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ABSTRACT: Polypropylene discontinuous fiber reinforced cementitious composites were prepared by extru
sion molding and tested in uniaxial tension to determine the mechanical properties such as ultimate composite 
strength and strain, and the critical volume fraction for multiple cracking. It was shown that the experimen
tally determined critical fiber volume fraction reasonablely agreed with theoretical value predicted by a mi
cromechanics model conducted in this study. The extruded fiber composites are yielded the ultimate compos
ite strength of 8.9MPa and the composite strain of 0.55% at the fiber volume fraction of 7.4%. Our 
experimental results suggest that there is the apparent bound for suitable fiber volume fraction. 

1 INTRODUCTION 

Extrusion molding has a potential of producing fiber 
reinforced cementitious composites with higher per
formance compared with the conventional traditional 
molding. There are two major advantages of extru
sion molding in manufacturing fiber composites: 
lower porosity of extruded composites due to me
chanical compaction, and aligned orientation of fi
bers. The lower porosity may increase the composite 
strength and matrix brittleness. In addition, the 
aligned fiber orientation may enhance the mechani
cal properties of fiber composites in the extrusion di
rection. One of the most effective ways for improv
ing the brittleness of cementitious composites is the 
use of multiple cracking phenomenon induced by fi
ber reinforcement. The multiple cracking phenome
non produces pseudo strain-hardening behavior 
characterized by a sustained and increasing load ca
pacity after first matrix crack (A veston & Kelly 
1973). 

A general micromechanics model has been devel
oped for random short fiber composites based on 
fracture mechanics approach (Li et al. 1991, Li 
l 992a, Li & Leung l 992b, Stang et al. 1995, Kahele 
& Horii 1996 ). The micromechanics model has been 
validated by experimental investigations (Li & 
Hashida 1993, Kanda et al. 2000). 

In contrast, the design methodology for discon
tinuous fiber cementitious composites by extrusion 
molding has not been established yet. The composite 
parameters such as matrix and fiber parameters are 
being selected by a try and error approach. There are 
few research investigated a theoretical model for ex
truded discontinuous fiber reinforced cementitious 
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composite (Stang & Pedersen 1996, Mu & Li 1998, 
Li et al. 1999). Mu & Li (1998) and Li et al. ( 1999) 
have reported their theoretical models for predicting 
the bend over point stress and the condition for mul
tiple cracking for aligned short fiber reinforced 
composites based on an energy approach and inclu
sion method. They showed that the bend over point 
stress predicted by their model was close to the ex
perimental value. However, the theoretical model for 
the condition of multiple cracking has not been vali
dated experimentally yet. 

Shah & Shao (1994), Shao et al. (1995) and Ak
kaya et al. (2000) have reported that discontinuous 
fiber-reinforced cementitious composites manufac
tured by extrusion showed pseudo strain-hardening 
behavior. However, no attempt has been made to 
develop a theoretical model for the design of ex
truded fiber reinforced composites. 

In this paper, we take advantage of the microme
chanics model based on a fracture mechanics ap
proach (Li et al. 1991, Li l 992a, Li & Leung l 992b) 
to design the mechanical properties of discontinuous 
fiber reinforced composite by extrusion molding, es
pecially to predict the necessary condition for 
pseudo strain-hardening behavior. We prepared ex
truded fiber composite using fibers. Direct tension 
tests were carried out to determine the mechanical 
properties such as ultimate tensile stress and strain, 
and the critical fiber volume fraction of the extruded 
composites. The experimental data were compared 
with theoretical prediction based on the microme
chanics model. The mechanical properties of the ex
truded composites were also compared with those of 
cast fiber composites in terms of interfacial friction 
bond strength. 



2 THEORY 

In this paper, we adopt a simple model of fiber ma
trix interface debonding based on a purely interfacial 
friction bond strength ignoring elastic bond. The fol
lowing assumptions arc made to construct the mi
cromechanics model. Firstly, fibers never break. Fi
bers are debonded and pulled out completely from 
the matrix. Secondly, the interfacial friction bond 
strength along the fiber-matrix interface is constant 
during the dcbonding and pulled out process. 

Li ( l 992a) has analyzed the relationship between 
the fiber bridging load and displacement during fiber 
frictional debonding and pullout. We adopt this rela
tionship to aligned fiber composites. The prepeak 
and postpeak part of the bridging stress
displacement curve as-8 can then be obtained in a 
normalized form (See Appendix): 

(l) 

(2) 

wher~cr8 =as! cro, cro= V11 (L1! d1)12, and 8 = 8/(L1 
I 2). 6' = [21 I (1 +11) EtJ(L1 I d1) c01Tesponds to the 
maximum attainable value of 60 normalized by L1 I 2 
for the fiber with the longest embedment length of 
L1 I 2. d1, = fiber diameter, L1 = fiber length, 1 = an 
interfacial friction bond ·strength. The elastic 
modulus of matrix and fiber are Em, E1, respectively 
and the volume fraction matrix and fiber are Vm, Vh 
respectively. 80= (4/21) I [(1+11) £1 d1] correspond to 
the displacement at which frictional debonding is 
completed for a fiber with embedment length 1 and 11 
= ( Vr E1 I V111 Em). 

Marshall & Cox ( 1988) have shown that based on 
J-integral method the crack tip toughness Jlip during 
steady state cracking can be expressed by: 

J,;
1
, = a 0 60 

(3) 

where CTa = steady state cracking stress and 8a = the 
displacement corresponding to 0 8 • 

Li ( 1993) reviewed the necessary conditions of fi
ber fraction for pseudo strain-hardening behavior. 
For pseudo strain-hardening with multiple cracking. 

CT,, S CT 
1

,, 

- f" P(8) do 
J11 

(4) 

(5) 
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where CTpc = the maximum value of the bridging 
stress-displacement curve. 

Using eqs. (I) and (2) in eq. (5), the critical fiber 
volume fraction Vt.,,.11 for multiple cracking is given 
by: 

(6) 

3 EXPERIMENTAL PROCEDURE 

3.1 Materials 

The mix proportion of the matrix is shown in Table 
1. All of the mix proportions are by weight of the 
ingredients. Discontinuous polypropylene fibers 
with various volume fractions (0-8.4%) were em
ployed in this study. The fiber dimensions and prop
e1ties are shown in Table 2. 

3.2 Specimen preparation 

In this paper, the mechanical properties of fiber rein
forced composites manufactured by extrusion were 
compared with cast fiber composites. These compos
ites were made of the same proportion of raw mate
rials. The preparation for these composites is pre
sented below. 

Table I .Matrix Mix Proportion (by weight). 

Ordinary Silica Mineral Methyl 
Portland Powder Pulp Fiber Cellulose Water 
Cement 

1.00 0.64 0.05 0.05 0.06 0.77 

Table 2. Dimensions and properties of fiber used. 

Fiber 
Type 

Propylene 

Length 

L1 (mm) 

6 

Diameter 

cl, (111111) 

0.018 

Young's Tensile 
Modulus Strength 

£ 1 (GPa) 0 1 (lv!Pa) 

3.7 295 

Firstly. the raw materials were mixed for three 
minutes without \Vater by an Erich mixer. Water was 
added into the mixture and mixed for tvvo minutes. 
The mixture was used to prepare the fiber compos
ites by casting. 

Next, the mixture is kneaded for three minutes by 
a kneader with two blades. The kneaded mixture was 
used to prepare the extruded fiber composites. The 
extrusion molding was conducted using a ram ex-



truder. The extruded samples had the cross section 
of 80mm x I 5mm. The extruded specimens were cut 
into a length of 250111111 perpendicular to the extru
sion direction. 

Cast fiber composites were prepared using a poly
ethylene mold. All the specimens were machined 
into a rectangular coupon of size 230mm x 40mm x 
15mm. 

The specimens of the extruded and cast compos
ites are steam-cured for four hours at 70°C. 

3.3 Testing procedure 

The tensile behavior of composites was determined 
by conducting in uniaxial tension tests. The coupon 
specimens were tested under displacement control in 
a 50kN material testing system. The displacement 
rate used was 0.2mm/min. Aluminum plates were 
glued by epoxy resin onto the end of the tension 
specimens. A liner variable differential transducer 
was used to measure the displacement between two 
points on the specimen at a gage length of 50mm. 
Three specimens \Vere tested for the same fiber vol
ume fraction and the results were averaged. The ex
perimental data presented in the following sections 
are averaged data. 

3.4 Fiber orientation and Fiber volumefi·action 

The cross section perpendicular to the extrusion 
direction was observed by scanning electron micros
copy (SEM) using both extruded and cast compos
ites in order to examine the fiber orientation and fi
ber volume fraction. As shown in Figure I, it is pos
sible to determine the distribution of fiber orienta
tion based on the fiber shape of cross section per
pendicular to the extrusion direction, because the 
polypropylene fibers has an exact circular cross sec
tion. The orientation of each fibers axis with respect 
to the plane perpendicular to the extrusion direction, 
8 is estimated by approximating the fiber cross sec-

b 

e 

Figure I. Fiber orientation. 
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tion as an elliptical shape, and given by the follow
ing equation: 

(7) 

where a and b are the major and minor axis, respec
tively. Computably aligned fibers with respect to the 
extrusion direction correspond to 90 degree. 

The fiber volume fraction was computed from fi
ber cross sectional area. The fiber volume fraction 
determined using cross sections is denoted by Vi:r<'<ll· 

4 RESULTS AND DISCUSSION 

4.1 Fiber orientation 
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Fiber orientation is one of most important factor for 
mechanical properties of fiber-reinforced compos
ites. Figure 2 (a) and (b) show an example of SEM 
scattering observations for the extruded and cast 
composite, respectively. The polypropylene fibers 
are observed as dark spots in the photographs. 

The distribution of fiber orientation was deter
mined from the SEM observations of cross sections 
perpendicular to the extrusion direction as described 
in Experimental Procedure. The distribution of fiber 
orientation obtained for the extruded and cast com
posite is shown in Figure 3. The volume fraction 
Vt.real of the extruded composite is 3. J % and 3.3% 
for the cast composite. It is noted in the extruded 
composites that approximately 80% of the fibers are 
aligned with respect to the extrusion direction. The 
percentage of aligned fibers was almost the same in 
other extruded composites having fiber volume frac
tion up to 8.4%. In the extruded composites a broad 
distribution is seen in the range of 9-63 degree. 

The aligned fibers in the extruded composites are 
expected to have grater influence on the mechanical 
properties relative to the inclined fibers. In this 
study, the effective fiber volume fraction Vt.e/J was 
calculated by multiplying Vt.rC<1!. by the aligned fiber 
percentage (approximately 80%) for each extruded 
composites and used to evaluate the composite me
chanical properties based on the micromechanics 
model. 

4.2 !11te1facia!fi·ictio11 bond strength 

In this section, frictional bond strength at the poly
propylene fiber I matrix interface was determined 
from uniaxial tension tests, and the mechanical 
properties of the extruded and cast composites are 
compared in terms of the interfacial friction bond 
strength. 



(a}Extruded composite 

(b)Cast composite 

Figure 2. Comparison of microstructures of extruded (a) and 
cast (b) composites. 

Figure 4 shows tensile stress versus strain curves of 
polypropylene fiber reinforced composites of Vt.re{I/ 

I and 4.5%, and the matrix prepared by the extrusion 
molding. The fracture behavior of the matrix and the 
composite of Vt.re{I/ = I% is characterized by the 
formation of a single crack, even though the 1 % fi
ber composite shows a gradual stress decrease due to 
the fiber bridging action. On the other hand, the fiber 
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Figure 3. Distributions of fiber orientation of extruded and cast 
composites. 
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Figure 4. Tensile stress-strain curves of the extruded compos
ites. 
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composite of V1:re{I/ = 4.5% indicates pseudo strain
hardening behavior due to matrix multiple cracking. 
The first cracking strength of Vt.real = 4.5% is about 
25% higher than that of the matrix only. In particu
lar, the composite strain at peak stress significantly 
increases up to 1140% compared with the matrix. 

In principle, the interfacial friction bond strength 
is to be detennined by conducting a single fiber pull 
out test (Li & Chan 1994, Kanda and Li 1998). In 
this study, an estimate of the interfacial friction bond 
strength T was obtained from the uniaxial tension 
tests indirectly. 

As detailed in Appendix, the fracture energy due 
to fiber pullout in aligned fiber composites is ex
pressed by: 

(8) 

If the fracture energy GI> is determined for aligned 
fiber composite, the interfacial friction bond strength 
can then be estimated from the fiber volume fraction 
and dimensions using eq. (8). G" may be obtained. 
experimentally based on uniaxial tension tests using 
the following equation. 

(9) 

where w = width of the specimen and t = thickness 
of the specimen. As shown in Figure 5, the area un-

Disp h1ce111ent( 111111) 

Figure 5. Load-Displacement curve. 



der load displacement curve after the peak load is 
used to detennine the area A. 

Using eqs. (8) and (9),'T was detennined for ex
truded fiber reinforced composites. For random short 
fiber reinforced composites, Li ( l 992a) demon
strated the fracture energy due to fiber pullout: 

(10) 

where g = snubbing factor. T was computed for the 
cast composites using eq. (10). The value of g was 
set to be 1.6 in this paper. 

Figure 6 shows the dependence of the interfacial 
friction bond strength T normalized by initial bond 
strength by Ti on the effective fiber volume fraction 
Vt.i:tr Initial bond strength was detem1ined for the 
composites of V1:etr < 1.2%. Initial bond strength of 
the extruded and cast composite was 0.24MPa and 
0.30MPa, respectively. In the extruded composites, T 
is approximately constant within the range of the fi
ber volume fractions used in this study. For the cast 
composites, however, T decreases rapidly with the 
increasing fiber volume fraction. 

Milewski (1974) and Evans & Gibson (1986) ex
pressed the maximum packing volume fraction V1.11111x 

for rod-like reinforcement: 

I 5.3 
r i .111'1~ = -L--. 

/, 

d, 

( 1 1) 

The maximum packing volume fraction is defined 
on the point at which the randomly oriented fibers 
have no longer any rotational freedom due to the re
strictions of neighboring fibers. 
It is expected that the fiber volume fraction greater 
than Vr 11111.,., the distributed fibers start to touch each 
other, causing a reduction in interfacial friction bond 
strength. The packing volume fraction appears to 
provide a measure of appropriate volume fraction for 
producing uniform fiber composites. According to 

1.2 

o.x ..,- • 
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Figure 6. Dependence of T I T; on Vi;,.11 • 
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eq. ( 11 ), the value of V1.11111x becomes 1.6% for the 
L/d1of333 used in this study. As shown in Figure 6, 
t of the cast composite decreased when Vt.et! ex
ceeded V1:max· 

The comparison may suggest that the extrusion 
molding allows us to incorporate larger volume of 
fiber composites compared to the conventional cast
ing. 

4.3 Critical.fiber vo!umefi-ctction 

Figure 7 shows the number of multiple cracks oc
cmTed on the specimens and ultimate tensile strain 
as a function of Vt.i:!I for the extruded composites. 
For the composite of Vt.elf < 2.5%, only a single 
crack was observed and mtiltiple cracking phenome
non took place for Vt.et! > 3.6%. The critical fiber 
volume fraction for muitiple cracking Vt:crir is judged 
to be in the range of 2.5-3.6%, as indicated in Figure 
7. 

Theoretically the critical fiber volume fraction for 
multiple cracking can be obtained from eq. (6). The 
fiber parameters are shown in Table 2. The interfa
cial friction bond strength is 0.24MPa. The crack tip 
toughness 11;" in eq. (6) may be approximated as: 

(12) 

where K 111 matrix fracture toughness ( l .07MPa 
m 112)and £ 111 Young's modulus (2 l.4GPa). 

Eq. (6) yields the value of3. l % for the critical fi
ber volume fraction for multiple cracking. It is 
shown that the critical fiber volume fraction pre
dicted by the micromechanics model reasonably 
agrees with the experimental results. 

4.4 Tensi!efi'acture properties 

Figure 8 shows the ultimate tensile stress for the ex
truded and cast composites as a function of Vretf; The 
ultimate tensile stress of cast composite showed a 
relatively constant value regardless of the fiber addi-
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Figure 7. Dependence of number of cracks and ultimate tensile 
strain on Vi:..11 , 



ton and gradually decreased for the fiber volume 
fraction > 1'1.111"·'' reflecting the reduction in the inter
facial friction bond strength. The extruded matrix 
specimen gave the higher tensile strength than that 
of the cast matrix, due to the larger density for the 
extruded matrix ( 1400 kg I mJ) than 1200 kg I m3 for 
the cast matrix. In the extruded composites, the ul
timate tensile stress steadily increased with the in
creasing fiber volume fraction and reaches 8.9MPa 
at 111.el! 6% ( V1.reut = 7.4%). This ultimate tensile 
stress 8.9MPa is one of the highest value obtained 
for extruded discontinuous fiber reinforced cementi
tious composites. 

Shah et al. reported mechanical properties of ex
truded composites using several kinds of fibers 
(Shao et al.1995, Shao & Shah 1997 and Akkaya et 
al. 2000). Figure 9 shows a comparison of the data 
of Shah et al. and our experimental results obtained 
in this study for extruded polypropylene (PP) and 
poly vinyl alcohol (PY A) discontinuous fiber com
posites. In literatures (Shao et al.1995, Shao & Shah 
1997 and Akkaya et al. 2000), no detailed informa
tion of the fiber distribution has been reported. Then 
1·1·,.""' indicate in Figure 8 for the comparison pur
pose. Our data of PY A fiber composite is made of 
PY A fiber with d1 = 0.040mm, L1 6mm, u1 = 
I oOOMPa. and E1 = 40GPa. Except for the matrix 
and the composite of / '1.rrn/ = 2~/o tested in this study. 
all of the composites have shown pseudo strain
hardening. 

1t should be mentioned here that excessive addi
tion of discontinuous fibers cause a decrease of ul
timate tensile stress and strain. as illustrated in Fig
ure 8 and 9. The largest volume fraction of V1.reul = 

8.4% results in the ultimate tensile stress is slightly 
decreased. This observation may suggest that there 
is an optimal fiber volume fraction for the mechani
cal properties of extruded discontinuous fiber rein
forced composites. As shown in Figure 9, our com
posites with higher tensile stress show a smaller 
strain capacity are compared with the composite 
prepared by Shah et al. In addition, the density of the 
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composites is significantly smaller than that of Shah 
et al. 
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Wu & Li ( 1994) have shown that it become~ 
more difficult to induce multiple cracking in the case 
of high matrix toughness. This is the case for our fi
ber composites. Further improvement in the me
chanical properties, particularly for enhancement 
strain capacity calls for tailoring the interfacial prop
erties. 

5 CONCLUSIONS 

ln this paper. \Ve presented a basis of micromechan
ics model of the design for the mechanical properties 
of aligned fiber reinforced composite, especially the 
critical volume fraction for pseudo strain-hardening. 
In order to support the micromechanics model, uni
axial tension tests were conducted on polypropylene 
discontinuous fiber reinforced cementitious compos
ites manufactured by extrusion molding. The critical 
volume fraction was determined experimentally 
from ultimate tensile strain and number of multiple 
cracks versus fiber volume fraction relationship. 
The theoretical volume fraction predicted by the mi
cromechanics model for the extruded composite rea
sonably agreed with the experimental data. 

For comparison, the cast fiber reinforced compos
ites were tested in addition to the extruded compos
ites. A comparison of the extruded and cast fiber 
composites indicated that the extrusion molding al
lows us to incorporate larger volume of fibers ai~d to 
improve the mechanical properties of fiber compos
ites compared to the conventional casting. The high
est ultimate tensile stress of our extruded fiber co~n
posite reached 8.9MPa and the strain capacity was 
up to 0.55%. 
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APPENDIX 

Single Fiber Stress - Displacement Curve for 
aligned.fiber reiT?forced composite 

Consider a single fiber with a diameter d1; length L1; 

an interfacial friction bond strength T and the snub
bing coefficient/ The elastic modulus of matrix and 
fiber are £ 111 , E1, respectively and the volume fraction 
matrix and fiber are V,,1' V1; respectively. 

Li et al. (1991 ) showed that the bridging stress
displacement curve can be predicted by integrating 
the contribution of individual fibers crossing a ma
trix crack plane: 

4V f1' 'fl 'cns<r 
cr 3 (0)= rrd~ J,r=i~J=~o - P(o)p(cp)p(.:)dz dcp 

I 

(13) 

where P(o) = the fiber bridging load versus dis
placement o, p( <p) and p(z) = probability-density 
function of the orientation angle and centroidal dis
tance of fibers from crack plane. 

Li ( l 992a) has shown that during frictional 
debonding, the fiber-bridging load versus displace
ment can be obtained from a shear-lag analysis: 

(14) 

where 80 = (4/2r) I [(l+Y])ErdtJ correspond to the dis
placement at which frictional debonding is com
pleted for a fiber with embedment length I and 11 = 
( V1 Erl Vm Em). 

After the fiber is fully debonded, a fiber pullout 
load versus displacement curve can be given by a 
following equation (Li I 992a): 

( 15) 

For uniformly aligned fiber distribution ( cp = 0), 
p (<p) =I andp (z) =2/L1(Li et al. 1991). Using eqs. 
(14) and (15) in eq. (13), the prepeak part of the 
bridging stress-displacement curve can be obtained 
in normalized form: 

(16) 



where a IL = CT13/CT0, CTo V1 T (L1 I dr)/2, and 8 = 8 I 
(L1 I 2 ). 8 ·· = [2r I (I +i1) Et](L1 I d1) corresponds to 
the maximum attainable value of iso normalized by 
L1 I 2 for the fiber with the longest embedment 
length of L1! 2. 

The postpeak part of the bridging stress
displacement curve can be obtained in nonnalized 
form: 

( 17) 

The maximum value CTpc of the bridging stress
displacement c~rve is 1cro that is obtained from eq. 
( 14) by setting 8 into 8". 

CT =T/' -
[ L

1 l 
I" I di ( 18) 

Thefim·fUre energy due to/iber bridging stress 

The debonding part of the fracture energy can be es
timated by the following equation with cr13 given by 
eq. ( 16). 

G, r cr/J(8)d8=~cr(l8' 
Jo 3 (I 9) 

The fracture energy due to fiber pullout can be given 
by the following equation with cr13 given by eq.( 17). 

The fracture energy due to fiber bridging stress 
can be obtained from eqs. (I 9) and (20). 

G =G +G =~(L -cr)~J_T// d (~]-
" ,. ' 3 I 6 I I di 

(21) 

where 8* is neglected \Vhen ;s* << L1. 
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