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Abstract

This research first investigates the optimization of fibre size, fibre content, and fly ash content in hybrid polypropylene-steel fibre con-
crete with low fibre content based on general mechanical properties. The research results show that a certain content of fine particles such
as fly ash is necessary to evenly disperse fibres. The different sizes of steel fibres contributed to different mechanical properties, at least to
a different degree. Additions of a small fibre type had a significant influence on the compressive strength, but the splitting tensile strength
was only slightly affected. A large fibre type gave rise to opposite mechanical effects, which were further fortified by optimization of the
aspect ratio. There is a synergy effect in the hybrid fibres system. The fracture properties and the dynamic properties will be further inves-
tigated for the hybrid fibres concrete with good general mechanical properties. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Crack growth due to loading and shrinkage should both
be controlled in slablike concrete structures, such as pave-
ments, runways for airports, and continuous slab-type
sleeper for high-speed trains. In these types of structures, ef-
fective prestressing for crack control purposes will be very
difficult, especially in the two principal directions. So, dis-
persed short fibre reinforcement offers a second approach in
this case.

It has been shown earlier [1-3] that cracking resulting
from shrinkage and differential settlements during the fresh
state can be effectively inhibited by a monofilament type of
polypropylene fibre reinforcement (PP). Because of the
large numbers involved, fibres can be properly distributed
throughout the mortar matrix, around the coarse aggregate
particles, and even in boundary layers of concrete elements.
The PP fibre has a low Young's modulus, however. As a
conseguence, they cannot prevent the formation and propa-
gation of cracks at high stress level. Neither can they bridge
large cracks.

Steel fibres have a considerably larger length and higher
Y oung’s modulus as compared to the PP fibre. Thisleadsto
an improved potential for crack control. But volumetric
density is high, and steel is conductive in electric and mag-
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netic fields. So, steel fibre content has to be reduced to be-
low acertain level in structures such as tunnels and continu-
ous dabs for high-speed railway systems, where the
communication system can be disturbed. Optimization of
mechanical and conductivity properties can be achieved by
combining different kinds, types, and sizes of fibres, such
as in case of PP and steel fibres according to Bentur and
Mindess [4] about the attractive advantages of hybrid fibre
systems:

1. To provide a system in which onetype of fibre, which
is stronger and stiffer, improves the first crack stress
and ultimate strength, and the second type of fibre,
which is more flexible and ductile, leads to im-
proved toughness and strain capacity in the post-
cracking zone.

2. To provide a hybrid reinforcement, in which one type
of fibre is smaller, so that it bridges microcracks of
which growth can be controlled. Thisleadsto ahigher
tensile strength of the composite. The second type of
fibre is larger, so that it can arrest the propagating
macrocracks and can substantially improve the tough-
ness of the composite.

3. To provide ahybrid reinforcement, in which the dura-
bility of fibre types is different. The presence of the
durable fibre can increase the strength and/or tough-
ness retention after age while another type is to guar-
antee the short-term performance during transporta-
tion and installation of the composite elements.
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Tablel
Physical characteristics of fly ash

Moisture content
0.11%

Density
2.248 g/cm®

Lossonignition
3.63%

45-pm sieve residue
14.92%

Table2
Aggregate gradations (taking 0.125-16 mm particles as 100%)

Particle size (mm)
0.125-0.250 0.250-0.5 0.5-1 1-2 24 4-8 8-16 0.1254
Content (%) 3 11 11 10 10 25 30 45

This research concentrates on strong steel fibres com-
bined with PP fibres and on large steel fibres used in combi-
nation with the smaller one. The fibre contents are in the
low range (i.e., steel fibre volume content up to 1.2% and
PP fibre up to 0.3%). This paper is the first part of the re-
search. It mainly deals with the proper aggregate gradation,
the minimum cementitious materials content, the proper
combination of fibre sizes, and contents based on the gen-
eral properties of the hybrid fibre concrete under static load-
ing. The fracture properties of the hybrid fibres concrete
will be reported in another paper.

2. Materials and methods
2.1. Materials

1. A Portland cement type C of Dutch origin, but equiv-
aent to ASTM C 150 Type I, was used in this study;
the characteristic strength amounted to 52.5 MPa. The
45-pm sieve residue was 3.22%.

. An ASTM C 618 Class F fly ash was used as a min-
eral admixture. The physical characteristics are listed
in Table 1. The density was tested according to Dutch
recommendations that are similar to ASTM C 188.
Loss on ignition and moisture content were measured

Sand + Gravel Cement + Fly ash + Steel Fibres

1-2min
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according to ASTM C 311. The 45-pm sieve residue
was determined in accordance with ASTM C 430.

. A monofilament type of PP fibre with a length of 12
mm and a diameter of 18 wm was employed.

. Three types of steel fibres were used. Type SF1 is
hooked steel fibres with a length of 40 mm and a di-
ameter of about 0.3 mm. Type SF2 is hooked stedl fi-
bres with alength of 30 mm and a similar diameter of
about 0.3 mm. Type SF3 is high-strength plain steel
fibre with alength of 6 mm and a diameter of 0.1 mm
at the most.

. A melamine-based superplasticizer with a solid con-
tent of 35% was used. Maximum dosage amounted to
3.0% by weight of the cement.

2.2. Experiments

The concrete strength grade of 60 MPa on which this re-
search was based was designed according to Shui and Stro-
even [5] on a water-cement ratio of 0.40 and a cement con-
tent of 400 kg/m®. A different content of fly ash was added
to obtain a dense matrix in which the fibres were evenly dis-
tributed. The gradation of the aggregate given in Table 2 is
selected according to trial experiments documented previ-
oudy [6].

The mixing procedure for fresh concrete mixtures is
shown in Fig. 1. Table vibration time was 24 s for fresh
mixtures with a slump of more than 160 mm and 48 to 60 s
for low-slump mixtures. The specimens were stored at 23 +
3°C and 95 to 100% relative humidity for about 24 h,
whereupon they were carefully demoulded. The 1-day com-
pressive strength was determined as a reference for pre-
stressing purposes. The rest of the specimens were re-stored
under the same conditions until the day of testing. The 1-day
compressive strength (f.,, 1 day) and the 28-day compres-
sive strength (f.., 28 days), splitting (tensile) strength (fg,),
and central-point modulus of rupture (MOR) are experi-
mental parameters used in this research for the assessment
of the fibre effect. Cubes of 150 mm were used for compres-
sion and splitting tension testing. Prisms (100 X 100 X 400

P Water(90%) Superplasticizer+10% Water

3min.

3min.

3-5min. l

Fig. 1. Mixing procedure for fresh concrete mixtures.
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Table3
Hybrid fibre concrete with different content of fly ash

Fibre content (%, by volume of

Fly ash  Superplasticizers concrete)
Mix no. (kg/m3) (%) PP SF1 SF2 SF3 Totd
F11 100 25 03 O 02 04 09
F51 50 25 03 O 02 04 09
Fo1 0 25 03 0 02 04 09
F12 100 25 015 02 02 02 075
F52 50 25 015 02 02 02 0.75
Table4
Orthogonal arraysfor four factors and three levels
Mix PP SF1 SF2 SF3 Total  Superplasticizers
no. (%) (%) (%) (%) (%) (%)
1 1015 (o (1o (10 015 25
2 (1)015 (202 (202 (202 075 25
3 (1)015 (304 (3)04 (04 135 25
4 (2030 (o (202 (304 09 25
5 (2030 (202 (304 (1O 090 25
6 (20030 (304 (1O (202 090 25
7 ®0 ()0 ()04 (202 060 1.0
8 )0 202 (10 (304 060 10
9 )0 304 (02 (@10 060 1.0

mm) with a span of 300 mm were employed for determina-
tion of MOR in central-point loading. The broken pieces
were then tested in splitting tension at sections 50 mm from
the ends of the original prism. This splitting strength value
is denoted by f,. The splitting plane is the vertica central
section of the cube or the vertical section of the prism. The
cube or the prism is turned over 90° with respect to casting
direction.

The concrete specimens with different content of fly ash
as shown in Table 3 are designed to investigate the effect of
fly ash.

Other testing was performed on the basis of a statistical
design in which the various fibre types, sizes, and contents
were incorporated. A series of four factors and three levels
were envisaged, as presented in Table 4. Monofibre con-
crete mixtures and plain ones served as reference, as speci-
fied in Table 5. The dosage of superplasticizer for mix no.
1-6is2.5% and is 1.0% for mix no. 7-9.

Table5
Concrete mixtures with monofibre or without fibre

Mix PP SF1 SF2 SF3 Total

Superplasticizers

no. ) ) % (W) (%) (%)
10 0 0 0 0 0 10
11 03 0 0 0 03 25
12 0 0 09 0 0.9 25

W fcc,1 day
Ofcc,28days

0 50 100
Flyash Content (kg/ms)

Fig. 2. Influence of fly ash content on f,. of concrete with hybrid fibres
(F11, F51, FO1).

3. Results and discussion
3.1. Effect of fly ash on hybrid fibre concrete

The effect of fly ash content on the general properties of
hybrid fibre concrete is shown in Figs. 2 and 3. It can be seen
that 50 to 100 kg/m? of fly ash is necessary for hybrid concrete
to obtain better static properties, which is aso a reference of
microstructure of the concrete. The higher the strength, the
denser the structure is as the fibre content is the same.

One cube of 150 mm for each mixture was prepared and
cut along the center of the vertical section to investigate the
dispersion of fibres. The results show that PP and the steel
fibres dispersed evenly in the concrete containing fly ash.
Figs. 4aand b show quantitatively the dispersion of steel fi-
bres in the concrete containing 0.15% of PP, 0.40% of SF1,
0.40% of SF3, and 100 kg/m? of fly ash. The vertical section
of the cube was divided into 10 strips from top to bottom,
from side one to side two, respectively. The fibresin each
strip (10 X 150 mm) were counted.

3.2. Optimization of steel fibre content and type

The optimization of the fibre content and the fibre type
was first carried out based on the compaction capacity of
fresh mixture and the static properties. Those properties

10
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Fig. 3. Influence of fly ash content on MOR and splitting strength of hybrid
fibres concrete (F11, F51, FO1).
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Fig. 4. (top) Distribution of large fibre SF1. (bottom) Distributions of small fibre SF3.

should be also acceptable for high performance hybrid fi-
bres concrete with high capacity on crack arresting. The hy-
brid fibre concrete with acceptable static properties will be
further investigated in other aspects in the future. The unit
weight, the compressive and splitting tensile strengths, and
the modulus of rupture from this first research stage are
listed in Table 6. The values in brackets are variations.

The data in Table 6 have been subjected to a statistical
analysis to see whether observed effects were significant.
As afirst step, a maximum difference analysis has been ex-
ecuted according to Chai and Wang [7]. The following clas-

sification of average differences of fibre effects can be
made:

fee, 28 days: PP > SF3 > > SF1 > SF2
MOR: SF1 = SF3 > PP > > SF2

fo: SF1> PP > > SF2 = SF3

f: SF1> SF2> > PP = SF3

The maximum difference analysis allows classification
of the average effects of various parametersin asimple and
obvious way. It does not consider experimental scatter, al-

Table 6

Properties of hybrid fibre concrete

Mix no. Unit weight (kg/m®) feer 1 day (MPa) feer 28 days (MPa) MOR (MPa) s (MPQ) f, (MPa)

1 2,395 43.6 (0.7) 71.2 (4.3) 8.76 (0.38) 5.28 (0.12) 6.14 (0.16)
2 2,421 445 (0.2) 73.6 (0.7) 9.53(0.38) 6.20 (0.04) 8.27 (0.44)
3 2,463 47.4(0.7) 82.8(3.7) 12.66 (0.18) 8.01(0.39) 10.35(0.52)
4 2,428 48.6 (0.5) 73.0 (6.0) 9.37 (0.26) 6.06 (0.22) 8.06 (0.57)
5 2,404 36.1(0.2) 67.9(6.2) 8.49 (0.25) 6.34 (0.21) 9.19 (0.52)
6 2,417 43.0(1.2) 72.2(2.9) 9.98 (0.57) 6.16 (0.38) 8.60 (0.64)
7 2,438 34.4(0.8) 58.8 (3.0) 8.47 (0.13) 4.93 (0.16) 7.02 (0.67)
8 2,433 46.6 (0.4) 72.8(2.2) 9.12 (0.52) 5.43(0.14) 7.78 (0.34)
9 2,435 41.0 (2.3) 61.4 (4.8) 9.04 (0.62) 5.86 (0.21) 8.48 (1.01)
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Table7
Test results of single samples

fee, 28 days (MPa) MOR (MPa) T (MPa) f, (MPa)
Mix no. 1 2 3 1 2 3 1 2 3 1 2 3 4
1 66.3 73.1 74.1 8.78 8.37 9.14 5.17 541 5.27 6.37 6.05 6.08 6.04
2 73.6 729 74.2 9.81 9.09 9.68 6.19 6.24 6.16 8.10 777 841 8.79
3 82.0 86.9 79.6 12.82 12.69 12.46 821 8.27 7.56 10.31 9.71 10.99 10.38
4 755 66.1 77.3 9.22 9.68 9.22 5.82 6.24 6.11 7.45 8.03 8.82 7.93
5 61.8 74.2 67.8 8.37 8.32 8.78 6.10 6.43 6.48 9.56 8.44 9.52 9.24
6 70.5 75.6 70.7 10.58 9.45 9.90 6.06 6.58 5.83 9.30 7.80 841 8.89
7 55.6 61.3 59.6 855 8.55 8.32 477 494 5.08 7.52 6.53 7.68 6.37
8 70.8 75.1 725 8.64 9.04 9.68 5.58 532 5.38 7.59 8.23 7.58 8.09
9 56.0 62.8 65.2 8.50 8.91 9.72 5.87 6.06 5.64 7.93 9.43 9.21 7.33

though the experiments were done very carefully. To separate
signal from scatter, a variance analysis should be performed.
Two scatter sources can be distinguished: between-group
scatter, which is due to variation among data of similar ex-
periments pertaining to different batches of the same mix-
ture, and in-group scatter, which results from variation among
experimental observations on specimens of a single mix.
The in-group scatter is the smaller of the two. In this re-
search, a group of three or four specimens were prepared
from a single batch only. Thus, only the in-group scatter is
taken into consideration in this stratified sampling scheme.
The variance analysis is based on the test results of single
sampleslisted in Table 7, and performed in accordance with
previous work [8-10].

The variance analysis allows a classification of the pa-
rameters on the basis of significance:

fo, 28 days: PP > SF3 > > SF1 = SF2
MOR: SF1 > SF3 > PP > > SF2

fo: SF1> PP> > SF3 = SF2

fo: SF1>> SF2> > SF3 = PP

The classification results of the variance analysis support
those of the maximum difference analysis. The effects of

10

both PP and SF3 on f. are significant (i.e., the free degree F
value exceeds the F,y; value considerably). Therefore, the
influence of PP and SF3 on f is not caused by experimental
variance. This aso holds for the influences of PP, SF1, and
SF3 on MOR and for SF1 and SF2 on f,,. For detailed analy-
sis process and results, refer to previous work [11].

In summary, the following conclusions can be drawn as
to the various steel fibres. The small fibres of SF3 give rise
to considerabl e effects on f.; and MOR, but not on fg, and f,.
Contrary, the large fibres of SF1 yield only very small ef-
fects on f., but yield considerable influence on MOR, fg;,
and f, because of the larger aspect ratio. According to these
results, the optimized hybrid fibre system should be com-
posed of PP, SF1, and SF3 as both compressive and tensile
loading are considered.

3.3. Optimization of PP fibre content

Experimental data on mechanical properties of PP fibre-
reinforced concrete are presented in Fig. 5. These monofi-
bre concretes reveal 0.15% to be the optimum fibre content.
Only the MOR seems somewhat improved by raising the fi-
bre content to 0.3%.

—e—fcc/10, 1day

——fcc/10, 28days

L 8
=
> 7 l\i,,,
E= !é % ——MOR
S
§ s e —>—fspl
& Q ——fp
4 -
3 T T
0 0.15% 0.30%
PP Content

Fig. 5. Influence of PP content on concrete properties.
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3.4. Comparison of hybrid fibre system with
monofibre system

Fig. 6 shows the comparison between monofibre system
and hybrid fibre system. Mix 10 is plain concrete. Mix 12 is
the concrete reinforced with 0.90% monofibre SF2. Mix 6is
the concrete reinforced with 0.30% PP, 0.40% SF1, and
0.20% SF3. Its total fibre content is 0.90%. Mix 2 is the
concrete reinforced with 0.15% PP, 0.20% SF1, 0.20% SF2,
and 0.20% SF3. Its total fibre content is 0.75%. The “aver-
age” in Fig. 6 means the average of f./10 (28 days), MOR,
f, and f,. It reflects the general state of those four parame-
ters. It can be seen from Fig. 6 that the value of the “aver-
age” of mix 2 is close to that of mix 12 even though the fi-
bre content of the former is less than that of the latter. This
shows the advantage of hybrid fibre system. The properties
of the hybrid fibre system mix 6 would be better than that of
monofibre system mix 12. But it is only similar to mix 12
because the PP content in mix 6 is higher than optimum
value. The hybrid fibre system of 0.15% PP (optimum),
0.40% SF1, and 0.20% SF3 must be better than mix 6.

3.5. Mechanisms and micromechanics

A strengthening and a weakening effect are the opposite
results of adding fibres to concrete [12,13]. Fibres
strengthen the matrices not only because they carry part of
the applied load, but aso (far more important) strengthen
the matrices by their crack- and pore-bridging capability.
The resulting mechanism of crack control leadsto adelay of
failure. This implies that even low-modulus fibres, such as
PP, have the ability to strengthen brittle cementitious mate-
rials. Thisis the reason that the PP fibre turned out to be a
significant factor among those governing the static mechan-
ical properties of hybrid fibre concretes, as studied in this
research.

An excess of fibres may have adverse effects on strength
due to the introduction of additional defects during the pro-
cessing stage [12,14]. Hence, the optimum packing stage of

particles and fibres cannot be achieved. Thisiswhy the con-
crete properties were reduced after the PP content was in-
creased from 0.15 to 0.3% in this research.

The different sizes of steel fibres exerted different me-
chanical responses in the present research. It was observed
during execution of the compression test in the present re-
search that audible noise due to cracking was produced be-
fore arriving at ultimate loading; a phenomenon detected
earlier by application of an acoustic emission technique un-
der similar conditions [15]. Obviously, damage evolution is
aready significant in the prepeak range. During compres-
sion test of fibre concretes, the scale of the test machine
even stopped a while before moving toward the ultimate
load level. This behaviour was also found in splitting ten-
sion but not in bending.

Hence, fibres allowed for redistribution of the load-bear-
ing capacity during this process of preultimate damage evo-
lution. At termination of bending and splitting tensile tests,
all samples of fibre concrete consisted of two parts still con-
nected by fibres bridging the major crack. Thus, the micro-
mechanical feature of crack bridging is operative from early
stages of damage evolution to beyond ultimate loading. In
contrast, the plain concretes and those reinforced by only
0.15% of PP fibres were completely separated at ultimate
loading.

4. Conclusions

High performance hybrid fibre concrete should first possess
good capacity on compaction and static properties, such as
compressive strength, MOR, and splitting strength. Therefore,
this research first investigates the optimization of cementitious
matrix, fibre type, and fibre content based on previoudy men-
tioned properties. Further research will discuss the fracture
properties and impact properties of the hybrid fibre concrete
with good static properties. The following results about the de-
velopment of hybrid fibre concrete can be obtained.

12

Strength (MPa)
o

Mix10(0)

Fig. 6. Comparison of hybrid fibre system and monofibre system.
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» A certain content of fine particles such as fly ash is
necessary to evenly disperse the hybrid fibres contain-
ing ultra-fine polypropylene fibres.

» The optimum dosage of PP fibre was 0.15% under 400
kg/m?® cement and 100 kg/m?® fly ash in concrete. The
weakening effect of incomplete densification of the ce-
mentitious matrix did outweigh the effect of a heavier
reinforcement at a higher dosage.

» Thedifferent sizes of stedl fibres contributed to different
mechanical properties, at least to a different degree. Ad-
ditions of a small fibre type had a significant influence
on the compressive strength, but the splitting tensile
strength was only dightly affected. A large fibre type
gave rise to opposite mechanical effects, which were
further fortified by optimization of the aspect ratio. This
effect of (stedl) fibre size is due to the different cracking
densities provoked by the different testing modes.

» PP, SF1, and SF3 consist of a satisfactory hybrid fibre
system compared with SF2 in low fibre range in which
the total fibre content is lower than 1.0%.

» The synergy effect implemented in a hybrid fibres sys-
tem (mix 2) was found to lead to similar significant
improvements that could be realized with a monofibre
system having the higher total fibre content (mix 12),
provided the different types and sizes of fibres were
properly dispersed.
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