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ABSTRACT 
It is well known that fibers can impart tensile ductility into fiber cement products. Specific rational guideline 
for engineering desirable fiber, matrix, and interface properties leading to optimized fiber cement product 
performance; however, is scarce. This presentation discusses the theoretical basis for composite optimization 
of synthetic fiber reinforced cement that leads to maximum tensile ductility while minimizing the content of 
the expensive fiber component of fiber cement products. Specific tailoring of polyvinyl alcohol (PVA) fiber 
and polypropylene (PP) fiber and experimentally verified tensile ductility characteristics of the resulting fiber 
cement products are employed to illustrate the theoretical concepts. It is demonstrated that high product 
performance can be achieved with minimal amount of fibers via composite optimization. The theoretical tools 
developed are applicable to a wide range of fiber types and matrix types. 
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INTRODUCTION 
It is well known that fibers are essential for the ductile performance of fiber cement, a composite with a highly 
brittle matrix. In the past, this ductile performance has been supported by the use of low cost asbestos fiber in 
relatively large amount, 9 to 14% by weight (Kim, 1999). With the world-wide trend of substituting asbestos 
fiber, the industry is increasingly turning to synthetics. Some synthetic fibers can be relatively expensive, 
while others appear to limit the composite performance. However, synthetic fibers offer the opportunity for 
tailoring – in fiber length and diameter, mechanical characteristics, surface treatment, etc. It is only natural, 
therefore, to ask the question how fiber cement should be designed, so that optimal composite performance is 
achieved at the lowest cost. 

A micromechanical model developed recently at the University of Michigan for randomly oriented 
discontinuous fiber reinforced brittle matrix composites may shed light on fiber cement optimization. 
Specifically, this model can be used to address optimal mix composition of fiber, matrix and interface 
characteristics in order to achieve maximum tensile ductility while minimizing the amount of fiber. Emphasis 
is placed on the need for a holistic approach in composite design. Further, the model can be used to guide the 
tailoring of fiber characteristics, including surface treatment, or the tailoring of the matrix composition, 
including the use of artificial defects. 

This paper summarizes the essentials of the micromechanical model based on Li and Leung (1992) and Lin et 
al. (1999) but with recent updating by Yang et al. (2006), and demonstrates how it guides towards composite 
optimization. Specific examples are then given of fiber, matrix, and interface tailoring. Special attention is 
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given to polyvinyl alcohol (PVA) fiber as this fiber has been one of the dominant synthetic fibers used in the 
fiber cement industry, and to polypropylene (PP) fiber which appears to gain increasing acceptance with 
property improvements in recent years. It is shown that in the case of PVA fiber, surface treatment leading to a 
reduction of bond properties is beneficial to composite ductility. In contrast, increase in frictional bonding 
along with fiber strength greatly enhances composite performance when PP fiber is utilized. 

MICROMECHANICS-BASED STRAIN-HARDENING MODEL FOR RANDOMLY 
ORIENTED DISCONTINUOUS FIBER REINFORCED BRITTLE MATRIX COMPOSITES 
The design strategy of strain-hardening fiber reinforced brittle matrix composites lies in realizing and tailoring 
the synergistic interaction between fiber, matrix, and interface. Micromechanics can be used as a tool to link 
material microstructures to composite properties. Desirable composite behavior can be tailored by control of 
material microstructures once the linkages are established. 

The pseudo strain-hardening behavior in fiber reinforced brittle matrix composite is achieved by sequential 
development of matrix multiple cracking. The fundamental requirement for multiple cracking is that steady-
state flat crack extension prevails under tension, which requires the crack tip toughness Jtip to be less than the 
complementary energy J’b calculated from the bridging stress σ versus crack opening δ curve, as illustrated in 
Fig. 1 (Marshall and Cox, 1988). 
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where Jtip = Km
2/Em, σ0 is the maximum bridging stress corresponding to the opening δ0, Km is the matrix 

fracture toughness, and Em is the matrix Young’s modulus. Eqn. (1) employs the concept of energy balance 
during flat crack extension between external work, crack tip energy absorption through matrix breakdown 
(matrix toughness), and crack flank energy absorption through fiber/matrix interface debonding and sliding. 
This energy-based criterion determines the crack propagation mode (steady-state flat crack or modified 
Griffith crack). The predominance of flat crack extension over modified Griffith crack propagation is 
important since the crack width can be constrained to below δ0, and the stress level is always maintained 
below the bridging capacity of the fibers.  Otherwise, localization of a fracture will prevail, resulting in 
tension-softening and large opening of a single crack. 
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Fig. 1 – Typical σ(δ) curve for tensile strain-hardening composite. Hatched area represents maximum 

complimentary energy J’
b. Shaded area represents crack tip toughness Jtip. 

 

The stress-crack opening relationship σ(δ), which can be viewed as the constitutive law of fiber bridging 
behavior, is derived by using analytic tools of fracture mechanics, micromechanics, and probabilistics (Lin et 
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al., 1999). In particular, the energetics of tunnel crack propagation along fiber/matrix is used to quantify the 
debonding process and the bridging force of a fiber with given embedment length. Probabilistics is introduced 
to describe the randomness of fiber location and orientation with respect to a crack plane. The random 
orientation of fiber also necessitates the accounting of the mechanics of interaction between an inclined fiber 
and the matrix crack. As a result, the σ(δ) curve is expressible as a function of micromechanics parameters, 
including interface chemical bond Gd, interface frictional bond τ0, and slip-hardening coefficient β accounting 
for the slip-hardening behavior during fiber pullout. In addition, snubbing coefficient f and strength reduction 
factor f’ are introduced to account for the interaction between fiber and matrix as well as the reduction of fiber 
strength when pulled at an inclined angle. Besides interfacial properties, the σ(δ) curve is also governed by the 
matrix Young’s modulus Em, fiber content Vf, and fiber diameter df, length Lf , and Young’s modulus Ef. 

Another condition for the pseudo strain-hardening is that the matrix first cracking strength σfc must not exceed 
the maximum fiber bridging strength σ0. 

 0σσ <fc            (2) 

where σfc is determined by the matrix fracture toughness Km, pre-existing internal flaw size a0, and  the σ(δ) 
curve. While the energy criterion (Eqn. (1)) governs the crack propagation mode, the strength-based criterion 
represented by Eqn. (2) controls the initiation of cracks. Satisfaction of both Eqn. (1) and (2) is necessary to 
achieve ductile strain-hardening behavior; otherwise, normal tension-softening FRC behavior results. Details 
of these micromechanical analyses can be found in previous works (Li and Leung, 1992; Lin et al., 1999). 

Due to the random nature of pre-existing flaw size and fiber distribution in cement composites, a large margin 
between J’

b and Jtip as well as σfc and σ0 is preferred. The pseudo strain-hardening (PSH) performance index 
has been used to quantitatively evaluate the margin and is defined as follows (Kanda, 1998). 
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Materials with larger values of PSH indices should have a better chance of saturated multiple cracking. 
Unsaturated PSH behavior often leads to small tensile strain capacity and large variability of tensile ductility 
of the composites. It has been demonstrated experimentally that polyethylene (PE) fiber reinforced cement 
composites with performance indices J’

b/Jtip > 3 and σ0/σfc > 1.2 produce saturated PSH behavior (Kanda, 
1998). However, for the PVA fiber reinforced cement composites, the crack patterns observed required 
modification of the σ0/σfc index to be greater than 1.45 instead of 1.2 (Wu, 2001). This is due to higher rupture 
tendency, i.e. lower fiber strength and higher interfacial bonds when compared with PE fiber, for the PVA 
fiber, which result in larger variation in the bridging capacity, thus requiring higher margin between the first 
crack and the peak bridging strength. A similar argument applies to the PP fiber reinforced composites. Here, 
although the interfacial bond properties of PP fiber cement are similar to that of PE fiber cement (due to the 
hydrophobic surface of both fibers), the fiber strength of PP is much lower than that of PE (Kanda, 1998; Kim, 
1999). In this study, a PSH strength index σ0/σfc > 2 is assumed for the PP fiber system. Further 
experimentally confirmation of this assumption is required. To ensure saturated multiple cracking for the PVA 
and PP fiber composites, these modified values of performance indices (PSH strength value = 1.45 and 2 for 
PVA and PP respectively; PSH energy value = 3 for both) will be utilized in the following calculations. 
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ILLUSTRATION OF MODEL-BASED COMPOSITE OPTIMIZATION 
As described above, the micromechanics-based strain-hardening model links material microstructures and 
composite behavior and serves as a tool to guide composite optimization through properly tailored fiber, 
matrix, and interface properties. In this section, illustration of model for composite optimization is described. 
Focus is placed on thin sheet cement composites reinforced with randomly oriented discontinuous PP fibers or 
PVA fibers. 

Figure 2 shows the calculated critical fiber volume as a function of interface frictional bond for achieving 
saturated multiple cracking and tensile strain-hardening behavior of a PP fiber (control PP) reinforced thin 
sheet cement composite based on the micromechanics model with 2-D fiber orientation assumption. The 2-D 
fiber orientation assumption is particularly applicable for the thin sheet fiber cement due to process induced 
fiber layering and sheet thickness smaller than fiber length. The two curves in Fig. 2(a) relating Vf

crit to τ0 were 
calculated by specifying all other micromechanical parameters (Table 1) and plugging them into the strain-
hardening criteria, i.e. energy criterion and strength criterion in Eqn. (1) and (2), respectively. The 
micromechanical parameters were independently measured or deduced (Kim, 1999; De Lhoneux et al., 2002). 
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Fig. 2 – Micromechanical model calculated Vf

crit as a function of τ0 for strain-hardening (control) PP-fiber cement 
determined by (a) the energy and the strength criterion respectively and (b) the combined effect 

 

Table 1 – Micromechanical parameters used in calculating Vf
crit of PP-fiber cement 

Fiber parameters Interface parameters Matrix 
parameters

Energy 
criterion 

Strength 
criterion 

df 
(µm) 

Lf 
(mm) 

Ef 
(GPa) 

σfu 
(Mpa) 

Gd 
(J/m2)

β 
 

f 
 

f’ 

 
Em 

(GPa) 
Jtip 

(J/m2) 
J’

b 
(J/m2) 

σfc 
(MPa)

σ0 
(MPa)

Control PP 16.6 8 11.6 400 0 0.005 0.39 0.1 20 5 15 2.5 5 
Long PP 16.6 19 11.6 400 0 0.005 0.39 0.1 20 5 15 2.5 5 

Strong PP 16.6 8 11.6 928 0 0.005 0.39 0.1 20 5 15 2.5 5 

 

As can be seen from Fig. 2(a), Vf
crit calculated from the strength criterion approaches a constant at high 

frictional bond and sharply increases at low friction area (τ0 < 0.3 MPa). The bridging strength is known to be 
governed by fiber strength, fiber volume, and interfacial properties, e.g. τ0 and Gd. At higher interfacial 
friction; however, fiber rupture dominates over fiber pull-out so that the bridging strength becomes insensitive 
to τ0.  Because fiber strength is given, fiber volume approaches to a steady value in order to satisfy the strength 
criterion (σ0 = 5MPa). At low friction; however, fiber pull-out prevails over fiber rupture and bridging strength 
is now insensitive to the fiber strength and governed by fiber volume and τ0. High amount of fiber is therefore 
required to obtain adequate bridging strength of 5MPa. 

(a) (b) 
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Interestingly, a concave Vf
crit curve was obtained based on the energy criterion. The energy criterion requires 

the complementary energy of σ(δ), shaded area in Fig. 1, to reach a specified value (15 J/m2) in order to ensure 
robust steady-state cracking. In general, the bridging strength decreases with reduction of τ0, resulting in low 
J’

b at low τ0 region. At high τ0 end, the stiffness of the fiber bridging “springs” (i.e. the initial slope of the 
σ(δ)) keeps rising, resulting in a decrease in J’

b also. High fiber fraction is therefore required at both high and 
low τ0 in order to satisfy the 15 J/m2 complementary energy. An optimum point, i.e. a balanced interfacial 
friction (τ0 around 0.25 MPa) which meets the specified J’

b at minimum fiber fraction, exists in the energy 
curve.  

Strain-hardening behavior relies on the satisfaction of both the strength and energy criteria. Therefore, the 
minimum fiber amount to achieve saturated multiple cracking is the combination of the two curves whichever 
has higher Vf

crit as depicted in Fig. 2(b). The combined curve shown in Fig. 2(b) indicates that the optimum 
point for the strain-hardening behavior of this control PP-fiber cement falls in the range of 3.5 vol.% fiber 
content with 1.5 MPa interface frictional bond strength. However, due to the hydrophobic nature of PP fiber, 
the interfacial bonds are usually very weak, e.g. Gd ~ 0 J/m2 and τ0 is usually in the range of 0.2 – 0.3 MPa 
(Kim, 1999). Therefore, much higher fiber content (7 – 13 vol.%)  is usually adopted in ductile PP-fiber 
cement materials (Stang et al., 1990; Takashima et al., 2003). 

Low tensile strength has been recognized as a major drawback of PP fiber. High tenacity PP fiber was 
therefore developed. Fig. 3 shows the effect of fiber strength on Vf

crit vs τ0 curves. These curves were 
calculated using the same set of micromechanical parameters as for the control PP fiber, except that the fiber 
strength was increased to 928 MPa (De Lhoneux et al., 2002). As can be seen, enhanced fiber strength greatly 
reduces Vf

crit at higher friction (τ0 > 0.3 MPa) for both the strength and energy curves as well as the combined 
curve. Meanwhile, for the strong PP case, strength criterion overrides the energy criterion and dominates the 
combined Vf

crit curve in the range of τ0 from 0 to 5 MPa. For ordinary high tenacity PP fiber with frictional 
bond between 0.2 and 0.3 MPa; however, Vf

crit over 4% is still needed to achieve robust strain-hardening. To 
take advantage of the improved fiber strength in high tenacity PP fiber, it is also necessary to increase the 
interface frictional bond τ0 to around 1 MPa or above. This example underlines the importance of 
understanding the governing mechanisms through micromechanics-based models in design of ductile 
composites. 

 

0

2

4

6

8

10

12

14

0 1 2 3 4 5 6
τ0 (MPa)

Vf cr
it  (

%
)

controlPP-strength
controlPP-energy
strongPP-strength
strongPP-energy

 

0

2

4

6

8

10

12

14

0 1 2 3 4 5 6τ0 (MPa)

Vf cr
it  (

%
)

controlPP
strongPP

 
Fig. 3 – Effect of fiber strength on Vf

crit determined by (a) the energy and the strength criterion respectively and 
(b) the combined effect 

 

Figure 4 illustrates the effect of fiber length on the Vf
crit curve. All micromechanical parameters used in 

calculating the long PP fiber case are identical with the control PP fiber except the fiber length is changed 
from 8 mm to 19 mm. In contrast to increase of fiber strength, both individual strength- and energy-based 
curves and the combined curve of long PP fiber drop significantly at the low τ0 end (τ0 < 1 MPa) and do not 

(a) (b) 
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change much when τ0 is beyond 1 MPa. This calculation indicates that increase of fiber length is especially 
beneficial for fiber reinforced composite with low interfacial friction in achieving strain-hardening behavior, 
which is the case for the normal PP-fiber cement. However, fiber length may be limited by processing 
requirements. 
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Fig. 4 – Effect of fiber length on Vf

crit determined by (a) the energy and the strength criterion respectively and (b) 
the combined effect 

 

PVA fiber featuring high stiffness, high tensile strength, and strong interfacial bonding has been one of the 
dominant synthetic fibers used in the fiber cement industry. The relative high cost of PVA fiber prohibits 
usage of high fiber fraction in the cost-sensitive construction industry. Therefore, composite optimization of 
PVA-fiber cement becomes even more critical and valuable. Table 2 lists the micromechanical parameters 
used in calculating the Vf

crit plots for the PVA-fiber cement (Wu, 2001; Li et al., 2002). The high interface 
chemical bond Gd = 5 J/m2 measured is due to the hydrophilic nature of virgin PVA fiber (Gd5PVA) with 
surrounding cement matrix. Crack tip bridging by such fibers results in a high matrix cracking strength of 4.5 
MPa (Li et al., 2002; Wang, 2005). Fig. 5 shows Vf

crit as a function of τ0 for the control PVA fiber (Gd5PVA) 
cement system. As can be seen, the energy criterion overwhelms the strength criterion and governs the 
composite behavior. Due to the strong hydrophilic tendency of the surface of PVA fiber, a high interface 
frictional bond is usually found, e.g. τ0 can be as high as 5.7±0.6 MPa (Wu, 2001). Therefore, increase of 
PVA fiber (Gd5PVA) strength is expected to greatly reduce Vf

crit. In contrast, increase of PVA fiber (Gd5PVA) 
length will not improve the composite ductility much due to high τ0 in the PVA fiber (Gd5PVA) cement 
system (similar to that shown in Fig. 4 for PP fiber at high τ0). 

 

Table 2 – Micromechanical parameters used in calculating Vf
crit of PVA-fiber cement 

Fiber parameters Interface parameters Matrix 
parameters

Energy 
criterion 

Strength 
criterion 

df 
(µm) 

Lf 
(mm) 

Ef 
(GPa) 

σfu 
(MPa)

Gd 
(J/m2)

β 
 

f 
 

f’ 

 
Em 

(GPa) 
Jtip 

(J/m2) 
J’

b 
(J/m2) 

σfc 
(MPa)

σ0 
(MPa)

Gd5PVA 39 12 42.8 1070 5 0.05 0.5 0.32 20 5 15 4.5 6.5 
Gd2PVA 39 12 42.8 1070 2 0.05 0.5 0.32 20 5 15 3.5 5 

Gd2PVA(flaw) 39 12 42.8 1070 2 0.05 0.5 0.32 20 5 15 3.5 4 
Gd2PVA(lowJtip) 39 12 42.8 1070 2 0.05 0.5 0.32 20 3.3 10 2.5 3.5 

  

(a) (b) 
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Fig. 5 – Micromechanical model calculated Vf

crit as a function of τ0 for strain-hardening (control) PVA-fiber 
cement determined by (a) the energy and the strength criterion respectively and (b) the combined effect 

 

An alternative route would be to alter the chemical bonding as illustrated in Fig. 6. The micromechanical 
parameters used in calculating the Vf

crit plots for Gd2PVA fiber system are identical with the control PVA 
system (Gd5PVA), except that the chemical bond was lowered from 5 to 2 J/m2 and the matrix cracking 
strength was reduced from 4.5 MPa to 3.5 MPa due to the lower Gd (Li et al., 2002; Wang, 2005). As can be 
seen, lowering Gd greatly shifts the energy curve down at all τ0 and the strength curve is also dragged down 
mainly caused by the reduction of σ0 (from 6.5 to 5 MPa allowed by the reduction in σfc). In the case of 
Gd2PVA, the combined curve indicates that lowering Gd is an effective way to reduce the Vf

crit at all τ0 for 
achieving tensile strain-hardening behavior. 
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Fig. 6 – Effect of interface chemical bond on Vf

crit determined by (a) the energy and the strength criterion 
respectively and (b) the combined effect 

 

In the previous discussion, focus has been placed on altering the fiber and interface properties in order to shift 
the Vf

crit curve down. In fact, matrix tailoring, e.g. manipulating the pre-existing flaw size distribution and the 
matrix fracture toughness, can be the third element in this micromechanics-based composite optimization 
(Wang, 2005). For a brittle matrix composite, the stress to initiate a crack from a pre-existing defect, the 
cracking strength σfc is largely determined by the largest flaw normal to the maximum principle tensile stress. 
The maximum fiber bridging stress σ0 imposes a lower bound on the critical flaw size such that only flaws 
larger than this critical size can be activated and contribute to multiple cracking. Insufficient number of such 
flaws in the matrix causes unsaturated multiple cracking, and therefore a larger PSH strength index (σ0/σfc) is 
required for saturated multiple cracking. A practical approach to controlling the pre-existing flaws, i.e. 

(a) (b) 

(a) (b) 
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introducing artificial defects with prescribed size distribution, has been demonstrated and proved an efficient 
way to achieving robust strain-hardening behavior (Li and Wang, 2006). Fig. 7 displays the effect of 
introducing artificial flaws into matrix. All micromechanical parameters are identical with Gd2PVA except that 
a smaller performance index (σ0/σfc is set to be 1.15 instead of 1.45) was used to reflect the higher probability 
of reaching saturated multiple cracking with emplacement of artificial flaws. Note that the performance index 
J’b/Jtip remains the same because implantation of artificial defects does not affect the propagation of cracks. 
Therefore, the same energy curves can be expected for the Gd2PVA(flaw) case in Fig. 7(a). As can be seen, 
strength curve shifts down and the combined curve in Fig. 7(b) indicates that the minimum Vf

crit can be further 
lowered due to intentionally implanting of artificial defects into the matrix. 
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Fig. 7 – Effect of planting artificial flaws in matrix on Vf

crit determined by (a) the energy and the strength criterion 
respectively and (b) the combined effect 

 

Another approach to matrix modification relates the change of matrix toughness Jtip. Fig. 8 illustrates the effect 
of matrix toughness on the Vf

crit plot. The micromechanical parameters are identical with Gd2PVA except a 
lower Jtip (5  3.3 J/m2) and σfc (3.5  2.5 MPa) were used. Same performance index (J’

b = 3 Jtip and σ0 = 
1.45 σfc) were used to calculate the strength and energy curve in Fig. 8(a). It is clear that both the energy and 
strength curves as well as the combined curve shift down at all range of τ0. It can be concluded that low matrix 
toughness is beneficial for multiple cracking. However, excessively low matrix toughness may lead to low 
compressive strength, and is generally not desirable. 
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Fig. 8 –Effect of matrix toughness on Vf

crit determined by (a) the energy and the strength criterion respectively 
and (b) the combined effect 
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EXAMPLES OF COMPOSITE OPTIMIZATION 
The previous section illustrates the concepts of composite optimization by means of micromechanics-based 
strain-hardening model. Through the guidance of the model, composite tensile strain-hardening behavior can 
be achieved by adopting minimum amount of fiber with properly tailored fiber, matrix, and interface. In this 
section, examples are given to demonstrate the practice of composite optimization of PVA and PP fiber 
reinforced cement composites, respectively. 

As depicted in Fig. 5(b), virgin PVA fiber has strong interfacial chemical and frictional bonds, which demands 
high amount of fiber (4 – 6 vol.%) in order to achieve strain-hardening behavior.  From micromechanics 
model (Fig. 6(b)), lowering chemical and frictional bonds are effective approaches to reduce Vf

crit. This can be 
realized by modifying the surface properties of PVA fiber. It is known that the strong interfacial bonds of PVA 
fiber are introduced by its hydrophilic surface. Therefore, a feasible way to reduce the hydrophilic tendency 
would be coating a thin layer of oiling agent onto the surface of PVA fiber (Li et al., 2002). Fig. 9 shows the 
effect of surface coating on interfacial bonding. As can be seen, both the chemical and frictional bonds drop 
significantly with increase amount of surface oiling (wt.%).  When the oil content reaches 0.8 to 1.2%, the τ0 
and Gd drops to 1 – 2 MPa and about 2 J/m2, respectively.  According to Fig. 6(b) – Gd2PVA , such interface 
property values are optimal for design of a ductile fiber cement with 2 vol.% fiber content. 
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Fig. 9 – Effect of coating content on interface (a) frictional bond and (b) chemical bond (After Li et al., 2002) 

 

Figure 10 displays the predicted σ-δ curves of virgin PVA fiber (control) 
as well as surface-coated (1.2 wt.% oiling agent) PVA fiber based on the 
micromechanics model. The micromechanical parameters used in 
calculating the σ(δ) are listed in Table 3. Meanwhile, the resulting 
complementary energy and peak bridging strength of σ(δ) are also 
reported in Table 3. As can be seen, J’

b and σ0 of the control PVA system 
do not satisfy the strain-hardening criteria. The surface-coated PVA 
system; however, can meet both the strength and energy requirement. The 
tensile stress-strain curve of control PVA and 1.2% surface-coated PVA 
fiber reinforced cement composites are shown in Fig. 11, respectively. As 
can be seen, significant improvement in terms of tensile ductility was 
found in the surface-coated PVA fiber system, which validates the 
effectiveness of micromechanics model and demonstrates the feasibility of 
composite optimization. 
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Table 3 – Micromechanical parameters used in calculating σ(δ) curve of PVA-fiber cement 

Fiber parameters Interface parameters Matrix 
parameters Model results

Vf 
(vol.%) 

df  
(µm)

Lf 
(mm) 

Ef 
(GPa) 

σfu 
(MPa)

Gd 
(J/m2)

τ0 
(MPa)

β 
 

f 
 

f’ 

 
Em 

(GPa) 
J’

b 
(J/m2)

σ0 
(MPa)

Virgin 
PVA 2 39 8 42.8 1070 5.29 2.93 2.92 0.5 0.32 20 8.8 

*(15)
5.6 

*(6.5)
1.2% Coated 

PVA 2 39 8 42.8 1070 1.61 1.11 1.15 0.5 0.32 20 43.0 
*(15)

5.1 
*(5) 

*( ): Required minimum J’
b and σ0 for tensile strain-hardening behavior of PVA-fiber cement (see Sec. 3) 
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Fig. 11 – Effect of interface tailoring on composite tensile stress-strain behavior of PVA-fiber cement – three 

curves in each plot represents three repeatable test results (After Li et al., 2002) 

 

For the PP fiber system, increase of fiber strength along with higher 
frictional bond τ0 could be an efficient way to improve composite 
ductility (Fig. 3(b)). The weak bonding of ordinary PP fibers can be 
attributed to their low surface energy (hydrophobic character) and low 
surface roughness. It has been reported that surface treatment with plasma 
can increase the surface energy of hydrophobic fiber, and therefore 
interfacial bonding (Li et al., 1996). Another approach would be to 
produce PP fibers whose sheath layer composition, and thus surface 
properties, differs from their core. A high tenacity Copolymer PP fiber 
produced by Redco was used in this study (De Lhoneux et al., 2002). Fig. 
12 shows the predicted σ-δ curves of control PP fiber system along with 
the copolymer PP fiber system. The micromechanical parameters for 
these two systems are listed in Table 4. As can be seen, the strength and 
τ0 are greatly improved and the copolymer system satisfy the strain-
hardening criterion at 2 vol.% fiber fraction, which is identical with the 
prediction in Fig. 3(b). 

 

 

 

 

Fig. 12 – Effect of fiber and 
interface tailoring (high 

tenacity copolymer fiber) on 
σ(δ) curve of PP-fiber 

0

1

2

3

4

5

6

0 0.05 0.1 0.15
δ (mm)

σ B
 (M

Pa
)

PP-control
PP-copolymer

(a) Coating content = 0.0% (b) Coating content = 1.2% 



   Page 11 
 

November 15-18, 2006 São Paulo – Brazil 
 

  

IIBCC 2006 - Sao Paulo, Brazil. October 15 - 18, 2006. Universidade de Sao Paulo & University of Idaho: Sao Paulo, 2006. 

Table 4 – Micromechanical parameters used in calculating σ(δ) curve of PP-fiber cement  

Fiber parameters Interface parameters Matrix 
parameters Model results

Vf 
(vol.%) 

df  
(µm) 

Lf 
(mm) 

Ef 
(GPa) 

σfu 
(MPa)

Gd 
(J/m2)

τ0 
(MPa)

β 
 

f 
 

f’ 

 
Em 

(GPa) 
J’

b 
(J/m2)

σ0 
(MPa)

Control 
PP 2 11 8 11.6 400 0 0.22 0.005 0.39 0.1 20 24.8 

*(15)
2.2 
*(5) 

Copolymer 
PP 2 11 8 11.6 749 0 1.02 0.005 0.39 0.1 20 54.6 

*(15)
5.3 
*(5) 

*( ): Required minimum J’
b and σ0 for tensile strain-hardening behavior of PP-fiber cement (see Sec. 3) 

 

No uniaxial tensile test data is available for the copolymer PP fiber.  However, a study by Kalogiannakis et al. 
(2004) did suggest multiple cracking ductile response in a composite containing a 1.5 wt.% of this improved 
PP fiber.  In addition, bending tests of fiber cement sheets show significant differences in composite response. 
The most distinctive difference is the unstable growth of an edge crack under bending load when the ordinary 
PP is used. When the copolymer PP fiber is used in the same fiber content, no such unstable crack was 
observed, and the crack width is much smaller (De Lhoneux et al., 2002), characteristic of a strain-hardening 
composite.  The contrasting flexural curves are shown in Fig. 13. 

 

0

50

100

150

200

250

300

0 10 20 30 40
Deformation (mm)

Fo
rc

e 
(c

N
)

 

0

50

100

150

200

250

300

0 10 20 30 40

Deformation (mm)

Fo
rc

e 
(c

N
)

 
Fig. 13 – Three-point bending test load-deformation curve of fiber cement reinforced by 1.5 wt.% (a) ordinary 

high tenacity PP fiber and (b) copolymer fiber with polyolefinic in the sheath – three curves in each plot 
represents three repeatable test results (After De Lhoneux et al., 2002) 

CONCLUSIONS 
Micromechanics-based model linking characteristics of composite constituents to composite tensile strain-
hardening behavior can be used for systematic optimisation of composite tensile ductility while minimizing 
the fiber content. This approach is holistic, simultaneously taking into account the interacting effects of fiber, 
matrix, and interface properties on composite response. Due to the large number of micromechanical 
parameters (thirteen) governing composite response, this micromechanics-based approach for composite 
optimisation is much more efficient than the traditional empirical trial-and-error approach. 

It is shown that in general, the strength and energy criteria must be considered to ensure adequate initiation of 
multiple cracks, and that cracks initiated propagate in the flat steady-state cracking mode, in order to achieve 
saturated multiple cracking so that a robust ductile composite is assured. In the case of (control) PP-fiber 
cement, the critical fiber content to achieve strain-hardening is governed by both the strength and energy 

(a) (b) 
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criteria, depending on the interfacial frictional bond strength. In the case of (strong) PP-fiber cement, the 
critical fiber content is controlled only by the strength criterion. In the case of (control) PVA-fiber cement; 
however, the critical fiber content is dominated by the energy criterion. 

The micromechanical-based model can be translated into specific guidance for composite component tailoring. 
Parametric studies in this paper reveal that enhanced fiber strength may benefit composite ductility at high 
interfacial friction condition. In contrast, increase of fiber length promotes composite multiple-cracking 
behavior primarily at low τ0 region. Lowering interface chemical bond usually decreases the critical fiber 
volume for achieving tensile strain-hardening. Matrix tailoring, including intentionally implanting artificial 
defects and reduction of matrix toughness, can be an alternative for composition optimization.  

The micromechanics-based model suggests very different engineering strategies for different types of fiber 
systems. In the case of PVA fiber, surface treatment leading to a reduction of bond properties is beneficial to 
composite ductility. Specifically, Gd and τ0 values of 1.6 J/m2 and 1.1 MPa leads to a composite with high 
tensile ductility at fiber content of 2 vol.%. In contrast, increase in frictional bonding greatly enhances 
composite performance when PP fiber is utilized. Here, τ0 of 1.0 MPa for an enhanced fiber strength of 749 
MPa is recommended. Both fibers, designed with guidance from this model, are now in commercial 
production. Experimental data show significant improvements in composite ductility when these fibers are 
properly tailored, thus confirming the effectiveness of the micromechanics approach. Although applied to two 
specific fiber types in this paper, the theoretical tools developed are applicable to a wide range of fiber types 
and brittle matrix types. 
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