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This paper is the second part of a two paper series about the time-dependant behaviour of Strain Hardening
Cement-based Composite (SHCC) on the single fibre level. Having dealt with mechanisms of creep in SHCC in
the first part, this paper reports single fibre pull-out tests that were done to investigate the effect of the pull-
out rate on the mechanical response of the interface between the fibre and the matrix. It was found that not
only the pull-out resistance increased with an increase of the pull-out rate but the probability of fibre rupture
during pull-out as well. Another important finding was that the interfacial shear resistance and slip-
hardening coefficient are not only dependant on the pull-out rate, but also the embedment length.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

SHCC (Strain Hardening Cement-based Composite) is a class of
high performance fibre-reinforced cement composites which has
been developed for pseudo strain-hardening, or increased tensile
resistance beyond first cracking, over a significant tensile deformation,
in some cases more than 4% [1-3]). The pseudo strain-hardening is
due to effective bridging of the cracks by fibres, whereby multiple, fine
cracks form under tensile loading. This superior tensile behaviour is
achieved by engineering the matrix, fibres and the fibre-matrix
interface to achieve an optimum behaviour using less than 2.5% of
fibre by volume [4,5].

Another important benefit of this material is the durability
improvement. Relatively large cracks may arise in ordinary reinforced
concrete (RC), which lead to durability concerns for the steel
reinforcement. SHCC, on the other hand, can produce fine multiple
cracking with a crack width less than 60 um [2] at large tensile
deformation, which reduces water and chloride penetration rates to
several orders of magnitude lower than those for crack widths beyond
0.1-0.2 mm, usually accepted in RC. Therefore an increased durability
of a SHCC structure can be expected as compared to RC.

Before the use of a new building material such as SHCC, the time-
dependant behaviour requires investigation to enable reliable struc-
tural use of the material. The creep and creep fracture of the material
are likely to cause failure at a load lower than the static ultimate load.
The ductility could also be reduced when the material is exposed to a
sustained load for a long period of time. The rate dependence may
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include composite embrittlement under increased loading rate by
mobilisation of a different failure mechanism. The strain-hardening
deformation range may be reduced due to fibre breakage rather than
fibre pull-out. To shed light on these causes of concern, the sources of
the time-dependant behaviour of SHCC should be studied and
understood. Here, the focus is on the rate dependence.

In recent years, a number of research reports have been published
about the rate dependence on the macro level [6,7,8,3]. These tests
were done by varying the imposed strain rate in uni-axial tensile tests.
Significant trends are:

* All authors showed that the stress at first cracking increased with an
increase of the strain rate, except for Maalej et al. [6] who did not
report the first cracking strength. Boshoff and Van Zijl 3] quantified
the increase as 70% over strain rate increase of 4 orders of magnitude.

 All authors showed that the (ultimate) tensile strength, which is

controlled by the fibres bridging the cracks, has an increase of more
than 70% except for Boshoff and Van Zijl [3] who showed an increase

of only 17%.

Yang and Li [7] and Douglas and Billington [8] reported a decrease in

tensile strain capacity of more than 50% with an increase of the

strain rate. However, Maleej et al. [6] and Boshoff and van Zijl [3]

showed no significant change in the strain capacity within their

tested strain rate regimes.

In the above reported experimental programs different fibres,
matrix compositions and dimensions of the test specimens contribute
to the conflicting results. Nevertheless, it is postulated that the fibre-
matrix interaction governs the described phenomena of rate-
dependent behaviour. To comprehend the tensile rate dependence
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Fig. 1. (a) The uniform shear resistance model for fibre pull-out. (b) The fibre pull-out response using this model is shown schematically.
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Fig. 2. The effect of the slip-hardening coefficient on the interfacial shear resistance between the fibre and the matrix is shown schematically.

of SHCC and illuminate the role of fibre-matrix interaction, an
investigation is required on the meso-level, i.e. the single fibre level.
On this level, sources of the time-dependant behaviour can be
identified and understood. This paper reports on rate tests that were
done on the single fibre level. Fibres that were embedded in the
matrix were pulled out at different loading rates and the applicable
fibre-matrix interface parameters were derived. This was done to find
the effect of the loading rate on the parameters and to understand this
source of time dependence. A Scanning Electron Microscopy (SEM)
investigation was also performed on the interface to gain further
insight in the cause of the time dependence.

2. Analytical single fibre pull-out models

In SHCC as in any FRC, three structural components exist, which are
the matrix, the fibres and the matrix—fibre interface. To be able to
design the material for the desired SHCC mechanical behaviour the
single fibre pull-out behaviour must be understood and mathemati-
cally modelled. To study this behaviour, as well as the rate and time
dependence, it is useful to consider analytical models of fibre-matrix
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Fig. 3. The sudden drop of pull-out force that indicates that a chemical bond exists
between the matrix and the fibre is shown schematically.

interaction. For this purpose, micro-mechanical models commonly
used for the description of the fibre pull-out behaviour are briefly
described in this section.

The most basic model of the fibre pull-out behaviour was
introduced by Li [4] for the use in micro-mechanical modelling of
SHCC. The model is based on the assumption that a spatially uniform
frictional traction is present on the surface between the fibre and the
matrix during pull-out. The magnitude of the frictional shear traction
is given as 7o and the model is shown schematically in Fig. 1a. This
model also assumes that the value of 7 is the same regardless of the
embedment length of the fibre and is independent of the pull-out
displacement. This model would result in a fibre pull-out response as
shown schematically in Fig. 1b. Note that the nonlinearity in the
ascending branch is due to gradual debonding.

An adjustment was made to this model by Lin and Li [9] by
introducing a slip-hardening coefficient, 3. A model that included
slip-hardening was needed to consider the phenomenon that the
interfacial bond, 7y, increases as the pull-out displacement increases.
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Fig. 4. The approximation of 3 and 7g is shown graphically.
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Table 1
Single fibre embedment length pull-out tests.

Embedment length tests

w
w

Number of specimens 5 5
Embedment length [mm] 1.0 to 1.5 1.5to2 4 6

The effect of the pull-out displacement on the interfacial shear
resistance if slip-hardening is present is shown schematically in Fig. 2
and the expression for 7 is given by Eq. (1):

T:T0<1 +[5§> 1)

with A the pull-out displacement and d the fibre diameter.

When PVA (Polyvinyl Alcohol) fibres were introduced to SHCC, a
third parameter became necessary to model the fibre pull-out
behaviour, termed chemical bond by Kanda and Li [10] and Lin et al.
[11]. During the pull-out of fibres which have a high chemical bond or
adhesion to the matrix, the bond has to be broken before pull-out can
start. This is associated with a sudden load drop after full debonding of
the fibre, as shown schematically in Fig. 3. This load drop is caused by
the unstable debonding which occurs if the force required to debond
the fibre is higher than the frictional resistance after debonding.

Three approaches are available to consider the chemical bond in
the micro-mechanical models, namely a strength based model [10],
fracture based model [10] and an energy based model [11]. The most
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widely used model currently for SHCC is the energy based model. The
expression to calculate the energy based chemical bond is according to

Eq. (2):

2
G, = 2P 2)

4 m2Ed

with G, the chemical bond (i.e. the measure of the energy release due
to the loss of the chemical bond), P, the magnitude of the unstable
load drop and E; the stiffness of the fibre.

Keeping these models in mind, single fibre tests were performed
and interpreted in this work to study rate and time dependence, as
described in the next sections.

3. Experimental setup and method of interpretation
3.1. Test setup

All tests were done using the same mix proportions, namely a
water/binder ratio of 0.4 and an aggregate/binder ratio of 0.5. The
binder consisted of CEM I 42.5 cement, a fly ash marketed as PozzFill
by Ash Resources, South Africa, and Corex Slag of origin of the
Saldanha Steel Refinery in the Western Cape Province, South Africa
used in the ratio of 45:50:5 by mass respectively. A fine sand of
particle size less than 0.2 mm was used as the aggregate. Note that the
rheology refinement was achieved by the addition of a super
plasticiser and a viscosity modification agent. All specimens were
tested at an age of 14 days.
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Fig. 5. The results of the embedment length fibre pull-out tests with the specific embedment lengths are shown.
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Fig. 6. (a) A SEM photo of a ruptured fibre. (b) A SEM photo of a completely pulled out fibre.

The mould design and the casting procedure of the specimens are
based on the work of Katz and Li [12]. The experimental setup is
described in detail in the accompanying paper, Boshoff et al. [13].

3.2. Method of interpretation

Slight differences of the embedment length cause large variations
of the pull-out displacements and forces, it means the results had to be
normalised for comparison. For this, the force was expressed as a shear
stress and the displacement of the pull-out tests was normalised.

The model of a uniformly distributed shear resistance along the
embedment length of the fibre is assumed. All the force readings are
expressed as an interfacial shear resistance by dividing it by the
surface area of the embedded fibre that is in contact with the matrix
using Eq. (3):

P
T= Lnd (3)

with P the applied force, d the fibre diameter and L. the original
embedment length.
The normalised displacement A, calculated according to Eq. (4):

Ay = (4)

with A the measured displacement during the pull-out test, should
equal 1.0 when complete pull-out is achieved.

The slip-hardening/slip-softening coefficient, 3, is calculated from
Eq. (1) with a positive (3 representing slip-hardening and a negative 3
slip-softening. 3 is found by doing an individual curve fitting exercise
with every result using Eq. (1), to find the most appropriate 3. A
typical result is shown in Fig. 4 with the method of approximation of
To and 3 represented graphically.

However, before the pull-out rate tests could be performed,
embedment length tests were required as decision had to be made
at what embedment length the rate tests were to be done. For this,
single fibre pull-out tests were carried out at different embedment
lengths to determine which embedment length should be used.

4. Embedment length tests
4.1. Test program
Embedment length tests were performed to assist in choosing an

embedment length for the single fibre pull-out rate tests. These tests
were also used to investigate the effect of the embedment length on

the interface parameters. A standard pull-out rate of 1 mm/min was
used. The test program is summarised in Table 1.

4.2. Test results

The results of the embedment fibre length tests are shown in Fig. 5.
The force and the displacements are normalised as described above.
The range of the axes is the same for all the graphs to ease the
comparison. Significant scatter is seen in the test results. This is
attributed mainly to different modes of failure (which were either
complete fibre pull-out, or fibre rupture) and differences in embed-
ment lengths within the distinguished ranges, but also to inherent
variation in matrix heterogeneities.
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Fig. 7. (a) The percentage of fibres that ruptured during testing versus the embedment
length. (b) 7o versus the embedment length.
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Table 2
Single fibre pull-out rate tests.

Pull-out rate tests

Number of specimens 5 4 6 7 4
Embedment length [mm] Average = 1.39; COV = 16%
Loading rate [mm/s] 0.01 0.1 1 10 100

As can be seen from the results, not all fibres were pulled out
completely as many of them fractured during pull-out. This can be
distinguished from the results, because a fibre that ruptures shows a
sudden drop of force while the response of a fibre that pulls out
completely would show a steady load reduction until a zero load
resistance when or just before the normalised pull-out displacement,
A, reaches 1. To confirm this, SEM pictures were taken of the fibre

(a)

ends that were embedded in the matrix. In Fig. 6a an example is
shown of a ruptured fibre end, and in Fig. 6b an example of a fibre that
pulled out completely. From the SEM pictures it is clear to distinguish
which fibres ruptured and which fibres pulled out completely. The end
of the latter fibre shows signs of a mechanical cut edge, which
occurred during the preparation of the testing sample as described in
the previous section.

4.3. Discussion of results

To show that the probability of fibre rupture is dependant on the
embedment length, the amount of fibres that ruptured during testing
is expressed as a percentage of the number of fibres tested in the set of
a specific embedment length. The results are shown in Fig. 7a where
the percentages are expressed against the embedment length. A clear

—_—
O
S

=B
F° g
% 51 ~h
g 0.01 mm/s g 0.1 mm/s
bl £ 44
2 o
[] 7]
& 3 E 31
a &
@ ]
% 21 ® 21
E: :
Q 3]
S 1 S 1
5 5
£, £,
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalised Pull-out Displacement [A,] Normalised Pull-out Displacement [A,]
(c) (d)
— 6
g 50
. 1 / =
565 =
s mm/s 8 10 mm/s
@ 4] 84
2 ‘B
& o
:a 3 1 E 3
2 3
® 2/ 2
a2 a2
[:] -
£ 17 P ) £ 17
: SN
= -
0 : . . : S0 . . . .
0 0.2 0.4 0. 0.8 1 0 0.2 0.4 0.6 0.8 1
Normalised Pull-out Displacement [A] Normalised Pull-out Displacement [A,]
(e)
6
i
=
. 100 mm/s
2
g
[7]
aQ
3
B
@
£
0 2
w©
=
£11
Q
E
0 r T - -
0 0.2 0.4 0.6 0.8 1

Normalised Pull-out Displacement [A,]

Fig. 8. Results of the single fibre pull-out rate tests with the pull-out rates are shown.
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Fig. 9. Percentage of fibres that ruptured during the rate tests expressed against the
testing pull-out rate.

dependency of the probability of fibre rupture on the embedment
length can be seen, with a higher probability with an increasing
embedment length. The initial interfacial shear resistance, 7y, was
found from Egs. (3) and (1) and is shown in Fig. 7b versus the
embedment length.

The chemical bond, G4, was defined in Eq. (2) as a function of the
unstable load drop that occurs during debonding. As shown in Fig. 5,
an unstable load drop after debonding was not a regular phenomenon.
The G, will thus be computed as zero for almost all the tests. This may
be due to gradual debonding before peak resistance was reached,
avoiding a sudden release of the chemical bond energy directly after
the peak. Nevertheless, it is assumed that the chemical bond did not
play a prominent role in this specific fibre and matrix combination and
will for this reason not be derived and discussed.

The primary purpose of these embedment length tests was to
establish a suitable embedment length for the single fibre pull-out
rate test. For the pull-out tests, the best scenario is when a fibre is
pulled out completely as the 7o and the 3 parameters can then be
easily identified. As seen in Fig. 7a, the shorter the embedment length,
the smaller the chance of fibre rupture, thus the shorter the
embedment length, the more suitable the results. However, an
embedment length of less than 1 mm is impractical due to the small
size of the test sample for preparation and gluing in the test setup. For
these reasons an embedment length in the region of 1.4 mm was
chosen for the rate tests.

The phenomenon of apparent strength, first identified by Kanda
and Li [10], would cause the fibres to fracture at a much lower stress if
they are embedded in the matrix in comparison to the ultimate fibre
strength of non-embedded fibres. The average strength for the
embedded fibre was 959 MPa with a COV of 22.4%. A large COV was
to be expected due to the large variation of the type of damage to the
fibres that is believed to cause this premature rupture. The apparent
strength of the fibres found is 61% of the indicated strength
(1560 MPa) of the fibres supplied by Kururay. This corresponds well
with the results of Redon et al. [ 14] that found the apparent strength to
be 60% for the same type and almost the same fibre diameter (44 pm
compared to 40 pm used in this study).

5. Rate effect on single fibre pull-out behaviour
5.1. Experimental program

Rate tests were performed to investigate the time dependence of
the fibre pull-out behaviour. The pull-out rate was varied over four
orders of magnitude from 0.01 mm/min to 100 mm/min. The test
program is shown in Table 2. The desired embedment length was
chosen from the results of the embedment length tests reported in
Section 4. To achieve an exact embedment length is hardly possible,

which fact is reflected in the variation in embedment length reported
in the table.

SEM pictures were also taken of the test samples and the tested
fibres to gain insight in the type of damage of the fibres and whether
the loading rate had an effect on the damage distribution. The
following cases were examined with the SEM:

 The pulled out fibres tested at different pull-out rates as well as an
unused fibre as a reference to investigate the effect of the pull-out
rate on the damage on the fibre surface.

* The inside of the test sample to find out whether fibres debond and
slip before they rupture.

* The inside of the test sample to examine the matrix interface after
the fibre has pulled out and the fibres to find possible causes of the
slip-hardening phenomenon.

To view the inside of the test samples, the samples were carefully
broken open to expose the fibre-matrix interface. This is a difficult
process and numerous samples were needed before one was broken in
the manner that successfully exposed the interface.

5.2. Test results

The results of the rate tests are shown in Fig. 8 ranging from a pull-
out displacement rate of 0.01 mm/min to 100 mm/min. The scaling of
the axes of the graphs is the same in order to make the comparison
easier. The number of fibres rupturing during the tests is expressed in
Fig. 9 as a percentage of the number of fibres tested for each rate.

The results of the rate tests were analyzed and the values of 7o and
B according to Egs. (1) and (3) were found and these parameters with
regard to the pull-out rate are shown in Fig. 10.
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Fig. 10. The range and average values for different pull-out rates with regard to (a) initial
interfacial shear resistance, 7o and (b) the slip-hardening/softening coefficient 3.
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5.3. SEM investigation

To see whether the pull-out rate has an influence on the surface
damage of the fibres, SEM photos were taken of the pulled out fibres
after testing. One typical SEM photo was selected here for each pull-
out rate. The photos are shown in Fig. 11 together with a reference
fibre that was still unused.

Fig. 11 shows clearly that surface damage occurs during pull-out.
The damage is in the form of long, straight scratch marks on the fibres.
For the cases when the fibres ruptured during the pull-out tests with
very high rates, no part of the fibre that was originally embedded in
the matrix could be investigated for surface damage (cf. Fig. 11f). No

N2 500% —— B0 pm —i

() (d)

F31000x

(e)

— 30 um——+

J3 1000x ——30 ym——

clear effect could be observed from Fig. 11 on the surface damage of
the fibres that can be related to the pull-out rate. This is complicated
by the fact that the damage would differ along the fibre length due to
different damage patterns and the complex heterogeneity of the
matrix. All this makes the exercise of finding a change of the type of
the surface damage at different pull-out rates a difficult task if a visual
inspection is to be used as a measure.

To verify whether fibre rupture can occur even after full fibre
debonding and some slippage has taken place, a SEM picture was taken
of the inside of a test sample of which the fibre ruptured during pull-
out. This phenomenon would be confirmed if the remaining part of the
fibre in the matrix did undergo some slippage, i.e. the end part of the

(a) (b)

E3 1000x — 30 ym——

H3 1000x

(f)

L1 200x ——100 pm—

Fig. 11. SEM photo of (a) a reference, unused fibre, and fibres pulled out at the pull-out rate of (b) 0.01 mm/min, (c) 0.1 mm/min, (d) 1 mm/min, (e) 10 mm/min and (f) 100 mm/min.
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Pull-out direction

Fig. 12. SEM picture showing the two ends of a fractured fibre that remained in the test sample.

fibre is not in its original position. The SEM pictures in Fig. 12 clearly
show this. The remaining part of the fibre has slipped and the end of
the embedded side is shown to be the cut end of the fibre and the other
end of the fibre still embedded in the sample was clearly ruptured.
To investigate the possible cause of the slip-hardening phenom-
enon during fibre pull-out, the pulled out fibres were closely inspected
to see if strips of fibre were scratched off the surface of the fibre that
would cause the damage lines. These strips would get stuck between
the fibre and the matrix and would increase the confining pressure
and thus increase the frictional resistance. Numerous fibres were
found that had loose strands that were still lightly attached to the

(a)

—100 um—

()

E1200x —100 pm—i

C5 500x

fibres. This can be seen in Fig. 13. There were also pieces of fibre found
left behind in the matrix after complete pull-out as shown in Fig. 14.
This clearly indicates that fibre remains that were scratched off the
surface during pull-out are one cause of the slip-hardening effect of
these pull-out tests, but there is no proof that this is the only cause of
slip-hardening.

Based on this theory of slip-hardening, the slip-hardening should
also increase with an increase in embedment length as the longer the
fibre that has to be pulled-out, the more fibre scrapings would be left
behind in the matrix which increase the slip-hardening. An increase of
the slip-hardening coefficient with an increase of embedment length

(b)

——— 60 um ——

(d)

11 200x

Fig. 13. Surface damage to a pulled out fibre.
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(b)

795

Fig. 14. Signs of remains of fibre in test sample after pull-out.

can be seen in Fig. 5. The curve gradient after debonding gives the
indication of the slip-hardening coefficient.

6. Discussion
6.1. Effect of the embedment length

An important phenomenon that was rather unexpected was the
reduction of the Ty with the longer embedment length, as shown in
Fig. 7b. All the micro-mechanical models shown in Section 2 rely on an
assumption that the interfacial shear resistance is uniformly dis-
tributed along the fibre interface. Fig. 7b clearly shows that this is not
the case and the value of 7y increases substantially when the
embedment length of the test is reduced. The assumption of a
uniform distributed shear stress along the embedment length is thus
not accurate.

A possible explanation is that the Poisson's ratio of the fibre plays
an important role in the distribution of the interfacial shear resistance
of the fibre. It has been shown that Poisson's ratio plays an important
role in the debonding process of the fibre [15,16] but to the authors’
knowledge this has not yet been investigated for the pull-out phase of
the fibre. The interfacial shear resistance would reduce if the axial
stress in the fibre increases due to the Poisson's ratio effectively
reducing the confining pressure which causes the frictional resistance.
This is an important phenomenon that requires further investigation.
This effect would not play a role in the comparison of the results of the
fibre pull-out rate tests as the embedment lengths of these tests were
within a relatively small range. This would however cause inaccura-
cies when the results are used with the micro-mechanical models to
simulate the macroscopic behaviour.

Another possible explanation is that for the longer embedment
length only a part of it is involved as a result of the gradual stress
transfer and partial delamination, while the whole length is used for
calculation and evaluation.

The embedment length tests also showed a strong trend that the
longer the embedment length, the higher the likelihood of the fibre
fracturing during a pull-out test. This phenomenon comes as no
surprise, as Redon et al. [14], Lin et al. [11], Kanda and Li [ 10], Yang and
Li [7] and Li et al. [5] all prescribed an embedment length less than
1.2 mm for successful pull-out of a fibre. This value could however
vary as the matrix-fibre interface varies with different matrix
compositions. A theoretical critical embedment length can be
calculated using the model of Lin and Li [9] according to Eq. (5):

nd?ty(1 + 1)

_ . ol . (6 — &p)
p= MOS0 [sinn () — sinn (%) (5)
+ mTeB(1 + M) (6 — 6p)(L —(6 — &)
with
ViE,
- v,:Efm (6)
o= /41 + n)B7, / E; (7
_ 2d¢ oLy _
6 = B {cosh(d) 1} (8)

and dy the fibre diameter, L the embedment length. V; and V,,, are the
volume fractions of the fibre and matrix respectively while E¢ and E,,
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are the Young's moduli of the fibre and the matrix respectively. P is the
pull-out force and 6 the pull-out displacement.

Using a value of 960 MPa, the apparent strength for the fibres,
To=2.24 MPa and 3=0.04, the values found for the normal testing
rate of 1 mm/min, and the critical embedment length can be
calculated at 3.0 mm. This value does not correlate with the
experimental findings, as about 60% of fibres ruptured with an
embedment length less than 2.0 mm. This critical embedment length
is however computed using the interfacial parameters calculated from
results that had an embedment length around 1.40 mm. The results of
this research show that the 7o decreases with an increase of
embedment length, Fig. 7b. Thus, if the parameters had been obtained
for a larger embedment length, a critical embedment length larger
than 3.0 mm would be computed. On the other hand, 3 increases with
an increase in embedment length. This would result in a higher than
projected pull-out resistance, whereby critical embedment length is
effectively reduced.

Note that the apparent strength of the fibres, significantly below its
rupture strength when tested separately, can be ascribed to several
mechanisms, including (i) crystal growth at the surface acting as
notches, (ii) the transition of the soft fibre to the stiff (embedded)
fibre which leads to stress concentrations and local failure, and
(iii) the fact that a longer embedment length leads to the higher
probability of inclusion of weak areas.

6.2. Rate effect

A trend was seen in the fibre pull-out rate tests that showed that
the higher the pull-out speed, the higher the probability of fibre
rupture. The probability ranged from 0% of fibre rupture at the lowest
testing rate to 80% at the highest testing rate. There are not enough
test results to show a true statistical probability distribution, but the
trend is clear. This is an alarming result as this shows that the fracture
mechanism of SHCC may change if the loading rate changes.

The value of initial interfacial shear resistance, 79, showed an
increase of 91% from the lowest to the highest pull-out rate. This result
contradicts the results of Yang and Li [7] who found no influence of
rate on the value of 7p. The embedment length used by Yang and Li [7]
was 0.5 mm which is less than half the embedment length used in this
study. The embedment length plays an important role in the
magnitude of 79 as shown in Fig. 7b, and could also influence the
mechanism that causes the time-dependant resistance increase and
thus possibly explaining the difference found compared to Yang and Li
[7]. The value of B increased from around 0 to 0.18 with the increase in
pull-out rate. The increase of 3 is also a trend that was not found by
Yang and Li [7] who found no change of 8 by increasing the pull-out
rate. However, their prism test results indicate the likelihood of a
change in the mode of fibre failure!

Due to the strong increase of 79 and 3, it is expected that it would
have a compounding effect on the response on the macro level. Using
the model of Lin and Li [9], the responses for the average composite
crack bridging stress for the lowest, normal and highest test rate are
shown in Fig. 15. The respective results for 7o and 3 are used. A strong
increase of the ultimate crack bridging stress was found with an
increasing pull-out rate using this model, but the rate effect in the
tensile tests on the macro level was much less pronounced [3]. This
discrepancy can be linked to the apparent trend that at higher pull-out
rates, the probability of fibre rupture increases. However, a thorough
statistical study, with a larger, statistically significant test sample
should be performed to confirm the correctness of this assumption.
Fibre rupture is not included in the model of Lin and Li [9]. This could
cancel out the effect of the increase of resistance with a higher rate.

From the test results in Figs. 5 and 8 it appears that the fibre
rupture occurs at a pull-out displacement of around 0.7 mm for all the
pull-out rates. This means that no fibre should rupture at a pull-out
displacement of less than 0.7 mm. This is indicated in Fig. 15. Note that
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Fig. 15. The crack bridging response with the model of Lin and Li [9] using the interfacial
parameters for different pull-out rates.

this value is a mere reference, to be confirmed with more tests to
ensure statistical meaningfulness.

Theoretically, using this model [9], there should still be an increase
of the crack bridging stress from 5.25 MPa to 27.2 MPa on this level.
Such strong macroscopic rate effect was not observed on the
macroscopic level [3]. It is important to note again that the interfacial
parameters used to calculate the responses shown in Fig. 15 were
based on pull-out tests with an embedment length around 1.40 mm. 3
and 7o have been shown not to depend only on the fibre and matrix
type, but also the embedment length. These effects, together with the
inclination of fibres, which was not investigated in the paper, are the
reason for the discrepancies with the results of the model of Lin and Li
[9]. It must be kept in mind that the gradual debonding and general
non-uniform stress transfer complicates analytical modelling.

7. Conclusions

An in depth experimental investigation was done of the time-
dependant behaviour on the single fibre level of SHCC. A clear rate
effect was found with the pull-out response of the fibres and the
results were compared using a slip-hardening pull-out model. The
following conclusions can be made:

« A strong increase of peak resistance was found with an increase of
loading (displacement) rate in the single fibre tests.

The probability of fibre rupture increased with an increased loading
rate showing that an increased pull-out rate could change the failure
mechanism from pull-out to dominantly fibre rupture.

The strong increase in peak resistance found at higher rates on the
single fibre level was not found to this extent on the macro-level.
This result can be attributed to the change of the fibre failure
mechanism from pull-out to fibre rupture.

It was shown that the model of uniform distributed shear resistance
of fibre is not applicable for the experimental results shown, as the
slip-hardening coefficient, 3, as well as the interfacial shear
resistance, 7o, derived from the experimental results are dependant
on the embedment length.
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