
concrete and a diagonal crack propagates
through the beam web. The brittle nature of
concrete causes the collapse to occur sud-
denly after the formation of the first crack.
With shear steel reinforcement, in the form
of stirrups, the diagonal concrete cracks
are controlled to some extent. However,
although the overall shear resistance is

increased by stirrups, the eventual failure

is brittle and dangerous, mainly because of
large differences in deformability of steel
and concrete. Several investigations towards
the use of FRC and, to a lesser extent, SHCC
(Fischer & Li 2002), to increase the post-
peak toughness in shear failure have been
performed. The excellent tensile ductility
properties of SHCC give engineers a chance
to overcome the brittle nature of normal
concrete by partial or full replacement of
concrete with SHCC in beams.

However, it is still a problem to describe
accurately the true shear behaviour of SHCC
due to a lack of an accurate test method.
The determination of shear properties is
regarded as one of the more difficult tasks in
composite materials. The principal difficulty
is the provision of a pure, uniform shear
stress state in the specimen. Several shear
test methods have been used in the past.

A short, deep beam shear test is the most
popular and simplest method, but it can-
not provide a pure and uniform shear stress
state in the specimen. Pure shear panel tests
(Collins & Mitchell 1991) can create a pure
shear stress state in the specimens, but the
required facility is highly complicated and
the shear stress in the specimen is not uni-
form. The Ohno shear beam test proposed
in 1957 by K Ohno (in Japanese) creates a
pure shear plane. This test has been applied
in shear tests of a particular SHCC by Li et
al (1994), which can be regarded as the first
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Figure 2 Basic configuration for losipescu shear test

attempt to evaluate the shear behaviour of
these materials in more detail. However, the
longitudinal reinforcement used in these
tests to prevent flexural failure of the speci-
men most likely caused initiation of cracks
near the beam top and bottom surface,
which subsequently propagated diagonally
into the pure shear zone (Kabele 2005),
whereby objective distinction of the shear
characteristics of SHCC becomes impos-
sible. In an improvement on the Ohno

test, a notched specimen was proposed by
Tosipescu (1967), whereby a near uniform
shear stress distribution in the pure shear
plane became possible (Hodgkinson 2000).
The method has since been studied and
refined for shear testing of metals (Iosipescu
1967), fibre-reinforced plastics (Walrath &
Adams 1985; Morton et al 1992), and wood
(Xavier et al 2004). A standard test method
for fibre-reinforced plastics has been adopt-
ed (ASTM 1993).

The Tosipescu test method is consid-
ered the best candidate test method for
SHCC, but requires modifications for
shear testing of these materials. This paper
describes such modification by simple beam
mechanics analysis and finite element (FE)
refinement performed at the Institute for
Structural Engineering (ISE), University of
Stellenbosch. The specimen geometry is
refined to cause a near uniform shear stress
distribution in the plane of pure shear. In
addition, it ensures that shear failure occurs

(@)

Line 2

Line 1

(b)

Figure 3 (a) FE model, with positions monitored for stress distributions; (b) contours of typical maximum principal

stress field (white max, black min)

by avoiding higher principal stresses arising
in regions outside this section. Thereby, not
only elastic properties may be derived, but
also strength and ductility. Subsequently,
the shear response of a particular SHCC
developed at the ISE is studied experimen-
tally with this Tosipescu test to verify the
test method and to improve the level of
understanding of the shear behaviour of
these materials.

I0SIPESCU SHEAR TEST

MODIFICATION FOR SHCC

Simplified loading, shear, and moment dia-
grams are shown for the losipescu specimen
in figure 1. Note that this is similar to the
so-called Ohno shear test, the difference
being a central notch in the Iosipescu speci-
men. It can be noted that in the centre of
the specimen a constant shear force and a
zero moment exist. The specimen geom-
etry recommended in the ASTM Standard
(ASTM 1993) is not suited for short, random
fibre-reinforced cement-based materials.
The ASTM specimens are small relative to
the fibre length generally used in SHCC.
Scaling-up of the size is required. Also, not
only linear elastic properties are sought from
this test for SHCC, but also strength and
non-linear deformation response in shear.
This requires an optimisation of the notch
geometry with regard to the stress field in
the notched area to ensure failure in the
mid-plane while retaining a uniform shear
stress distribution there. Therefore, a modi-
fied Tosipescu shear test specimen geometry
for SHCC is developed here.

Geometrical proportioning by

simple beam mechanics

Note that three types of failure modes can
occur in the specimen, namely shear-domi-
nated failure at the position of zero bending
moment, bending-dominated failure at the
position of maximum bending stress, and
shear-flexure combined failure in the area
in between. To establish a first geometri-
cal shape and size, only the possibilities

of shear failure at the notch and bending
failure at the maximum bending moment
are considered with simple analytical beam

theory, leading to the following requirement
for shear failure in the notch:

h?
3a{r“"’/ ]
/Oy

where h;, is the notch height, h is the total
height and a is the inner load spacing, as
depicted in figure 2. In the derivation of
equation 1 linear elasticity is assumed, with
brittle failure in bending when the bending
stress is reached, and brittle shear failure
when the shear stress reaches a limit distrib-
uted uniformly over the notch middle plane.
To decide the global measurements of
the shear specimens, comprehensive factors
should be considered, which include the
fibre length, as well as production, testing
and cost of the specimen. A notch height of
at least twice the fibre length was chosen
to limit fibre alignment in cast specimens
in the notch area. Based on this criterion a
notch height of hy > 24 mm was chosen. An
inner load spacing was chosen as a = 80 mm
for practical execution of the experiment. By
substituting a conservative, experiential

ks . .
ratlo( % Jz 1,5 into equation 1 the
tu

minimum height of h = 93 mm is computed.
However, a detailed FE sensitivity study to
refine these values and other parameters,
shown in figure 2, was envisaged. Therefore,
the possibility of larger notch heights was
anticipated, by choosing h = 140 mm.

hy <

M

As for the inner load point spacing,
practical considerations governed the choice
of overall length L = 320 mm. Finally,
contact stress and potential compressive
splitting failure in the load point regions
were considered in the determination of the
thickness, which was set to 20 mm. This
thickness may be reduced to enforce two-
dimensional, plane fibre orientation, while
increasing the thickness will allow fully ran-
dom three-dimensional fibre orientation in
cast applications.

FE shear test refinement for SHCC
Next, FE sensitivity analysis was used to
determine a suitable notch angle (@) and
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(a) Shear stress along line 1

(b) Maximum (tensile) principle stress along line 2
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Figure 4 Normalised (a) shear and (b) tensile principal stress along line 1 (figure 3) and line 2 (figure 3) respectively
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Figure 5 Refined SHCC losipescu shear specimen (all dimensions in mm)

notch tip radius (r), but also to study the
notch height (ho) influence on the stress
field. The commercial FE software Diana
(2002) was used. Simulations were car-
ried out to determine the stress state in the
elastic regime. Eight-node quadrilateral iso-
parametric plane stress elements and con-
centrated loads and supports were used in
the analysis, as shown in figure 3a.

The purpose of refining the geometry
of the specimen is to find a geometry which
allows pure shear failure, that is, the failure
of specimen occurs at the notch section,
with a corresponding uniform shear stress
along this notch section. Therefore, shear
stress distributions along line 1 (figure 3a)
are monitored. In addition, failure must initi-
ate in the middle plane for objective shear
stress characterisation. The location of the
maximum principal stress is regarded as the
position of failure initiation, because it is the
well-known failure criterion for cement-based
material. Based on the typical principal stress
field (figure 3b), the maximum principal
stress occurs along the upper (and lower)
notch edges. Therefore, principal stress values
were monitored along line 2 (figure 3a) to
study the sensitivity of the potential failure

initiation position to variations in the men-
tioned geometrical parameters.

Therefore, the uniformity of shear stress
along the line 1 and the location of the max-
imum principal stress in the line 2 are the
two criteria for the geometrical refinement.
Three different notch angles (6 = 80°; 90°;
100°), three different notch depth models
(hy = 24; 34; 44 mm), and three different
notch root radii (r = 0; 2,7; 3,5 mm) were
implemented in the FE study. In figure 4 a
selection of the FE results are shown, par-
ticularly for the shear stress variation along
line 1 and the principal stresses along line 2
for the three different notch angles.

The most uniform shear stress distribu-
tion in the notch central plane is obtained for
the largest notch angle (6= 100°). The angle
also reduces the maximum principal stress
relative to the smaller notch angles, but shifts
the position of peak principal stress farther
away from the notch apex. Also, the principal
stress gradient is smaller for the larger angle,
whereby the principal stress in a larger part
of the notch area away from the apex exceeds
the principal stress in the apex, where failure
is required. This means that crack initiation
and propagation will occur farther away from

the pure shear plane for 6= 100°. For this
reason the angle 6 = 90° is adopted for the
SHCC shear test specimen.

A larger notch depth (h) increases
the principal stress levels outside the pure
shear plane due to increased bending stress-
es. However, within the range considered
(24-44 mm), an insignificant influence on
the ratio of the maximum peak principal
stress along line 2 to the peak shear stress
along line 1 was computed. The notch depth
of 36 mm was adopted for practical han-
dling of specimens and allowance for free
fibre orientation.

Note that for a zero notch radius an
infinite stress level exists theoretically in the
notch apex. The introduction of a finite radi-
us leads to a smooth stress transition where-
by the stress peak at the apex is reduced
to close to the average level. Insignificant
improvement is brought about by further
increase of the radius above 2,7 mm. The
final geometry is shown in figure 5.

SHEAR TEST RESULTS

An experimental program was executed to
test the SHCC losipescu test and specimen
geometry designed in the previous section.

Materials design and processing

A SHCC material developed at the ISE (Gao
& Van Zijl 2004) was used as basis for
these shear tests. A standard matrix mix,
but containing different fibre volumes, was
used in the test program. The mix propor-
tions are given in table 1. Polyvinyl alco-
hol fibre (PVA) was provided by Kuraray
Co Ltd, Japan. Local Western Cape dune
sand (Philippi) was sieved and graded to
American standard F95 particle size distri-
bution, which has a maximum particle size
smaller than 0,3 mm.

The ECC was mixed in a Hobart three-
speed laboratory mixer with 8 [ capacity.
For each batch of material, three Tosipescu
shear specimens and three direct tension

1 8 Journal of the South African Institution of Civil Engineering * Volume 49 Number 2 June 2007



Table 1 Ingredients and mass (in kg) of SHCC specimens

Number of specimens
Type ( C]g;{n;e‘:lzt. 5) Fly ash (Sﬁc(l;a(r:lia) Water Sand (F95) V':‘(’;;)) — Phasepl E—
S1 0,5 0,45 0,05 04 0,5 0,0 3
S2 0,5 0,45 0,05 04 0,5 1,0 3
S3 0,5 0,45 0,05 04 0,5 2,0 3 3 3
S4 0,5 0,45 0,05 04 0,5 2,5 3 3 3

(a) Shear test

(b) Tensile test set-up and specimen
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Figure 6 Test set-up

(b)

Figure 7 Typical failure crack patterns in (a) S1, (b) S2 and (c) S3 and $4 specimens

(dog-bone) specimens were cast. The shear
and tension specimens were cast in specially
designed perspex and steel moulds respec-
tively. All specimens were moist-cured for
three days before demoulding, and subse-
quently wet cured up to the age of 14 days
in water of constant temperature (23 °C). All
specimens were then tested wet at the age of
14 days.

Test set-up

Both the tensile tests and the shear tests
were performed in a materials testing
machine (Zwick Z250) operating under
displacement control. A 5 kN load cell was
installed to monitor the transmitted load
with high accuracy in the low-force range
applied. The shear tests were performed at a
fixed displacement rate of 1,5 mm/minute of
the crosshead, while the testing speed was
0,5 mm/minute for the direct tensile tests.

A Spiderman8 data collector connected to a
computer monitored the force results in both
tests. This apparatus also collected strain
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gauge and LVDT displacement measure-
ments in the shear tests and LVDT displace-
ment measurements in the direct tensile
tests. The shear test set-up is shown in figure
6a and the direct tensile test in figure 6b.

To improve this new shear test method
gradually, the tests are carried out in three
phases. The aim of the first phase is to
check if the failure of the specimen is a pure
shear failure. The second phase is to obtain
the shear stress and shear strain of the
specimens with the pure shear failure mode,
measured by the load cell and a strain gauge
(type KFG-10-120-d17-11). In the third
phase, information about the non-linear
deformational response is obtained from
diagonal LVDT (type HBM WA/10) measure-
ment in the notch area.

Test results and discussion
Phase one: Shear failure mode

The typical shear failure mode for the speci-
mens S1-S4 can be seen in figure 7. The

positions of crack initiation are similar in
the four types of specimens, within 1-1,5
mm from the upper and lower notch tip.
However, after crack initiation, the crack
propagation and patterns differ significantly,
depending on fibre content.

In the S1 specimens, with no fibre, two
cracks propagate skew-symmetrically away
from the notch area, with no other visible
cracking. The specimens almost instantly fail
following the first crack initiation. In the S2
specimens, with low fibre content (Vy=1 %),
the initial cracks are arrested and a new crack
arises and propagates diagonally through the
notch area at approximately 60°. This is the
final crack pattern at failure. The modes of
failure in S3 (V; =2 %) and S4 (V;= 2,5 %)
are similar, but are significantly different to
that of S1 and S2. After first cracks occur,
several microcracks appear in the notch
area. The cracks develop to a length of about
5 mm. Finally, the microcracks are connected
with vertical cracks, forming a final fracture
surface close to the notch middle line.

The failure modes of the S1 and S2
are dominated by combined shear-flexure,
with cracks extending well into the flexure
zones. Therefore, for these specimens, this
test method is not appropriate for the char-
acterisation of the inelastic shear behaviour,
including shear strength. In the S3 and S4
specimens, cracking is restricted to the cen-
tral notch region, that is, close to the pure
shear region. It can be argued that extra
energy dissipation occurs in the diagonal
cracks, where fracture surfaces arise in
addition to the final failure fracture surface.
However, this is the nature of SHCC, and
this test method manages to capture this
multiple cracking behaviour. Crack satura-
tion occurs in the notch zone, whereby real-
istic representation of the macroscopic non-
linear shear response is achieved in this test.

In the second phase, which is discussed
next, the pseudo strain-hardening nature of
the S3 and S4 specimens are confirmed by
direct tensile tests. In earlier work the critical
fibre volume to ensure strain hardening with
this cement-based matrix was estimated to be
1 % < V;<2 % (Van Zijl & Boshoff 2000).

Phase two: Shear strain measurement

In this phase, direct tensile tests and
losipescu shear tests were performed on
specimens of type S3 and S4. First, three
specimens each of S3 and S4 were tested in
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Table 2 losipescu shear results for S3 and S4 specimens

Stress (MPa)

First crack shear stress Ultimate crack shear G-modulus
7, (N/mm?) stress 1, (N/mm?) (kN/mm?)
Specimen 1 3,64 3,98 3,01
S3 Specimen 2 3,38 3,97 2,55
Specimen 3 3,55 4,02 2,84
Average 3,52 3,99 2,80
StDev 0,13 0,03 0,23
Cov 4 % 1% 8 %
Specimen 1 3,69 4,05 3,26
S4 Specimen 2 3,68 4,15 3,31
Specimen 3 3,72 4,01 2,85
Average 3,70 4,07 3,16
StDev 0,02 0,07 0,22
Cov 1% 2% 7%
4
—Vi=2%
—Vi=25%

3 4 5 6

Strain (%)

Figure 8 Uniaxial tensile stress-strain responses for S3 and S4 specimens
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Figure 9 Shear stress vs principal strain responses for (a) S3 and (b) S4 specimens

direct tension to confirm that these speci-
mens indeed exhibit strain hardening. The
tensile stress-strain results are shown in fig-
ure 8, confirming that these specimens may
be classified as SHCC.

In this phase the shear tests on S3 and
S4 specimens were repeated, but with three
new specimens of each type. Each specimen
was instrumented with a single strain gauge
rosette, to measure the relationship between
the shear stress and strain. The strain gauges

20

were glued onto the surface of each speci-
men along the middle line at mid-height, as
shown in the insert in figure 9. Results from
these tests are shown in figure 9 in terms of
the average shear stress in the notch middle
plane and the diagonal tensile (+45°) and
compressive (—45°) strain gauge measure-
ments. It can be observed that the develop-
ment of compressive and tensile strain in the
two group specimens are similar in the elas-
tic range, but differ in the inelastic range.

This is due to microcracks arising perpen-
dicular to the tensile direction, significantly
increasing the tensile deformation compared
with the compressive deformation.

In the pure shear state the normal
strains at 45 © are the principal strains.
From standard strain transformation it can
be shown that the shear strain is obtained
by subtracting the compressive strain from
the tensile strain. In figure 10 these engi-
neering shear strains are plotted against the
average shear stresses in the notch middle
plane.

Further shear and tensile test results
from this phase are tabulated in tables 2 and
3. Note that the elastic moduli (E) have been
computed from uniaxial tensile stresses at
one third of the first cracking stress and a
pre-stress of o, = 0,1 N/mm? and the cor-
responding strains as follows:

1
3990

E=—=— )
6(1!0_!\. —&p

The same procedure was followed to
determine the shear modulus (G) from the
losipesco shear test results as follows:

1
R 3%~
G=2——o ®
f(%r_.} ~To

where 7, = 0,1 N/mm? is a small pre-stress
with corresponding shear strain v,,.

From the experimental results shown in
tables 2 and 3 it can be seen that the varia-
tion in the shear strength (coefficient of vari-
ation (COV <2 %) and shear modulus (COV
< 8 %) is reasonably low and acceptable.
The variation in tensile strength properties
is larger for both ultimate strength (COV
< 7 %) and elastic modulus (COV < 16 %).
Furthermore, the ultimate shear stresses
are higher than the ultimate tensile stresses
in both specimens by up to 49 % in terms
of average shear and tensile strength. With
increasing fibre content, the ultimate shear
stress and shear strain both increase.

Phase three: Inelastic shear

strain measurement

Note that strain gauges are not capable of
accurately capturing deformations that
include cracks. This means that the non-
linear strains shown in figures 9 and 10
beyond the initial approximately linear
stress-strain response do not represent the
true non-linear deformation in the losipescu
specimens. Therefore, in the third phase of
this experimental program, three more speci-
mens of types S3 and S4 each were prepared
and instrumented for LVDT displacement
measurements in the maximum (tensile) prin-
cipal strain direction (45°) as shown in the
insert in figure 11. The measurements were
taken over a gauge length of approximately
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Table 3 Direct tensile results for $3 and S4 specimens

Shear strain (%)

First crack stress Ult;ﬁitses t;nsﬂe Tensile strain E-modulus
6, (N/mm?) (N /mmztsl capacity &g (%) (kN/mm?2)
Specimen 1 1,94 2,53 2,52 8,5
S3 Specimen 2 1,84 2,64 2,70 6,5
Specimen 3 1,52 4,76 2,82 72
Average 1,77 2,68 3,31 74
StDev 0,22 0,15 1,26 1,0
COV 13 % 6 % 38 % 14 %
Specimen 1 1,96 4,89 2,89 9,0
S4 Specimen 2 1,87 4,82 3,14 9,6
Specimen 3 1,72 3,95 2,73 7,0
Average 1,85 2,92 4,55 8,5
StDev 0,17 0,21 0,52 13
COV 9 % 7 % 11 % 16 %
@ Vp=2% (b) Vi=2,5%
5 0
£ &
P [N [ | Es ——
2 e a8 2 e
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Figure 10 Shear stress vs shear strain responses for (a) S3 and (b) S4 specimens
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Figure 11 Shear stress vs diagonal strain measured by LVDT S3 and S4 specimens

25 mm. This gauge area extends into the flex-
ural zones, so not only pure shear deforma-
tion is captured. Nevertheless, an indication
of shear toughness is obtained, as can be seen
in figure 11. These results also serve as veri-
fication of a computational model for SHCC,
described in the paper on page 24 (Boshoff &
Van Zijl 2007).
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The shear strengths of these specimens
are in agreement with the tabulated values
of phase 2 (table 2), confirming the trend
of increased strength with fibre content
increase. It is apparent that the diagonal
tensile responses shown in figure 11 are not
strain-hardening, but rather strain-soften-
ing, forming an envelope for the direct ten-

sile responses shown in figure 8. However,
the strain response at 45° in Iosipescu shear
specimen does not represent a uniaxial ten-
sile stress state as in the case of the direct
tensile test specimens. In the shear speci-
mens a biaxial (compressive-tensile) stress
state occurs diagonally. Also, principal stress
and strain rotation from the original +45°
orientation occurs in the non-linear regime,
as will be discussed in the next section,
towards understanding the shear behaviour
of SHCC.

TOWARDS UNDERSTANDING

SHCC SHEAR RESPONSE

By understanding the mechanisms govern-
ing shear response in cement-based com-
posites it becomes possible to derive rational
guidelines for analysis and design. However,
such understanding is also required to
ensure that objective characterisation is
enabled by a particular test. In this section
the observed shear responses are reflected
upon with respect to the ability of the SHCC
losipescu test to capture SHCC shear behav-
iour. In the paper (Boshoff & Van Zijl 2007)
on page 24 the test is analysed with the aid
of a constitutive model for SHCC developed
and implemented in the FE package DIANA
at the ISE.

The main mechanism of non-linear
shear response of SHCC is diagonal exceed-
ance of tensile elastic limit stress and sub-
sequent formation of multiple cracks, as
seen in figure 7c. In the reported losipescu
test, the final shear failure mechanism is the
interconnection of the multiple cracks and
subsequent vertical shear-slipping along this
crack plane. It must be noted that this fail-
ure pattern is not possible in brittle or sof-
tening materials, as was clearly shown in the
failure patterns of the S1 and S2 specimens,
with zero or low fibre content.

In the SHCC, of which the S3 and S4
specimens are examples, cracks are bridged
by fibres, allowing the external force to be
increased due to the reserve capacity in ten-
sion and, of course, compression. This is
shown schematically in figure 12. When
the tensile ‘yield’ strength is reached (o,
= ), this can be maintained upon further
increased load. However, for equilibrium
with the increasing shear force (S), princi-
pal stress rotation is required to exploit the
capacity in compression. Nevertheless, axial
equilibrium must be maintained. These hori-
zontal and vertical force equilibrium require-
ments can be expressed respectively as:

—o,htcos?(0) + o, htsin®(0) =0 @

7 ht —o5htcos(0)sin(8) + oyhtsin(@) cos(B) =0
)

Equation 4 can be rewritten in terms of the
principal stress orientation as follows:
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Table 4 Observed crack orientation and measured strength ratios for SHCC

Vi 0 7, (MPa) o, (MPa) 0, (MPa) 1,/ 0, T,/ Oy
2 60-65° 3,99 1,77 2,68 2,25 1,49
2,5 60-65° 4,07 1,85 2,92 2,20 1,39
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Figure 12 Schematic representation of principal stresses in failure plane in (a) elastic stage and (b) at failure
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Figure 13 Prediction of (a) diagonal shear crack orientation and (b) shear strength to tensile strength for SHCC;
(c) Mohr Circle illustration of principal stress rotation, crack alignment and shear stress increase

6 =tan™" G%l ©6)

And from equation 5 the average shear stress
can be expressed as

T =crl(l +G%I ]sinﬂcosﬂ )

1f the typical ratio of compressive to tensile
strength of 5-10 is substituted into equa-
tions 6 and 7, an angle of 6 = 65,9° - 72,5°
and a shear strength / tensile strength ratio
of 2,2-3,2 are computed. See also figure
13(a) and (b) for a graphical representation
of equations 6 and 7, and figure 13c for a
Mohr Circle demonstration of the crack
rotation and shear stress increase with
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increased principal stress ratio. Of course,
failure may occur before maximum com-
pressive resistance is reached, so the lower
ratio of principal stresses may be mobilised.
Also, biaxial effects, that is, compressive
resistance reduction upon orthogonal ten-
sion (or vice versa) will further alter the
ratio. Nevertheless, these values are in rea-
sonable agreement with the crack orienta-
tion seen in figure 7c and the ratio between
average shear and tensile strength from
tables 2 and 3, summarised in table 4.

Note that the condition for crack rota-
tion is ductility, because failure is imminent
in brittle materials when o,/5,=1 and when
the tensile strength is reached (o; = o),
because the compressive capacity cannot be
mobilised. This explains the approximate

450 orientation of the cracks in the S1 and
S2 specimens with subcritical fibre content.
The above reasoning explains the
observed failure patterns and strengths. The
question remains whether this test meas-
ures the true shear resistance, or whether
the restriction of the failure to the notch
apex enforces a higher mode of failure. This
would imply that, by mobilising the multiple
crack formation in the pure shear zone, the
true shear response in the pre-peak shear
load deformation is obtained in the test, but
by enforcing these diagonal cracks to be
linked vertically in the final failure plane,
a shear compressive failure mechanism is
mobilised, instead of shear crack propaga-
tion along the inclined cracks. Here, it is
postulated that the latter is a combined
tension-shear failure, as is most often found
in reinforced concrete beams subjected to
shear-dominated failure. This may indeed be
a lower mode of failure for which the accu-
rate prediction of SHCC resistance in such
shear-slipping along an existing, propagating
diagonal crack remains to be characterised.
This will be studied in continued research
by computational and experimental study-
ing of the behaviour of deep beams without
notches, where combined shear-flexural
failure occurs.

DISCUSSION AND CONCLUSIONS

A modified Tosipescu test method has been

developed for testing the shear behaviour

of a new class of building material, namely

strain-hardening fibre-reinforced cement-

based composites (SHCC). Whilst the test
enables objectivity in determining the elastic
shear properties due to the pure, uniform
shear stress field generated in the specimen,
information of the non-linear behaviour is
also obtained. By refinement of the speci-
men geometry, failure in the notch apex
region of the specimen is enforced, whereby
shear strength and ductility characterisation
can be extracted from the test results.

The shear test has been verified in an
experimental program, from which the fol-
lowing conclusions can be drawn:

B For SHCC failure occurs in the notch
area in close vicinity of the apex region.
Hereby the calculation of shear strength
from the peak internal shear force and the
notch section area is justified

M Multiple cracks arise, whereby the true
nature of SHCC, as also exhibited in
uniaxial tension, is mobilised

M The cracks develop at an angle dominated
by the principal stress direction, which in
turn depends on the compressive:tensile
strength ratio. This can only be realised
if sufficient ductility in tension allows
the tensile resistance to be maintained at
deformations beyond the first cracking
deformation, to enable the compressive
resistance to be mobilised
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Future research will study the general appli-
cability of this shear behaviour, specifically
in combined flexure-shear, where a lower
strength shear-slipping failure mechanism
may dominate.
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