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Abstract Experimental results on the strain hard-

ening and multiple cracking behaviors of polyvinyl

alcohol (PVA) fiber reinforced cementitious compos-

ites under bending are reported in this paper.

Different hybrid combinations of PVA fibers with

different lengths and volume fractions are considered

to reinforce the mortar matrix. Among different

hybrid combinations, the composite containing 2%

thicker PVA fibers of 12 mm length and 1% thinner

PVA fibers of 6 mm length and the composite

containing 2% thicker PVA fibers of 24 mm length

and 1% thinner PVA fibers of 6 mm length showed

the best performance in terms of highest ultimate

load, largest CMOD (crack mouth opening displace-

ment) at peak load and multiple cracking behavior.

The effects of four types of light weight sands on the

strain hardening and multiple cracking behavior of

hybrid fiber composites are also evaluated in this

study. It has been observed that the ultimate load and

CMOD at peak load for all light weight hybrid fiber

composites are almost the same irrespective of

volume fractions of light weight sand. The compos-

ites containing finer light weight sands exhibited

higher ultimate load than those containing coarser

light weight sands. It is also observed that the hybrid

fiber composite containing normal silica sand exhib-

ited higher ultimate load than the composites with

light weight sands.

Keywords Hybrid fibers � PVA � Strain hardening �
Multiple cracking � Light weight sand

1 Introduction

Recently, high performance fiber reinforced cemen-

titious composites have been steadily developed.

Among cementitious composites, short random fiber

reinforcement with fiber content between 2 and 3

volume percent appears to be the most attractive due

to ease of processing. The addition of short random

fibers increases the toughness and/or energy absorp-

tion capacity and a possible increase in ultimate

strength and/or strain capacity of cementitious com-

posite. In conventional fiber reinforced concrete

(FRC), where both fine and coarse aggregates are

included, the toughening effect is limited to the post-

peak region of the load-deformation curve. Fiber

reinforced cementitious composites (FRCC) with

strain hardening and multiple cracking behavior in

uniaxial tension and bending are also developed. In

FRCC matrices are mainly cement paste or mortar.

The unique feature of a cementitious composite

exhibiting strain hardening and multiple cracking

behaviors is the increase of the composite’s post-
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cracking strength beyond its first crack strength

accompanied by the development of closely spaced

multiple cracks. Past research works indicate that

strain hardening was mostly achieved in FRCC

containing mono fibers [1–6]. Recently, hybrid fiber

FRCC exhibiting strain hardening and multiple

cracking behaviors have also been developed [7–10].

In hybrid fiber composites, two or more different

types of fibers are suitably combined to exploit their

unique properties. The hybridization of fibers in

FRCC can be done in different ways, such as by

combining different lengths, modulus and tensile

strengths of fibers. Large macro fibers bridge the big

cracks and provide post-peak ductility, while small

micro fibers bridge the micro cracks and enhance the

response prior or just after the cracking [11]. Micro

fibers also improve the pull out response of macro

fibers, thus producing composites with high strength

and toughness [12]. A hybrid fiber composite, with

proper volume ratio of high and low modulus fibers, is

expected to exhibit simultaneous improvement in

ultimate strength, strain capacity and crack width

properties [7, 10]. The hybrid fiber composites

reported in the literature are mostly based on the

hybrid combination of high and low modulus fibers in

different volume fractions [7, 8, 10, 13–18]. Hybrid

combination of different types of high modulus fibers

[19] and low modulus fibers [20] in different lengths

and volume fractions are also reported. Among

different low modulus fibers, PVA fibers are high

performance structural reinforcement fibers and have

exhibited promising results in terms of higher tensile

strain capacity, energy absorption and crack bridging

properties [1, 3]. PVA fibers are well suited for a wide

variety of applications because of their high resistance

to alkali, UV, chemicals, fatigue and abrasion.

In this paper, the feasibility of using two different

types of PVA fibers in different lengths and volume

fractions in the development of hybrid fiber compos-

ites are presented. Experimental results on the strain

hardening and multiple cracking behavior of hybrid

fiber composites reinforced with two different types

of PVA fibers under bending are reported. The two

PVA fibers used are of different length, diameter,

tensile strength and modulus. Three point bending

tests are carried out on notched specimens to obtain

the load-crack mouth opening displacement (CMOD)

response for mono and hybrid PVA fiber reinforced

cementitious composites. Effects of different types of

light weight sands and volume fractions on the strain

hardening and multiple cracking behavior of hybrid

fiber composites are also evaluated in the study.

2 Experimental program

The experimental program is divided into two parts. In

the first part of the experimental program, two different

types of PVA fibers (i.e. thinner and thicker) of

different lengths and volume fractions were used to

reinforce the mortar matrix. Diameters of thinner and

thicker PVA fibers were 0.04 mm and 0.10 mm,

respectively. The normal fine silica sand was used in

the mortar matrix. After having selected the hybrid

fiber composites showing the best results among

different hybrid combinations, subsequent experi-

ments were based on these mixes of the hybrid

composites. In the second part of the experiment, the

effects of different types of light weight sands in

different volume fractions were studied on the best

hybrid fiber composites obtained from the first part of

this study.

3 Materials and mix proportions

Table 1 shows the mix proportions for mono and

hybrid fiber composites containing normal sand. Series

1 and 2 are for mono fiber composites containing

thinner and thicker PVA fibers, respectively. Series 3

and 4 are for hybrid PVA fiber composites containing

12 mm long thicker PVA fibers together with 6, 8, and

12 mm long thinner PVA fibers, while series 5 and 6

are for hybrid fiber composites containing 24 mm long

thicker PVA fibers together with 6, 8, and 12 mm long

thinner PVA fibers. For each series, three prismatic

notch specimens of 40 9 40 9 160 mm in dimension

were cast. All specimens were demolded after 24 h of

casting and kept under water for approximately 7 days.

All specimens were tested in three-point bending using

an Instron testing machine under displacement control

with a loading rate of 0.4 mm/min. A schematic of the

bending test setup is shown in Fig. 1.

Uniform dispersion of fibers is vital to the

development of cementitious composites which

effectively take advantage of reinforcement proper-

ties of fibers. Cellulose powder was used to facilitate

uniform fiber dispersion. It acts as a colloidal
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Table 1 Mix proportions

of mono and hybrid fiber

composites containing

normal silica sand used in

the first part of this study

Series Mix proportions Fiber 1 (vol%) Fiber 2 (vol%)

Thicker PVA fiber Thinner PVA fiber

12 mm 24 mm 6 mm 8 mm 12 mm

1 a Mix proportions of mortar

matrix shown in Table 4

– – 1 – –

b – – 2 – –

c – – 3 – –

d – – – 1 –

e – – – 2 –

f – – – 3 –

2 a 1 – – – –

b 2 – – – –

c 3 – – – –

d – 1 – – –

e – 2 – – –

f – 3 – – –

3 a 1 – 1 – –

b 1 – 1.5 – –

c 1 – 2 – –

d 1 – – 1 –

e 1 – – – 1

4 a 1.25 – 1 – –

b 1.5 – 1 – –

c 2 – 1 – –

d 2 – – 1 –

e 2 – – – 1

5 a – 1 1 – –

b – 1 – 1 –

c – 1 – – 1

6 a – 2 1 – –

b – 2 – 1 –

c – 2 – – 1

150 mm 

Load cell (capacity 20kN) 

Specimen 
(40 x 40 x 160 mm) 

Clip gauge 
(capacity: 5 mm)

Notch depth 
(FRCC: 10 mm) 

Fig. 1 Setup and detailing

of the three-point bending

tests
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stabilizer and controls the rheology of the fresh mix.

The mortar matrix of this study consisted of ordinary

Portland cement and normal fine silica sand (Fig. 2).

Four different types of light weight sands were also

used in this study. The properties of normal silica

sand and light weight sands (Fig. 3) are given in

Table 2. The properties of polyvinyl alcohol (PVA)

fibers are shown in Table 3. The mix proportions for

the mortar matrix containing normal silica sand and

light weight sand are given in Tables 4 and 5,

respectively.

The mono and hybrid fiber composites containing

normal silica sand and light weight sands were

manufactured in an omni mixer. The mixing proce-

dure is described in the following:

1. First ordinary Portland cement, cellulose powder

and normal sand were dry mixed for 1 min.

2. Then water was added and mixed for another

3 min.

3. The fibers were then added and mixed for

another 5 min.

In case of hybrid fiber composites containing light

weight sands similar procedure was adopted.

4 Results and discussions

4.1 Rheology of fresh mixes

The workability and air content of fresh mixes of

hybrid fiber composites containing normal silica sand

and light weight sands are shown in Tables 6 and 7,

respectively. A reduction in flow value with an

increase in the volume fraction of long fibers (such as

fibers of 12 and 24 mm length) in hybrid fiber

composites can be noted and is well accepted. The

effect of light weight sands in the fresh properties of

Fig. 2 Normal silica sand (d = 0.11 mm)

Fig. 3 Light weight sand:

a Type V

(d = 0.005–0.15 mm),

b Type OB0

(d = 0.6 mm), c Type OB1

(d = 0.6–1.2 mm),

d Type OB2

(d = 1.2–2.5 mm)
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hybrid fiber composites can be seen by comparing

Tables 6 and 7. It can be noticed that the use of light

weight sands reduced the workability slightly but

increased the air content significantly. The high air

content in series 6 can be attributed to the high

volume fraction of long PVA fibers.

4.2 Flexural responses of mono fiber composites

The load-CMOD curves presented in this paper are

average of at least three specimens. Figures 4 and 5

show the load-CMOD curves for mono fiber com-

posites. The composites with thinner PVA fibers

show high flexural load but small CMOD capacity.

On the other hand, the composite with thicker PVA

fibers show low flexural load but large CMOD

capacity. The higher ultimate load achieved with

the thinner PVA fiber is due to its higher modulus

compared with thicker PVA fiber. The higher

ultimate load achieved with thinner PVA fiber is

also due to the smaller size and higher interfacial

area, which increases the maximum load that can be

transferred to the fiber. On the other hand, the larger

CMOD, thereby higher ductility, for the thicker PVA

Table 2 Properties of

normal sand and light

weight sand

a Maximum size

Sand Types Size of sand

grain: d (mm)

Unit weight

(gm/cm3)

Source

Normal silica sand – 0.11a 2.61 –

Light weight sand

Finer V 0.005–0.15 0.29 Volcanic powder

OB0 0.6a 0.675 Powder of

OBSIDIAN rockCoarser OB1 0.6–1.2 0.22

OB2 1.2–2.5 0.11

Table 3 Properties of PVA

fibers
Types Length

(mm)

Diameter

(mm)

Modulus of

elasticity (MPa)

Fiber strength

(MPa)

Elongation

(%)

Thinner 6, 8 and 12 0.04 40,000 1600 6

Thicker 12, 24 0.1 25,000 1100 10

Table 4 Mix proportion of mortar matrix containing normal

sand

Mix proportions (by wt%)

Cement Water Sand Water/cement Sand/cement

1.0 0.62 0.4 0.62 0.4

Note: Cellulose powder of 1.4% by weight of water was used in

the mix

Table 5 Mix proportion of mortar matrix containing light

weight sands

Cement

(wt%)

Water

(wt%)

Light weight sands of four different

types in four different volume fractions

(V, OB0, OB1 and OB2) (vol%)

100 62 10, 14, 20 and 27

Note: Cellulose powder of 1.4% by weight of water was used in

the mix

Table 6 Flow and air content of hybrid fiber composites

containing normal silica sand

Series Flow (mm 9 mm) Air content (%)

3 a 165 9 170 5.7

b 160 9 165 5.5

c 155 9 160 5.6

d 205 9 205 5.3

e 170 9 175 5.4

4 a 165 9 163 5.5

b 160 9 155 5.5

c 170 9 165 5.5

d 165 9 170 6.0

e 152 9 152 9.2

5 a 170 9 180 4.7

b 175 9 170 4.3

c 160 9 158 5.3

6 a 140 9 146 14.6

b 142 9 142 15.5

c 147 9 145 20?
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fibers is due to its low modulus and long length. By

looking into Figs. 4 and 5 it can be noticed that the

load-CMOD behavior of mono fiber composites is

improved by increasing the fiber contents. However,

at 3% fiber content the behavior did not improved but

rather a reduction in load carrying capacity is

observed and could be attributed to the poor disper-

sion of fibers due to high fiber content.

4.3 Reinforcing mechanism of hybrid fibers

Figure 6 shows the load-CMOD curves of mono fiber

composites containing 1% (by volume) thinner PVA

fibers of 6 mm length and 1% thicker PVA fibers of

12 mm length. In the same figure the load-CMOD

curve for hybrid fiber composites containing both 1%

thinner PVA fibers of 6 mm length and 1% thicker

PVA fibers of 12 mm length is also shown. The

effects of hybrid reinforcement can be observed by

comparing the load-CMOD curves of mono and

hybrid fiber composites. This figure shows that if

short micro fiber of higher modulus (6 mm long) is

added to the composite containing lower modulus

long macro fiber (12 mm long) the first crack strength

and ultimate strength are increased significantly

(compare curve ‘‘B’’ with curve ‘‘C’’). The micro

Table 7 Flow and air content of light weight hybrid fiber composites containing 2% thicker PVA fiber (12 mm) and 1% thinner

PVA fiber (6 mm)

Type of light weight sand Flow (mm 9 mm) Air content (%)

Sand volume fractions Sand volume fractions

10% 14% 20% 27% 10% 14% 20% 27%

OB0 157 9 158 155 9 159 158 9 157 157 9 160 13.8 17.9 18.2 20?

OB1 155 9 156 155 9 154 155 9 151 140 9 140 20? 20? 20? 20?

OB2 147 9 148 146 9 147 149 9 152 136 9 140 20? 20? 20? 20?

V 162 9 162 152 9 158 145 9 155 142 9 140 12.5 13.2 13.7 18.0

0
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CMOD (mm)
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o
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kN
)

6mm-1%
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6mm-3%
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Fig. 4 Flexural load-

CMOD curves for mono

fiber composites containing

thinner PVA fibers
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Fig. 5 Flexural load-

CMOD curves for mono

fiber composites containing

thicker PVA fibers
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fibers contributed in two ways. First, it bridged the

micro cracks and improved the toughness of the

matrix thereby increased the first crack strength

(compare point ‘‘a’’ with point ‘‘b’’). Secondly, due to

its higher modulus the ultimate strength of hybrid

fiber composites is improved (compare point ‘‘c’’

with point ‘‘d’’). The scenario is different when

macro fibers are added (compare curve ‘‘A’’ with

curve ‘‘C’’). It shows that the ultimate strength is

improved but the most significant improvement is the

ductility. Because of its longer length it bridged the

big cracks and improved the ductility. However, this

hybrid composite did not show the strain hardening

and multiple cracking behavior. The absence of strain

hardening behavior and multiple cracks in this

composite could be due to lower content of fibers

than that of critical fiber content. And this can be

confirmed by observing curve ‘‘D’’ where the volume

fractions of low modulus macro PVA fiber is

increased and the composite exhibited strain harden-

ing behavior. This suggests the existence of a

minimum amount of fibers in the composite for

strain hardening and multiple cracking behavior and

are discussed in the next section.

4.4 Flexural responses of hybrid fiber composites

The load-CMOD curves for hybrid fiber composites

are shown in Figs. 7, 8, 9, and 10. Figure 7 shows the

load-CMOD curves for hybrid fiber composites

containing 1% thicker PVA fibers of 12 mm length

together with 1% thinner PVA fibers of 6 mm, 8 mm

and 12 mm lengths. The hybrid fiber composites do

not show strain hardening behavior and the CMOD at

peak load is also very small. A slightly improved

behavior is observed when the length of thicker PVA

fiber is increased from 12 to 24 mm (Fig. 8). This

could be due to longer length of thicker fibers in the

later case. By increasing the volume fraction of

thicker fibers (both 12 mm and 24 mm long) from 1

to 2% in the hybrid composites the ductility is

improved significantly and the results are shown in

Figs. 9 and 10. By comparing the results in Fig. 10 it

can be seen that the strain hardening behavior is

sensitive to the length of thinner PVA fiber when

combined with 2% thicker PVA fiber of 24 mm

length. The inferior performance of hybrid composite

containing 2% thicker PVA fiber of 24 mm length

and 1% thinner PVA fiber of 12 mm length compared

Curve -
1% thinner PVA 
fiber-6mm long 

Curve B-
1% thicker PVA fiber-
12mm long 

Curve C-
1% thicker PVA fiber-12mm long 
+1% thinner PVA fiber-6mm long 

c 

d 

b 

Curve D-
2% thicker PVA fiber-12mm long + 
1% thinner PVA fiber-6mm long 

a 

A

Fig. 6 Influence of hybrid fibers on the flexural behavior of cementitious composites
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to other two composites (such as 2% thicker PVA

fiber of 24 mm length ? 1% thinner PVA fiber of

6 mm length and 2% thicker PVA fiber of 24 mm

length ? 1% thinner PVA fiber of 8 mm length)

could be attributed as the poor dispersion of 12 mm

long thinner PVA fibers with 24 mm long thicker

PVA fibers in the former case. The CMOD as large as

2–3 mm at peak load is achieved in those hybrid

composites. The composites also showed multiple

cracks (Fig. 11). However, if the volume fraction of

thinner PVA fibers in the hybrid fiber composites is

increased no significant improvement in terms of

strain hardening behavior is observed. In Fig. 12 the

load-CMOD curves of hybrid fiber composites con-

taining 1% thicker PVA fibers of 12 mm length

together with different volume fractions of thinner

PVA fibers of 6 mm length (such as, 1%, 1.5% and

2%) are shown. It can be seen from this figure that the

increase of volume fractions of thinner PVA fibers of

6 mm length does not significantly improved the

strain hardening behavior. This could be due to the

fact that the thinner PVA fiber is short and of high

modulus. However, the scenario is different when the

volume fraction of thicker PVA fibers of 12 mm

0
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thicker fibre-12mm1%+thinner fibre-12mm1%

Fig. 7 Flexural load-CMOD curves for hybrid fiber compos-

ites containing 1% thicker PVA fiber of 12 mm long and 1%

thinner PVA fiber of different length
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Fig. 8 Flexural load-CMOD curves for hybrid fiber compos-

ites containing 1% thicker PVA fiber of 24 mm long and 1%

thinner PVA fiber of different length

0

0.5

1

1.5

0 1 2 3 4 5 6

CMOD (mm)

L
o

ad
 (

kN
)

thicker fibre-12mm2%+thinner fibre-6mm 1%

thicker fibre-12mm2%+thinner fibre-8mm 1%
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Fig. 9 Flexural load-CMOD curves for hybrid fiber compos-

ites containing 2% thicker PVA fiber of 12 mm long and 1%

thinner PVA fiber of different length
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Fig. 10 Flexural load-CMOD curves for hybrid fiber compos-

ites containing 2% thicker PVA fiber of 24 mm long and 1%

thinner PVA fiber of different length
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length is increased. Figure 13 shows that if the

volume fraction of thicker PVA fibers of 12 mm

length is increased from 1 to 1.5% the strain

hardening behavior can be achieved and at a volume

fraction of 2% clear indication of strain hardening

behavior is observed with large CMOD capacity at

peak load. This suggest that a minimum volume

fraction of a certain type of fiber is required in hybrid

composites for the design of strain hardening behav-

ior with considerable ductility where as the use of

another type of fiber is required for the improvement

of ultimate strength of the composite. In this study,

within the fibers varieties studied, the thicker PVA

fibers of 12 mm length and modulus of elasticity of

25 GPa with volume fraction between 1.5 and 2%, is

the main fiber for the design of strain hardening

behavior with large ductility whereas the thinner

PVA fibers of 6 mm length and modulus of elasticity

of 40 GPa, contributed in the improvement of

ultimate strength.

Both hybrid fiber composites containing 2%

thicker PVA fibers of 12 mm length together with

1% thinner PVA fibers of 6 mm length and 2%

thicker PVA fibers of 24 mm length together with 1%

thinner PVA fibers of 6 mm length exhibited the best

performance in terms of largest CMOD at peak load

among all hybrid composites in the first part of this

study and were used in the second part of this study.

4.5 Flexural responses of hybrid fiber composites

containing light weight sands

The effects of different types of light weight sands on

the strain hardening and multiple cracking behavior of

hybrid fiber composites are also evaluated in this study.

Four different types of light weight sands (i.e. V, OB0,

(b)(a)

Fig. 11 Typical multiple cracking behavior of hybrid fiber composites containing normal silica sand. a 2% thicker PVA fiber

(12 mm) and 1% thinner PVA fiber (6 mm). b 2% thicker PVA fiber (24 mm) and 1% thinner PVA fiber (6 mm)
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Fig. 12 Flexural load-CMOD curves for hybrid fiber compos-

ites containing 1% thicker PVA fiber of 12 mm length and

different volume fractions of thinner PVA fiber of 6 mm length
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Fig. 13 Flexural load-CMOD curves for hybrid fiber compos-

ites containing 1% thinner PVA fiber of 6 mm length and

different volume fractions of thicker PVA fiber of 12 mm

length
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OB1 and OB2) in four different volume fractions

(10%, 14%, 20% and 27%) were used in the develop-

ment of light weight hybrid composites. Figure 14

shows the load-CMOD curves for hybrid fiber com-

posite containing 2% thicker PVA fibers of 12 mm

length together with 1% thinner PVA fibers of 6 mm

length and different light weight sands in different

volume fractions. This figure shows that the ultimate

load and CMOD at peak load for light weight hybrid

fiber composites containing 10% and 14% light weight

sand (by volume) are almost same for specimens with

same sand type. A slight increase in ultimate load can

be observed in hybrid fiber composites containing 20%

and 27% light weight sand. This could be due to the

higher amount of sand used in those composites

compared to that containing 10% and 14%. A similar

trend is also observed in the hybrid fiber composite

containing 2% thicker PVA fiber of 24 mm length

together with 1% thinner PVA fiber of 6 mm length

(Fig. 15). However, the composites containing ‘‘V’’

and ‘‘OB0’’ type light weight sand exhibited higher

ultimate load than those containing ‘‘OB1’’ and

‘‘OB2’’ type light weight sand. The low ultimate loads

in hybrid composites containing ‘‘OB1’’ and ‘‘OB2’’

type light weight sand can be attributed to the higher

amount of air content in those composites (see

Table 7). All light weight hybrid fiber composites

exhibited multiple cracks and are shown in Figs. 16

and 17. By comparing Figs. 9 and 14 it can be noticed

that the hybrid fiber composite containing normal silica

sand exhibited a higher ultimate load than the speci-

mens containing light weight sands. This can be

attributed to the higher volume fractions of normal

silica sand used in those composites compared to light

weight sand used in the hybrid fiber composites [21].

However, the CMOD at peak load of light weight

hybrid fiber composites are comparable with compos-

ites containing normal silica sand.

The strain hardening and multiple cracking behavior

of light weight hybrid fiber composites is further

characterized by the ratio of complementary energy

(Jb
0) to crack tip fracture toughness (Jtip). Complemen-

tary energy (Jb
0) of fiber reinforced composites is

represented by the area to the left of the load-CMOD

curve up to the peak load, whereas crack tip fracture

toughness (Jtip) is represented by the area to the left of

the load-CMOD curve up to load at steady state

cracking state (Fig. 18). Steady state cracking occurs

when a matrix crack propagate steadily at essentially

constant external load and at essentially constant crack
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Fig. 14 Flexural load-CMOD curves for hybrid fiber composites containing 2% thicker PVA fiber (12 mm) and 1% thinner PVA

fiber (6 mm) and different light weight sands with different volume fractions
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opening except near crack tip region. In fiber reinforced

composites, due to the bridging action of fibers, the

width of crack can be considered almost constant

during propagation of cracks except the crack tip

region. In this study the first cracking load is considered

as the steady state cracking load. According to Kanda

and Li [1] the ratio Jb
0/Jtip equal to or greater than 3 is

necessary to achieve saturated multiple cracking in

fiber reinforced cementitious composites. The ratio Jb
0/

Jtip calculated from the load-CMOD curves for light

weight hybrid fiber composites containing 2% thicker

PVA fibers of 12 mm length and 1% thinner PVA fibers

of 6 mm length are summarized in Table 8. Based on

the above criteria, it can be seen from the table that

almost all light weight hybrid fiber composites, except

in some cases where higher volume fractions of light

weight sands were used, sufficiently meet the multiple

cracking requirement, that is (Jb
0/Jtip) C 3 and can be

termed as strain hardening type materials.

The unit weight of hybrid fiber composites con-

taining normal silica sand and light weight sands are

summarized in Table 9. It can be seen from the table

that the light weight hybrid fiber composites are

about 22–38% lighter than that containing normal

silica sand. Because of their lighter weight and strain

hardening behavior these materials will have poten-

tial for certain structural applications, such as, better

durability in beams/columns/slabs in RC building,

repair/retrofitting of damaged RC structures due to its

lightweight and strain hardening properties, etc.
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ad
 (

kN
)

sand vol. 10%

sand vol. 14%

sand vol. 20%

Fig. 15 Flexural load-CMOD curves for hybrid fiber compos-

ites containing 2% thicker PVA fiber (24 mm) together with

1% thinner PVA fiber (6 mm) and OB0 type light weight sand

Fig. 16 Typical multiple cracking behavior of light weight hybrid fiber composites containing 2% thicker PVA fiber (12 mm) and

1% thinner PVA fiber (6 mm) with different types of light weight sands of 10% by volume
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5 Conclusions

Experimental results on the strain hardening and

multiple cracking behavior of two different types of

PVA fiber reinforced cementitious composites under

bending are reported. The composite containing 2%

thicker PVA fibers of 12 mm length together with 1%

thinner PVA fibers of 6 mm length and the composite

containing 2% thicker PVA fibers of 24 mm length

together with 1% thinner PVA fibers of 6 mm length

showed the best performance in terms of highest

ultimate load, largest CMOD and multiple cracking

behavior. Strain hardening behavior in light weight

hybrid PVA fibers reinforced cementitious compos-

ites is also achieved. The composites containing finer

light weight sands exhibited higher ultimate load than

those containing coarser light weight sands. It is also

observed that the light weight hybrid fiber composites

exhibited lower ultimate load than that containing

normal silica sand but the CMOD at peak load of

light weight hybrid fiber composites is comparable to

composites containing normal silica sand.
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Fig. 17 Typical multiple cracking behavior of light weight hybrid fiber composites containing 2% thicker PVA fiber (12 mm) and

1% thinner PVA fiber (6 mm) with OB0 type light weight sands of 10%, 14% and 20% by volume, respectively

Table 8 Toughness ratios of light weight hybrid fiber com-

posites containing 2% thicker PVA fiber (12 mm) and 1%

thinner PVA fiber (6 mm)

Light weight

sand type

Volume fractions of light weight sands

10% 14% 20% 27%

OB0 3.6 3.6 2.8 3.8

OB1 4.3 3.3 2.6 2.8

OB2 4.2 3.0 4.3 2.8

V 4.1 3.1 3.2 3.6

Table 9 Unit weight of light weight hybrid fiber composites

containing 2% thicker PVA fiber (12 mm) and 1% thinner

PVA fiber (6 mm)

Light weight

sand type

Unit weight of light weight hybrid composites

(gm/cm3)

Sand volume fractions

10% 14% 20% 27%

OB0 1.5 1.4 1.4 1.2

OB1 1.3 1.2 1.1 1.0

OB2 1.3 1.2 1.1 1.1

V 1.4 1.4 1.3 1.3

Note: Unit weight of hybrid composites with normal silica sand

= 1.8 gm/cm3

Ppeak

Pfirst

Jb’

Jtip

δpeakδ first

Load (P) 

CMOD (δ) 

Fig. 18 Complementary energy (Jb’) and crack tip fracture

toughness (Jtip) of fiber reinforced composites (after, Kanda

and Li [1])
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