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Effect of interfacial thickness and stiffness
on the stress distributions in fibre
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The different microstructure of the fibre—cement interface might result in different failure

mechanisms. It is expected that improvement of strength and toughness in fibre-reinforced

cementitious composites will depend on their interfacial thickness and stiffness. A three-

phase model, subject to a transversely uniform tensile stress, was utilized to investigate the

effect of interfacial thickness and stiffness on the stress distributions near the fibre—cement

interface and the corresponding failure mechanism. The results suggest that optimum

interfacial microstructure of fibre-reinforced cementitious composites can be tailored to

obtain a higher strength and toughness. Optimum interfacial thickness and stiffness was

evaluated for various reinforcements, including steel, carbon, glass and polypropylene fibres.
1. Introduction
In general, cement-based materials are brittle and
possess a lower value of tensile strength and fracture
toughness, due to the nature of their microstructure
which includes, among others, pre-existing micro-
cracks induced from mixing and curing. The tensile
strength and fracture toughness of cementitious ma-
terials can be improved by introducing ductile fibres,
such as steel fibres, into a cement slurry. The magni-
tude of the tensile strength and fracture toughness
increase of fibre-reinforced cementitious composites is
mainly controlled by their microstructural morpho-
logy near the fibre—cement interface. To achieve the
goal of increasing strength and toughness in fibre-
reinforced cementitious composites, the effect of inter-
facial thickness and stiffness on the stress distributions
near fibre—cement interface needs to be fully exploited.
It is expected that fibre-reinforced cementitious com-
posites with high tensile strength and fracture tough-
ness can be obtained by tailoring the microstructure of
the fibre—cement interface.

Typically, steel or glass fibre is added to a cement
slurry to increase the tensile strength and fracture
toughness of cementitious composites. Aveston et al.
[1] found that the applied load is carried by both
fibres and cement matrix before any crack is formed.
Once an initial crack nucleates and propagates, the
force originally exerted on the cement matrix will be
transferred to the surrounding fibres through a shear
deformation mechanism. Fibres will be ruptured if
their tensile strength is relatively low. Otherwise, mul-
tiple fracture of the cement matrix is more likely to
occur, giving a fibre pull-out failure mechanism. The
critical volume fraction of fibres, above which fibre
rupture failure can be avoided, was suggested by
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Ramachandran et al. [2]: 0.31% for steel fibres, 0.4%
for glass fibres and 0.75% for polypropylene fibres.

The different microstructure of the fibre—cement
interface might change the failure mechanism of fibre-
reinforced cementitious composites. Bentur et al. [3]
concluded that the cement paste near a steel fibre/ce-
ment interface composed of a lot of CH crystals and
with high porosity, differs from the bulk cement paste
further away from the steel fibre surface. It was also
observed that the cracks initiated within the cement
matrix interact with the porous interface, then being
deflected and arrested. By using scanning electronic
micrography, Mindess and Young [4] learned that
crystalline CH possesses a needle-like microstructure.
As a result of that, the CH crystals near the
fibre—cement interface tend to jostle each other and
develop a porous area.

Bentur et al. [5] observed that crack propagation in
cement paste specimens reinforced with steel fibres
could not break the steel fibre directly, but was ini-
tially stopped at a distance of 10—40 lm from the fibre
surface. Then, the crack was displaced laterally and
ran parallel to the fibre surface. By conducting a series
of microhardness measurements, Wei et al. [6] found
that the microhardness of the cement matrix far from
the fibre surface tends to be constant, and then drops
gradually on approaching the fibre surface. After
reaching a minimum value at a distance of about
60 lm from the fibre surface, the microhardness of the
cement matrix arise because it is close to the fibre
surface. Bentur [7] suggested that control of the
microstructure of the fibre—cement interface provides
a means for improving the mechanical properties
of fibre-reinforced cementitious composites. For
example, pozzolanic materials, such as fumed silica,
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can be introduced in a cement slurry to make the
fibre—cement interface less porous, increasing its inter-
facial stiffness but decreasing its interfacial thickness.
Kawamura and Igarashi [8] verified that the inter-
facial thickness and stiffness in fibre reinforced cemen-
titious composites were influenced by factors such as
cement age and water/cement ratio. In other words, it
is possible to tailor the microstructure of the
fibre—cement interface to achieve the desired mechan-
ical properties.

Lo et al. [9] proposed a four-phase composite cylin-
drical model to study the effect of interphase modulus
and thickness on the stress distributions in the resin
matrix. Because the matrix is surrounded by an equiv-
alent composite medium, and the interaction between
fibres is taken into account, the four-phase model is
only suitable for composites with higher volume frac-
tion of fibres. Based on the results of their analysis,
optimal interphase thickness for E-glass fibre-rein-
forced composites was suggested. Using computer
simulation of a discrete grid points model, Monette
et al. [10] studied the effect of interphase modulus
and cohesive energy on the critical fibre length in
short-fibre-reinforced brittle composites. They also
identified various failure mechanisms as a function of
interphase modulus.

The stress distributions near the fibre—cement inter-
face will be influenced by interfacial thickness and
stiffness. As a result, different interface microstructure
might result in a different failure mechanism and
mechanical properties in fibre-reinforced cementitious
composites. In most cases of engineering applications,
the volume fraction of fibres in cementitious com-
posites is relatively low when construction cost and
workability are taken into account. Thus, a dilute
solution three-phase model subject to a transversely
uniform tensile stress was employed here to study the
effect of interfacial thickness and stiffness on the stress
distributions near the fibre—cement interface. Selec-
tion of optimal interfacial thickness and stiffness for
cementitious composites reinforced with various fibres
are discussed and compared with each other.

2. Modelling
The stress distributions near the fibre—cement inter-
face play an important role in determining the corres-
ponding failure mechanism and in increasing the mag-
nitude of tensile strength and fracture toughness of
fibre-reinforced cementitious composites. Christensen
[11] suggested that a dilute solution model can be
employed to simulate the stress distributions in fibre-
reinforced composites if the volume fraction of fibres is
low. In practice, the fibre content in cementitious
composites is usually less than 10%; the interaction
between fibres can be neglected in modelling. In addi-
tion, fibre length is much larger than its radius; the
problem can be further simplified to a two-dimen-
sional particulate model equivalent to a three-dimen-
sional cylindrical under plane strain conditions.

The dilute solution three-phase model used in the
study is shown in Fig. 1: a single fibre with a radius a,
a porous interface with a thickness b measured from
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Figure 1 A dilute solution model with a single fibre of radius a and
a porous interface of thickness b in a cement matrix.

the outer surface of the central fibre, and an infinite
cement matrix surrounding the fibre and porous inter-
face. For simplicity, a transversely uniform tensile
stress at infinity, denoted by r, is exerted on the outer
boundary of the model to evaluate the effect of inter-
facial thickness and stiffness on the stress distributions
near the fibre—cement interface. In polar coordinates,
the applied stresses can be expressed as
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where r*
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is the radial normal stress, r*h is the circum-
ferential normal stress, r*

3h
is the shearing stress and

h is the angle. The applied stresses can be divided into
two groups: angle-independent normal stresses and
angle-dependent normal and shearing stresses. The
proposed model under either the angle-independent
normal stresses or angle-dependent normal and shear
stresses will be analysed, separately. The actual stress
distributions near the fibre—cement interface can be
obtained from the results of the two applied stress
states by using the superposition principle of elasticity.

2.1. Angle-independent applied stresses
For a model under uniform normal stresses, r*
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where G and m are the shear modulus and Poisson’s
ratio of any phase material, u

3
is the radial displace-

ment, uh is the circumferential displacement, and r is
the radial distance measured from the centre of the
model. A, B and C are unknown constants and need to
be determined from boundary conditions. Equation
2 is valid for any of the three phases: fibre, porous
interface and cement matrix. Hence, there are nine
unknown constants in the model: A
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The nine unknown constants can be determined

from the nine boundary conditions and expressed in
terms of material properties and microstructure
geometries
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where the superscripts f, p and m represent the mater-
ial properties of fibre, porous interface and cement
matrix, respectively. The stress distributions near the
fibre—cement interface can be calculated once the un-
known constants are found.

2.2. Angle-dependent applied stresses
Timoshenko and Goodier [12] gave the stress and
displacement fields of the dilute solution model under
uniform angle-dependent normal stresses
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Again, G and m are material properties and A, B, C and
D are unknown constants. Equations 4a—e are applic-
able to fibre, porous interface and cement matrix.
Therefore, twelve unknown constants need to be sol-
ved in the three-phase model: A
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Similarly, the twelve constants can be determined
from boundary conditions and expressed in terms of
material properties and microstructure geometries:
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Figure 2 The variation of radial stresses near the porous interface for various ratios of b/a when h"0° and G1/G."0.6. b/a: (s) 0%, (K)
5%, (n) 10%, (d) 15%, (j) 20%, (m) 25%.
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where the determinants DK D, DN D, D¸ D, DP D and DQ D are
a function of fibre radius, interface thickness, and
elastic properties of fibre, porous interface and cement
matrix as given in the Appendix.

The stress distributions near the fibre—cement inter-
face for the dilute solution model subject to a trans-
versely uniform tensile stress are the sum of those
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obtained separately from the two cases of angle-inde-
pendent and angle-dependent applied stresses.

3. Effect of interfacial thickness and
stiffness

Chen [13] developed a computer program based on
the theoretical result of the three-phase model; the
accuracy of the program was checked for the two
special cases of G&"G1"0 and G&"G1"G.. The
program is thus utilized to analyse numerically the
effect of interfacial thickness and stiffness on the vari-
ation of radial and circumferential stresses near the
porous interface between steel fibre and cement
matrix. The interfacial thickness is empirically found
to be roughly 40—60 lm [7] while the diameter of steel
fibres is typically around 0.5 mm. Therefore,
a"0.25 mm and the interfacial thickness considered
here is in the range of 0)b/a)0.25. In addition, the
shear modulus of a porous interface, G1, should be
lower than that of the bulk cement matrix, G.. The
shear modulus of steel fibre G&"78 GPa and the
shear modulus of cement matrix G."10 GPa are
also assumed in the analysis.

The effect of interfacial thickness on the variations
of radial (h"0°) and circumferential stresses (h"90°)
near the steel fibre—cement interface, is studied first for
the case of G1"0.6G.. Fig. 2 shows the variation of
radial stresses for six different interfacial thicknesses
b/a"0%, 5%, 10%, 15%, 20% and 25%, while Fig. 3
shows the variation of circumferential stresses. The
interfacial thickness effect is also evaluated when
G1"0.8G.; the variations of resulting radial and cir-
cumferential stresses are presented in Figs 4 and 5,
respectively.



Figure 3 The variation of circumferential stresses near a porous interface for various ratios of b/a when h"90° and G1/G."0.6. For key, see
Fig. 2.

Figure 4 The variation of radial stresses near a porous interface for various ratios of b/a when h"0° and G1/G."0.8. For key, see Fig. 2.
From Figs 2—5, it is found that either the maximum
radial stress or the maximum circumferential stress
will not occur on the boundary between steel fibre and
cement matrix if the porous interface is absent, corres-
ponding to the case of b/a"0. Because the maximum
radial and circumferential stresses occur within the
cement matrix, brittle fracture is more likely to take
place. As a result, the increase in both tensile strength
and fracture toughness of the composite is insignific-
ant. However, the failure mechanism of fibre rein-
forced cementitious composites can be altered if a por-
ous interface is formed between steel fibre and cement
matrix. It is seen that the maximum radial stress
occurs on the boundary between porous interface and
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Figure 5 The variation of circumferential stresses near a porous interface for various ratios of b/a when h"90° and G1/G."0.8. For key, see
Fig. 2.

Figure 6 The variation of radial stresses near a porous interface for various ratios of G1/G. when h"0° and b/a"10%. G1/G.: (s) 0.2, (K)
0.4, (n) 0.6, (j) 0.8, (m) 1.0.
cement matrix from Figs 2 and 4. Also, the maximum
radial stress decreases with increasing interfacial
thickness for a specific interfacial stiffness. On the
contrary, the maximum circumferential stress located
at a distance far from the porous interface, increases
with increasing interfacial thickness as shown in
Figs 3 and 5.
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Secondly, the effect of interfacial stiffness on the
stress distributions near steel fibre—cement interface is
evaluated for two cases of interfacial thicknesses.
Fig. 6 shows the variation of radial stresses near the
porous interface with a thickness of b/a"10% for five
interfacial stiffnesses G1/G."0.2, 0.4, 0.6, 0.8 and 1.0,
while Fig. 7 shows the variation of circumferential



Figure 7 The variation of circumferential stresses near a porous interface for various ratios of G1/G. when h"90° and b/a"10%. For key,
see Fig. 6.

Figure 8 The variation of radial stresses near a porous interface for various ratios of G1/G. when h"0° and b/a"20%. For key, see Fig. 6.
stresses. For b/a"20%, the radial and circumferen-
tial stresses are shown in Figs 8 and 9, respectively.
From Figs 6 and 8, it is found that the maximum
radial stress occurs on the boundary of porous inter-
face and cement matrix. Meanwhile, the maximum
radial stress increases with increasing interfacial stiff-
ness. However, the maximum circumferential stress, as
shown in Figs 7 and 9, occurs within the cement
matrix, except for the case for b/a"20% and
G1/G."0.2. The actual location of the maximum
circumferential stress depends on the magnitude of
interfacial stiffness; the maximum circumferential
stress decreases with increasing interfacial stiffness.

Based on the results of the analysis for steel fibre-
reinforced cementitious composites with various inter-
facial thicknesses and stiffnesses, it is found that the
5149



Figure 9 The variation of circumferential stresses near a porous interface for various ratios of G1/G. when h"90° and b/a"20%. For key,
see Fig. 6.
stress distributions depend on the presence of a por-
ous interface. When there is no porous interface,
which can be accomplished by adding adequate poz-
zolanic materials into a slurry of cement and steel
fibres, the maximum radial and circumferential stres-
ses occur somewhere within the cement matrix. It is
expected that microcracks might initiate and propa-
gate from the cement matrix, giving a brittle fracture
failure. On the other hand, the presence of a porous
interface will produce higher radial stresses near the
fibre—cement interface. In most cases, the adhesive
strength of the porous interface is lower than the
cohesive strength of the cement matrix. As a result of
that, microcracks might initiate and propagate ini-
tially along the steel fibre—cement interface. To some
extent, the microcracks will deflect and coalescence
with other pre-existing macrocracks. The failure
mechanism in steel fibre-reinforced cementitious com-
posites with a porous interface, which is different from
that without a porous interface, will consume a large
amount of energy during the process of crack propa-
gation, giving a higher value of fracture toughness.

4. Discussion
Based on the modelling results, it is known that the
maximum radial and circumferential stresses near
a porous interface are affected by interfacial thickness
and stiffness. The maximum radial stress decreases
with increasing interfacial thickness, but the max-
imum circumferential stress increases with increasing
interfacial thickness. Also, the maximum radial stress
is reduced but the maximum circumferential stress is
increased if interfacial stiffness is decreased. Presum-
ably the composite strength is expected to increase
because the presence of a porous interface reduces the
5150
magnitude of the radial stress, causing interface fail-
ure, as compared to the case with a stiffer interface or
no interface at all. Therefore, there is an optimum
interfacial thickness and stiffness with which the mag-
nitude of the maximum radial stress is reduced but is
still larger than the maximum circumferential stress,
leading to a failure mechanism of interface debonding
and fibre pull-out. The strength and toughness of a fibre-
reinforced cementitious composite, having the optimum
interfacial thickness and stiffness, can be improved.

The ratio of the maximum circumferential stress
within the cement matrix to the maximum radial
stress on the boundary between a porous interface and
a cement matrix, is shown in Fig. 10 for various inter-
facial thicknesses and stiffnesses. From Fig. 10, it is
found that the maximum radial stress on the bound-
ary between a porous interface and a cement matrix is
higher than the maximum circumferential stress with-
in the cement matrix for most cases discussed here.
The maximum circumferential stress within the ce-
ment matrix will not exceed the maximum radial
stress on the boundary between a porous interface and
a cement matrix unless the interfacial stiffness is very
low. In practice, the tensile strength of the cement
paste is larger than the tensile strength on the bound-
ary between a porous interface and a cement matrix.
As a result of that, the failure mechanism of interface
debonding and fibre pull-out occurs, consuming
a large amount of energy during the process of crack
propagation and increasing the toughness of fibre-
reinforced cementitious composites.

Similarly, the ratios of the maximum circumferential
stress within the cement matrix to the maximum radial
stress on the boundary between the porous interface and
cement matrix for cementitious composites with carbon,
glass or polypropylene fibres, are shown in Figs 11—13,



Figure 10 The ratio of the maximum circumferential stress within the cement matrix to the maximum radial stress on the boundary between
a porous interface and a cement matrix in steel fibre-reinforced cementitious composites. G1/G.: (s) 0.2, (K) 0.4, (n) 0.6, (j) 0.8.

Figure 11 The ratio of the maximum circumferential stress within the cement matrix to the maximum radial stress on the boundary between
a porous interface and a cement matrix in carbon fibre-reinforced cementitious composites. For key, see Fig. 10.
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Figure 12 The ratio of the maximum circumferential stress within the cement matrix to the maximum radial stress on the boundary between
a porous interface and a cement matrix in glass fibre-reinforced cementitious composites. For key, see Fig. 10.

Figure 13 The ratio of the maximum circumferential stress within the cement matrix to the maximum radial stress on the boundary between
a porous interface and a cement matrix in polypropylene fibre-reinforced cementitious composites. For key, see Fig. 10.
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respectively. It is seen that steel, carbon and glass
fibres have a similar reinforcement effect on the stress
distributions near the fibre—cement interface, except
polypropylene fibres. The maximum circumferential
stress within the cement matrix could be five times the
maximum radial stress on the boundary between
a porous interface and a cement matrix for polypropy-
lene fibre-reinforced cementitious composites. There-
fore, microcracks might initiate and propagate from
the cement matrix instead of the porous interface,
leading to a brittle fracture.

Polypropylene fibres (modulus of elasticity
E"5 GPa) are more compliant than steel
(E"200 GPa), carbon (E"230 GPa) and glass fibres
(E"80 GPa). Hence, it can be said that fibres with
higher elastic moduli are preferred in fibre-reinforced
cementitious composites when the failure mechanism
of interfacial debonding and fibre pull-out is pursued.
As a rule of thumb, the criterion for the occurrence of
interface debonding and fibre pull-out is

(rh).!9,h/90°

(r
3
)
*/5%3&!#%,h/0°

)

r
#0)%4*7%

r
!$)%4*7%

(6)

where r
#0)%4*7%

is the cohesive strength of the cement
matrix, and r

!$)%4*7%
is the adhesive strength between

fibre and cement matrix. Once r
#0)%4*7%

and
r
!$)%4*7%

are determined experimentally, the results
shown in Figs 10—13 can be employed to determine if
the failure mechanism of interface debonding and fibre
pull-out is more likely to happen.

5. Conclusions
Based on the results of a dilute solution model subject
to a transversely uniform tensile stress, it was found
that the stress distributions near the fibre—cement
matrix interface are affected by interfacial thickness
and stiffness. When there is no porous interface intro-
duced between fibre and cement matrix, the maximum
stress occurs within the cement matrix, resulting in
a brittle fracture failure. However, the maximum
radial stress occurs on the boundary between the
porous interface and the cement matrix if a porous
interface is present. As a result, microcracks might
initiate and propagate along the porous interface, giv-
ing a higher fracture toughness in fibre-reinforced
cementitious composites.

The maximum radial stress near porous interfaces
decreases with increasing interfacial thickness but
with decreasing interfacial stiffness, while the max-
imum circumferential stress increases with increasing
interfacial thickness but with decreasing interfacial
stiffness. Optimum interfacial thickness and stiffness,
with which the maximum radial stress on the bound-
ary between the porous interface and the cement
matrix is reduced but is still higher than the maximum
circumferential stress within the cement matrix, have
been evaluated for various reinforcements, including
steel, carbon, glass and polypropylene fibres. Once the
cohesive strength of the cement matrix and the adhes-
ive strength between the porous interface and the
cement matrix are found experimentally, the theoret-
ical results can be used to determine if the failure
mechanism of interfacial debonding and fibre pull-out
is more likely to occur.
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Appendix: The determinants DK D, DN D, DL D, DP D
and DQ D

DK D"

(3!4m.)b#1 (8!12m.)b#4m1 a3(b!1) a[(4!4m.)b!(4!4m1)]
(4m.!3)b!1 (12m.!10)b!(6!4m1) a3(b!1) !a[(2!4m.)b!(2!4m1)]

a(d!1) a3(4m&d!4m1) (3!4m& )d#1 (4!4m&)d#(4!4m1)
a(1!d) !a3[(6!4m& )d!(6!4m1)] (3!4m& )d#1 (2!4m&)d!(2!4m1)

(A1)
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DN D"

!(4!4m.)b (8!12m.)b#4m1 a3(b!1) a[(4!4m.)b!(4!4m1)]
(4!4m.)b (12m.!10)b!(6!4m1) a3(b!1) !a[(2!4m.)b!(2!4m1)]

0 a3 (4m&d!4m1) (3!4m& )d#1 (4!4m&)d#(4!4m1)
0 !a3[(6!4m& )d!(6!4m1)] (3!4m& )d#1 (2!4m&)d!(2!4m1)

(A2)

D¸ D"

(3!4m.)b#1 (4m.!4)b a3 (b!1) a[(4!4m.)b!(4!4m1)]
(4m.!3)b!1 (4!4m.)b a3 (b!1) !a[(2!4m.)b!(2!4m1)]

a (d!1) 0 (3!4m&)d#1 (4!4m&)d#(4!4m1)
a (1!d) 0 (3!4m&)d#1 (2!4m&)d!(2!4m1)

(A3)

DP D"

(3!4m.)b#1 (8!12m.)b#4m1 (4m.!4)b a[(4!4m.)b!(4!4m1)]
(4m.!3)b!1 (12m.!10)b!(6!4m1) (4!4m.)b !a[(2!4m.)b!(2!4m1)]

a (d!1) a3 (4m&d!4m1) 0 (4!4m&)d#(4!4m1)
a (1!d) !a3[(6!4m&)d!(6!4m1)] 0 (2!4m&)d!(2!4m1)

(A4)

DQ D"

(3!4m.)b#1 (8!12m.)b#4m1 a3(b!1) (4m.!4)b
(4m.!3)b!1 (12m.!10)b!(6!4m1) a3(b!1) (4!4m.)b

a (d!1) a3(4m&d!4m1) (3!4m&)d#1 0
a (1!d) !a3[(6!4m&)d!(6!4m1)] (3!4m&)d#1 0

(A5)
where a"a/(a#b), b"G1/G. and d"G1/G&.
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