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High strength cement-based matrices axe often very brittle and difficult to mix 
and process. Improvement on these two aspects leads to new cement-based product 
commonly known as high performance concrete which is of interest to many 
investigators. Improved ductilly of cement-based composites can lead to many potential 
new applications for the high performance high strength concrete. Other crucial 
properties of these concretes are the ease of production process as well as its workable 
condition. Although much is learned about these new materials during the last few 
years, many questions remain as to the standard, definition, quality assurance, and the 
direction of research in the field of high performance concrete. In this paper, the 
properties of high erformance high strength fiber reinforced concrete were 
lnvesti ated. A type o high performance concrete so-called SIFCON (Slurry LnWtrated d P 
Fiber einforced Concrete) and a series of high strength fiber reinforced concrete were 
tested for' its mechanical properties such as compressive stren th, tensile strength, 
energy absorption, and the modulus of elasticity, etc. For 4 IFCON, steel fiber 
reinforcement of 4 to 10% was incorporated into the high strength slurry cement matrix. 
For conventional high strength fiber reinforced composites with normal fiber content of 
0.5 to 1%, the effect of lateral reinforcement was investi ated. The results from these 
studies reveal that the 8% fiber reinforcement of SIFC 8 N shown to be the optimum 
percentage of these type of products when conventional mixing process was emplo ed 
A constant stress plateau exists after cracking as a result of fiber interlocking. hi; 
behavior is very much similar to traditional steel reinforcement. Confiement through 
stirrups or lateral reinforcement significantly enhances the ductility of the high 
performance brittle matrix. 

Develo ment of high strength concrete has been widely explored for the last 
fifteen years. is obvious [hat two of the main difficulties facing hi h rtren h concrete 
users and producers. are the brittle nature and the poor worka % ility o ? these high 
strength concretes. The improvement of these deficiency has led to the new product so- 
called high performance concrete. However, the differences on the definition of high 
performance concrete ambng researchers around the world remain the topic of 
discussion [I]. The variation on the definition of high performance concrete varies from 
high strength high ductility cement composites [2] to flowable medium and high strength 
concrete, The former is the concept generally adopted in North America and in Europe 
while the latter is widely studied in Japan. 

The applications of high performance concrete then vary widely depending on 
the original concept used in developing such high performance concrete. In Xorth 
America and Europe, most of the high performance concretes were developed by 
providing a better ductility to .the brittle concrete. Such an improvement was done 
through the addition of steel fibers into the high strenvh matrices. The added fibers 
were commonly in the range of less than 2%. This l~rnitation was controlled by the 
balling effect which tends to take place under conventional mixing process if the Eoer 
content exceeds the 2% limit. Attempt to increase the fiber content in concrete was 
successfulIy developed by Lankwd and Newell [3] using a high strength cement s i u v  
infiltrated into the mold fully packed with fibers. This process allows the addition of 
fibers up to 24% which tends to significantly strengthen the energy absorption of the 
high strength brittle matrices. Although many investigations have been wmed out ta 
study the ropenies of these matenals such as compressive strength (43, flemrcr! 
behavior [5[  and tensile characteristics (61 for t h i  past few years, thcre is still a need I(: 



further understand how the resence of fibers enhances the properties of concrete. Of 
particular interest are the fai f' ure mechanism, the energy absorption, the predictability of 
these properties for engineering design and applications. Some of these parameters will 
be investigated here. 

Another type of high performance concrete studied here is the properties of 
normal high strength concrete with the addition of steel fibers. The presence of fibers in 
brittle high strength concrete helps im rove the ductility and post-cracking 2 characteristics of concrete. While many di erent types of high strength concrete are 
presently being used in actual construction, the extremely brittle nature of these 
concretes associated with its abrupt failure were not clearly understood. Many designers 
select to provide additional lateral reinforcement to ensure safety against brittle fa~lure. 
Such a ractice although is widely acce ted still needs to be property understood as to P the pe ormanc'e and characteristics o these additional reinforcements. The present 
study also covers the effect of lateral reinforcement and fiber content on the behavior of 
high strength concrete. 

In this study, the concrete used can be divided into two categories as: 1) SFCON 
with fiber volume fraction varied from 4 to 10% and 2 a hi h strength fiber reinforced 

5) 8 concrete with conventional fiber volume fraction of 0. to 2 o. The properties of these 
concrete were studied to evaluate for its mechanical properties such as compressive 
stren th, tensile strength, energy absorption, fracture energy, and the elastic modulus, 
etc. k e  effect of lateral confinement and fiber content were aho investigated. 

Slurry infiltrated 'fiber concrete (SFCON) was first developed by Lankard [3]. 
SIFCON consists of high volume percentage of fibers and therefore cannot be mixed as 
conventional fiber reinforced concrete. 'To make SIFCON, fibers are fint placed in the 
mold and vibrated, if necessary, then high strength slurry which consists of cement paste, 
silica fume, and high dosage of water reducing agent, is poured on to the mold and 
vibrated until the mold is filled. 

The addition of fibersto cement-based matrices is commonly known to improve 
the post-cracking tensile stren h of concrete. With increasing fiber volume fraction 
beyond the traditional limit of p % to a high percentage of 15 to 20%, Shah [A reported 
the presence of high fiber volume fraction not only enhanced the post-cracking load 
carrying capacity but also increased the tensile strength of the composites. This 
conclusion may lead to many applications of high volurpe fiber reinforced concrete. The 
tensile properties of concrete and other cementitious composites are often believed to 
be insignificant and therefore ignored in the design and analysis. This practice was partly 
due to the difficulties involved in conducting the direct tensile test. However, tensile 
characteristics play the crucial role in all cracking phenomena of concrete structures. It 
is therefore important to thoroughly understand the tensile characteristics of concrete 
and other cement-based cornpos~tes, especially the high performance concrete such as 
SIFCON. 

Properties of SIFCON under corn ression, bending, and impact have been B previously studied by several investigators [ ?5,6]. In this investigation, emphasis will be 
given to the property of SIFCON under d~rect tension. Attempt was also made to 
Predict the tensile response of SIFCON using a normalized stress-displacement concept. 



High Strength Fiber Reinforced Concrete 

*High-strength fiber reinforced concrete used in this study was a product of high 
strength concrete made from silica fume with.0.5 to 1% of steel fiber as reinforcement. 
The amount of water to cement ratio was kept at around 0.28 to 0.30. Extra dosage of 
superplasticizer was added to improve the workability of the high strength concrete. The 
strength of the matrix is in the range of approximately 15000 to 14,000 psi or 850 to 1000 
ksc. Fibers and other concrete materials were mixed in the mixer in a conventional 
manner. Lateral confinement was provided at different intervals in the concrete samples 
to study its effect on the compressive properties of these cementitious composites. 

EXPERIMENTAL PROGRAM 
/ 

Direct Tension Test 

Series of uniaxial tension test were conducted on SIFCON using an end-tapered 
specimen. The middle section of the specimen has a thickness of 25mm (1 9.) an$a 
width of 75 mm (3 in.). The specimen has a net cross section of 1935 mrn (3 in ). 
Details and schematic diagram of the specimen and the test setup were discussed in 
Ref.[8] and therefore will not be re eated here. The tapered s ecimen was so designed R that both ends can easily fit into t e self-interlocked grips. &is setup eliminates any 
difficulties involved with glueing and alignment as required in other direct tension tests. 
Two side notches were saw-cut at the middle of the specimen to ensure that cracks occur 
at the critical section where two clip ga es are attached to provide the feedback control 
signals. All data collected through a P 8 data acquisition system were automated. The 
loading rate for the direct tension test was 0.0001 in./sec for tension. 

Com~ression Test 

Series of fiber reinforced high strength concrete cylinders were prepared using 
silica fume and. low water-cement ratio mixes. . Conventional 3% 6" cylinders were 
prepared for corn ression test which is used to observed the ultimate compressive 
strength, the modu P us of elastici , the energy absorption, and the ost-peak res onse of 
these cementitious composi~s. %e test setup was presented in d' etails in ~ e t r g ] .  The 
test was controlled by the two clip gages mounted on top of the cylinder to measure the 
axial deformation. The feedback provides the means of measuring post-peak response 
of these brittle concretes. The applied rate of loading in compression was 0.05 in./rnin. 
of axial deformation. Depending on the loading rate and the type of reinforcement in 
the test specimen, occasionally explosive type of failure occurs m conventional testing 
machine. In the closed-loop testing system used in this study, the feedback system 
controls the loading rate and provides stable type of failure. for these high strength 
concrete samples even for plain high strength concrete with no steel fiber nor lateral 
reinforcements. 

Material Comwsition and hfix Prowrtions 

The SIFCON in this study was made from hooked-end steel fibers with volume 
fraction of 4 to 10%. Cement-silica fume slurry with water to cement ratio'of 0.35 was 
used to infiltrate into the fiber-filled molds. The amount of s i b  fume used in the mix 
was 10% with 4% of superplasticizer to improve the workability of thk mixes. No fine 
aggregate nor fly ash was added in the selected mixes. The mix rovides an avera e 
compressive strength of 11,000 psi or about 750 kc .  Casting S $ CON was enera y B 8 
done with first filling the mold with fibers. Depending on the volume fraction o the mix, 



vibration may be needed. For low percentage of fiber volume fraction such as 4 and 6% 
the amount of fibers is less than the size of the mold. For this case, fibers will be added 
simultaneously with the slurry to ensure proper fiber distribution. The mold was usually 
filled with about 8% of fiber volume fraction. Vibration during placement of slurry is 
needed to minimize air void in the SIFCON specimens. The distribution and orientation 
of fibers and the shape of the test specimen, the thickness in particular, play an 
important role on the properties of SIFCON. 

For high strength fiber reinforced concrete, the steel fiber volume fraction used in 
the mix was 0.5, 0.75, and 1%. Hooked-end steel fibers with an aspect ratio of 60 were 
added in the high stren th concrete mix. The mix roponion of the high strength matrix 
war listed in Table I. Lnfinement in the form o f circular hoops was constructed from 
steel wire of 12 ga e and with f = 66 ksi. The spacin of the hoops was set at 1 ,2  and 3 7 d3 in. apart. The 3'k 6' high st ength concrete cylin e n  were cast and cured in lime- 
saturated water until the day before testing. The age of test specimen varied from 2 to 
56 days. The strength of these high strength concrete is around 12,000 to 14,000 psi 
(85 0- 1000 kc). 

Table I Mix Proportfon of Hlgh Strength Fiber Reinforced Concrete 

COMPRESSIVE STRESS-STRAM CURVES OF SIFCON 

Mixing Proportions 

The compressive stress-strain curves of SIFCON with different fiber volume 
fractions are shown in Fig. 1. It can be  seen that there is no significant effect due to fiber 
volume fraction on the ultimate compressive strength, peak strain, and the modulus of 
elasticity of the composites. Of particular interest from the observed experimental 
results is the existence of the post-peak stress plateau which is similar to the phenomena 
obsel+ed in steel. Regardless of the fiber volume fraction, the stress plateau seems to be 
constant at approximately about 7000-8000 psi (490560 hc). The stress lateau is likely 
a result of the shear interlock among fibers in the vicinity of the crack p P ane. The  fiber 
interlocking stabilizes the failure mechanism and therefore provides ductility to the 
brittle matrix. Fi . 2 shows the corn arison of the compressive stress-strain curves of d E SIFCON observe from this study wit the one reported by Naaman [4]. Although both 
curves were derived from a 10% S F C O N  mix, the results were rather different both in 
terms of the Young 's modulus of elastici and the ultimate compressive strength. 
These variations can be attributable to the e 2 ect of specimen configuration which affects 

Weight (lb/yd3) 

244 

870 

1218 

1914 

44 

348 

. 

Materials 
Water 

Cement 

Sand 

Aggregate 
Silica Fume . 
SP (fl.02) 

I 

Weight Ratio 

0.28 

1 .OO 

1.40 

2.20 

0.05 

40 fl.odlO0 Ib 
of cement 



the fiber orientation. In any case, there is one common behavior which can be observed 
from these two responses which is the trend of an existing stress lateau after the 
ultimate load. Table I1 summaries various observed properties o t! SIFCON under 
com ression, The fiber content varies from 4 to 10% in this study while those reported 
b h? aaman (41 were in the range of 10 to 12%. In this study, the results indicate that the 
Joung 's modulus of elasticity decreases when fiber volume fraction increases. This may 
be explained that the presence of fibers tends to create discontinuity of the high strength 
matrix. Depending on the interfacial bond between the fiber-matrix interface, the 
overall stiffness of the composite system may thus be reduced. While peak stress does 
not seem to be affected by the amount of fibers, the peak strain behaves otherwise, i.e. 
the higher the fiber volume fraction, the larger the peak strain. These results may be 
due to the plasticity of steel fibers brid ing over the crack plane. The interlocking .of 
fibers yields an enormous resistance to kacture along the fadure plane which resulu to 
stable large deformation of the composites. Fig. 3 shows two tested SFCON cylinders 
under compression with large stable failure deformation of up to half an inch. Fiber 
interlocking can also be clearly observed in this same figure. 

TENSILE BE&4VIOR OF SlFCON 

One of the major problems of high strength concrete is its brittle nature of. the 
composite which often tends to fail in an abrupt and catastrophic manner. To prevent 
this phenomena in ractice, extra confinement is rovided to ensure sufficient post- A ! cracking ductility. e addition of fibers into the rittlt matrix can also enhance the 
ductility of high strength concrete. The use of fibers for this purpose was quite corninon 
as can be seen from many existin fiber reinforced concrete structures. However, in 
normal fiber reinforced concrete ( f RC), the amount of fibers added into the composites 
is limited by the otential balling of fibers which tends to occur when the volume fraction 
of fibers excee a s two percent. Therefore, under conventional mixing rocess fiber 
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reinforced concrete common contains less than 2% of fibers. The tensile P oad carIying 
capacity of normal FRC does not seem to be affected by the presence of fibers. 
However, in larger fiber volume fraction cement-based rnatenals, the presence of fibers 
was reported to increase the tensile strength of concrete (71. In this study, direct tension 
test was carried out on the SIFCON specimen. n e  results confirm the increase of 
tensile strength as the fiber volume fraction increases. 

Fig. 4 shows the stress-displacement relationships of SlFCON for four different 
fiber volume fraction of 4, 6, 8, and 10% SIFCON. Each of these curves seems to 
indicate the same pull-out behavior of fibers as can be seen from the stress variation 
after the peak load. Each of these stress variation represents the pull-out of fibers. 
While those s ecimens with 4, 6, and 10% show a simiIar pattern on the post-peak 
responses the P % one behaves different with a longer stress plateau. Such a finding can 
be viewed in two different aspects as  follow^: 1) the 8% fiber volume fraction may 
represent the optimum mix since the amount of fibers contains in this mix just fills up the 
mold perfectly while others may be less than or more than the capacity of the mold. This 
will result to an uneven fiber distribution in the concrete specimen, and 2) the difference 
of the 8% fiber volume fraction from others ma be a result of the rotation of the test 
specimen induced by the uneven distribution of i bers. Based on the obseryation in this 
study, the former seems more likely to be the reason. Fig. 4 aha shows that the ultimate 
tensile strength of SIFCON increases with the fiber volume fraction. Nonlinearity rior 
to the ultimate load for these SIFCON specimens are rather significant citing mu f' tiple 
cracking at the critical section. -There is also no doubt on the ductility improvement of 
SIFCON as compared to the high strength matrix 



Table II Properties 'OF SIFCON under Compression 

Fiber Volume E Peak Peak Stress 
Orientation Fraction x1 o6 Strain Stress Plateau 

(psi) (ksi) (ksi) * 

Present Random 4 - 
Study 6 1.705 

7 .  2.1 61 
2.220 

8.5 1.690 
9.48 1.924 

1.743 
10 1.565 

Naaman 2P 12.0 1.43 0.01 0 8.7 6.3 
B 11.6 1.05 0.01 9 13.1 10.0 
M 10.1 1.13 0.01 9 11.5 7.3 

~ a b i e  Il l  Fracture Energy and Tensile Strength of SIFCON 

SIFCON v f MaxStress 
(ksi) 

G f 
( % ) (MPa) (kiphn) (kN/m) 

Naaman 12 2.81 19.4 0.45 78.8 
12.6 3.85 26.6 0.574 1 00.5 
12.8 3.85 26.6 0.574 1 00.5 

Present 4 0.88 6.1 0.12 21 .O 
Study 6 1.25 8.6 0.18 31.5 

8 2.06 14.2 0.26 45.5 
10 2.42 16.7 0.32 56.0 

Reinhardt 8.5 1.33 9.2 0.245 60.5 
13.5 2.06 14.2 0.766 134.1 

Plain 0.0003 0.05 
Concrete 



Fig.3 SIFCON Cylinders (3'k6) under Compression 

UNtAXlAl. TENSiON OF SIFCON 

TAPERED DOCBONE SPECIMN 

FIBER VOLUnf FRACTION OF 

4%. 6Z. 8% AN0 10% 

OlSPLACEnENT (IN) 

Fig.4 Tensile Stress-Displacement Relationship of SlFCON 



Table I11 summaries the fracture energy and maximum tensile strthgth of 
SIFCON from this study and of those reported by other investi ators [4,6]. The peak 
stren th was found to increase with the amount of fibers added. ifferent setup tends to ! % 
signi lcantly influence the observed ultimate tensile strength of the composites. Fracture 
energy of SIFCON varies directly with the amount of fibers presented in the mix. 
Fracture energy ofSIFCON was found to be much larger than (1000 times more than) 
those of plain concrete. The tensile strength and other tensile related characteristics of 
SIFCON seem to be strongly affected by the test setup, specimen configuration, and the 
volume fraction of fibers added. To predict the post-peak behavior of the SIFCON 
composites under direct tension, a nomaiized stress-displacement model was proposed 
[lo]. The predicted results seem to agree well with the experiment data. For the sake of 
brevity. the details of these comparison can be found in Ref.[9] and therefore will not be 
presented here. 

PROPERTIES OF HIGH STRENGTH FIBER REINFORCED CONCRETE 

Stress-Strain Curves of High Streneth Concrete 

The stress-strain curves of high strength concrete are different from the normal 
strength concrete. Perhaps the major difference is at the Young 's modulus of elasticity 
and the nonlinearity of the stress-strain curves. The stress-strain curves of high strength 
concrete tend to be more linear for the reason that there is less microcracks in the tested 
specimen than the one 6f normal strength concrete. Failure mechanism of high strength 
concrete is usually abrupt with a straight vertical crack planes. Most specimens seem to 
fail under lateral tensile stress rather than the conventional compression failure. Due to 
excessive strain energy stored in the specimen prior to ultimate failure, the release of this 
a plied energy enerally cuts through the grain of aggregates. As a result, aggregate P f p ays a major ro e in the development of high strength concrete. Fig. 5 shows the stress- 
strain curves of high strength concrete tested at different a es. As the specimen gets 
older, the ultimate compressive strength becomes higher. I! owever, it also shows that 
the nonlinearity of the curve decreases as the sample gets stronger. Although the post- 
peak responses shown in this figure of these specimens are not so distinct from each 
other, it IS commonly found that the higher the strength of concrete the more brittle the 
matrix becomes. In other words, low strength concrete behaves more ductile than higher 
strength concrete. 

bfodulus of Elasticity 

The modulus of elasticity of concrete is one of the very important parameters 
needed for the calculation of deflection. In general, designers depend on the 
fornulation provided b the ACI Building Code in estimating the modulus of elasticity of 
concrete in his design. Lowever, for high strength concrete, this arameter varies widely 
depending upon the type of hi h strength concrete used. able W compares the B f' 
observed values of modulus of e asticity of high strength concrete from this study with 
those reported by Carrasquillo et al. [ I l l  and the corresponding values predicted from 
the conventional ACI code. The ACI recommended equation for normal strength 
concrete always gives a higher value than the actual e erimental one. The type of 
coarse aggregate used in the high strength concrete also a % ects the modulus of elasticity 
of that high strength concrete. It can also be concluded that the higher the strength of 
concrete the higher the E value becomes. 
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Table IV Modulus of Elastfcity of High Strength Concrete 

Aggregate 
(psi) 

Crushed 10,670 
Carrasquillo Limestone 1 1,050 
(198 1) 11 100 

Gravel 9,290 M- 
Basalt 9,549 

Present 10,945 
1 1,660 
12,154 
13,258 

Crushed 1 1,493 
1 Stone 1 1 1,673 

ACI 318-77 . 
E. = 57000Kpp.i 

i n . )  (1 06 psi) (1 06 psi) 
0.0029 5.0 1 5.89 

4 4  O A S .  f ' c -  15.19 L y i  

31 DAYS: f ' c -  12.14 ks; 

25 DAYS. f ' c -  11.65 k s i  

16 OAT5 f ' c -  10.91 k m  

9 O A ~ S  r-C- 9 51 

~ i g .  5 Stress-Strain Curves of High Strength Concrete 



Effect of Fiber Reinforcement 

The  presence of fibers in the brittle high strength cement-based matrices he1 s 
improve the ductility and energy absorption of the com osites. Fibers bridge the crac s a e 
which were induced b the a plied load. Depen ing on the type 'of fiber, the 
enhancement varies. Fig. 6 siows the influence of hber volume fraction on the 
compressive stress-strain relationship of high strength concrete. The ascending ponion 
of the curves was hardly affected by the fibers. However, post-cracking behavior of the 
high stren h concrete is strongly influenced by the presence of fibers. The  larger the 
amount o ? fibers added, the tougher the composites. Of course, when the fiber voiume 
fraction exceeds the 2% limit, one needs to be concerned with the fiber balling effect and 
hence special processing technique must be taken into account. 

Effect of Lateral Confinement 

The  brittle nature of high strength concrete was often taken care of by the 
addition pf extra lateral confinement. Fig. 7 shows the effect of lateral confinement on 
the stress-strain behavior of plain high strength concrete. The  more lateral conFinement 
provided, the tougher the materials become. For high strength 'fiber reinforced 
concrete, the effect of lateral confinement further toughens the overall ductility of the 
composites (Fig. 8). Undoubtedly, such a material will be extremely suitable for 
structures in the earthquake prone region. 

Fig. 6 Influecce of Fibers on the Stress-Strain Relationship 
of High 'Strength Concrete 



Fig. 7 Influence of Lateral Reinforcement on the Stress-Strain 
Relationship of High Strength Concrete 

Fiber Volume Fraction (Vf-  1.0%) 

L I 

5 CJS 0.0 1 S 0 

Fig. 8 influence of Lateral Reinforcement on the Stress-Strain Relationship 
of High Strength Fiber Reinforced Concrete 



CONCLUSIONS 

Form this study, the following conclusions can be drawn: 

1. SlFCON exhibits a post-peak stress lateau in compression, This stress plateau is P believed to be due to the shear inter ocking of fibers along the crack plane. 

2. The larger the amount of fiber incorporated into the cement corn osites, the 
higher the tensile strength and fracture ener of SFCON become. n the other P 8 
hand, the presence of fibers does not w e  any significant effect on the 
compressive strength of cementitious matrices. 

3. The addition of tibers into high strength concrete can significantly improve the 
ductility,of the cqmposites. 

4. The addition of extra lateral confinement into high strength concrete matrix 
strongly influences the post-cracking toughness of the high strength composites. 
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