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ABSTRACT

The effects of blending fibers including two types of macro fiber, steel (S-) and polyam-
ide (P-), and one type of micro fiber, polyamide (p-), on direct tensile behavior of ultra-high-
performance hybrid-fiber-reinforced concrete (UHPHFRC) at high strain rates (10 and 47 s7)
were investigated. The volume content of macro fiber was maintained as 1.0%, whereas that of
micro fiber varied from 0.0 to 1.5%. The UHPHFRCs with steel macro fibers (S-UHPHFRC)
produced much higher rate sensitive tensile behavior than those with polyamide macro fibers
(P-UHPHFRC). As the volume content of micro polyamide fibers increased, P-UHPHFRC pro-
duced higher rate sensitivity on post cracking tensile strength whereas S-UHPHFRC showed
lower sensitivity. A proper amount of micro polyamide fibers, 0.5% in this study, would notice-
ably improve the impact resistance of S-UHPHFRCs, especially for strain capacity and peak
toughness.

Keywords: blending fibers; high strain rates; ultra high performance fiber reinforced
concrete, impact resistance, toughness.
TOM TAT

Bai bao khao sat anh huong cua viéc phéi hop cdc loai soi bao go”‘m 2 logi sgi lon, thép
(S-) va polyamide (P-),véi mét logi soi nho, polyamide (p-), dén ing xir kéo truc tiép cia bé
t6ng soi tinh nang cuc cao (UHPHFRC) dudi tae dung cia tai va cham vdi toc do cao, 10-47
s Ham luong soi lom la 1%, ham lwong soi nho tie 0.0 dén 1.5%. Két qua cho thd’y UHPHFRC
VGi s0i thép nhay véi tdi toc dp cao hon véi soi polyamide. Khi ham hrong soi polyamide ting
lén, d9 nhay vé toc d tai cia sire khdng kéo sau mirt ciia P-UHPHFRC ting theo, trong khi doi
v6i S-UHPHFRC lai giam di. Néu dwa vao mét heong thich hop soi nhé polyamide, 0.5% trong
nghién civu nay, sirc khang chong va cham cia S-UHPHFRC sé cdi thién ding ké, dac biéc la
doi vdi kha nang bién dang va ndng luong phd hiy ciia no.

Keywords: su phéi hop cdc logi soi; tdi va cham téc dé cao; bé tong soi tinh nang cuc
cao; sikc khdng chong va cham, nang liwong phd hiiy.

1. INTRODUCTION

The 9/11 attacks threw whole the world
into shock due to its malicious cruelty and de-

als with high impact resistance for more ef-
ficient protection against high velocity projec-

structive disaster. Such unprecedented attacks
highlighted several concerns relating specifi-
cally to important structures under tremen-
dous loading conditions. One of the concerns
is urgent development of construction materi-

tiles and explosives.

Many researchers have demonstrated
that ultra high performance fiber reinforced
concrete (UHPFRC) is one of promising con-
struction materials with high impact resistant
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[1-5]. Since UHPFRC is an achievement of
a cross-century challenge began in 1930s in
finding methods of increasing the mechanical
strength of concrete, it is considered as one
of the greatest breakthroughs in concrete tech-
nology at the end of the 20™ century [6].

However, current UHPFRCs mostly
utilize steel fibers which are vulnerable to
corrosion under marine environments where
most of severe infrastructure located near (e.g.
nuclear power plants, high-rise buildings) or
under (e.g. oil rigs, bridges) the sea. The cor-
rosion of steel fibers in cementitious compos-
ites noticeably reduce the strength over time
[7]. Moreover, if steel fiber reinforced con-
crete is used in certain applications such as
tunnels of high speed railway or the runway
of airport, it may have the safety problem due
to effect of steel fibers on the magnetic and
electric fields [8, 9]. Finally, since the cost for
1% steel fibers as volume content is generally
higher than that of matrix [10], there is an es-
sential requirement to minimize the cost of the
composite for practical applications. Thus, re-
cent UHPFRC:s are oriented to minimize the
amount of steel fibers but enhancing their me-
chanical resistance.

Achieving an optimal UHPFRC with
the desired properties but at least cost is to-
day technical challenge [11]. Up to now, most
research on the mechanical behavior of UHP-
FRCs has been focused on mono UHPFRCs
which is usually obtain separate purpose based
on material type of used fibers. Therefore, to
achieve the above mentioned UHPFRCs with
multi-purposes, a nearly-40-year-old idea of
using more than one type of fiber as reinforce-
ment (hybrid fiber composite) [12], albeit dur-
ing a long period of relative inactivity but ap-
pears recently as a renewed interest [13], is
proposed in this research. The term “hybrid”
is generally used to denote the combination of
different types of material to construct a new
one that will remain the constituents’ advan-

tages but not their disadvantages [14].

Many attempts have been devoted on
developing hybrid UHPFRCs, and, conse-
quently it was found that the hybrid steel-steel
fiber UHPFRCs exhibited improvement of
not only flexural strength [15] but also tensile
strength [16]. While the superior direct tensile
behavior of hybrid UHPFRCs is mostly based
on their responses measured at static rate, it
has been expected that they would produce
higher tensile resistance even at higher strain
rates. On the other hand, polyamides (PA) fi-
bers, well known as nylon and anti corrosion
materials, have become more attractive in re-
cent years as reinforcements for cement based
material since they can provide eftective, rela-
tively inexpensive reinforcement for concrete
[17-20]. Therefore, if PA fibers are further
optimized for partially or entirely alternatives
to steel fibers, a greater improvement of con-
crete without increasing the reinforcement
cost could be obtained [21].

Thus, in this study, in order to gear to-
ward a low cost UHPFRC with high impact
resistance in a corrosion environment, the ef-
fects of two types of blending fibers including
1) macro PA and micro PA fibers and 2) macro
steel and micro PA fibers, on the impact direct
tensile behavior of hybrid UHPFRCs are in-
vestigated. There are several questions have
been raised: which type of hybrids can gener-
ate superior tensile resistance (high strength
and strain capacity) at high strain rates, how
much of micro PA fibers are suitable, and, what
is the role of micro PA fibers in enhancing rate
sensitivity? Those questions motivated us to
carry out this research with following specific
objectives: 1) the strain rate effects on tensile
behavior of mono UHPFRCs reinforced by
steel fiber or PA fiber, 2) the strain rate effects
on tensile behavior of hybrid UHPFRCs, 3)
the role of micro PA fiber in hybrid UHPFRCs
under high rate loading.
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2.  EXPERIMENTAL PROGRAM
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Fig. 2. Test set-up and geometry of specimen
for static test [23,24]

Fig. 3. Test set-up and geometry of specimen
for impact test [23, 24]

An experimental program was designed
to investigate the effects of blending fibers on
direct tensile behavior of hybrid UHPFRCs.
The program included 1) three series of mono
UHPFRC:s to investigate the strain rate effect
of separate fiber types: micro polyamide (p),
macro polyamide (P) and macro smooth steel
(S) on direct tensile behavior, 2) three series

of hybrid P-p UHPFRCs and 3) three series of
hybrid S-p UHPFRCs to investigate the role
of adding p fibers to strain rate effect on direct
tensile behavior of UHPFRCs using P or S fi-
bers. A flowchart in Fig. 1 summarized this
program with describing of test series desig-
nation. Static tests were performed using a
universal test machine with a strain rate of

£=0.000167s"" by applying displacement
speed of 1 mm/min. for the tensile specimen
with 100 mm gauge length, while high rate
tests were done using a SEFIM [22] with the
strain rates varied between 10 s and 47 s’
according to the different capacities of cou-
pler.

The test set-up and geometry for both
static and impact test were described in Figs. 2
and 3, respectively. All bell-shaped specimens
with cross section of 25%50 mm and 100 mm
gauge length were used for both static and im-
pact tests.

3. TEST RESULTS AND DISCUS-
SION

Four following tensile parameters were
analyzed to evaluate the rate effects on the
tensile resistance of UHPFRCs: 1) 0,0 the
post cracking strength, is the peak stress val-
ue in the stress versus strain curve, 2) €00 the
strain capacity, is the strain at peak stress 3)
the peak toughness T. the absorbed energy
per unit volume of material, is defined as
the area under the tensile stress versus strain
curve until post cracking strength point, and
4) the dynamic increase factors, DIFs, are the
ratio between dynamic and static response for
above three parameters.

The effects of fiber materials (steel and
polyamides) and size (micro p and macro P)
on the tensile behavior of mono UHPFRCs
at high strain rates are first analyzed as com-
parative cases for hybrid UHPFRCs. Then,
the strain rate effects of two different hybrid
P-p and S-p UHPFRCs are comparatively
discussed by using dynamic increase factors
(DIFs) of post cracking strength, strain capac-
ity and peak toughness, respectively. Finally,
the role of micro p- fiber added in hybrid UH-
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PFRC:s is discussed regarding their impact re-
sistance. It should be noted that two following
terminologies would be used in discussion: 1)
rate sensitivity implies the values of DIF; and
2) impact resistance implies the values of ten-
sile parameters at high rates.

3.1 Strain rate effects on tensile behavior

of mono UHPFRCs

Since both mono p- UHPFRCs and hy-
brid P-p UHPFRCs did not exhibit strain hard-
ening regimes at static rate as at higher strain
rates, it is not consistent to establish DIFs of
strain capacity as well as toughness. Thus, the
rate sensitivity of those UHPFRCs was evalu-
ated only for post cracking strength.

The strain rate etfects on the post crack-
ing strength of mono UHPFRCs including
POOp10, P10p00 and S10p00 are evaluated
based on their DIFs provided on graph plotted
in dots with respect to strain rates as shown in
Fig. 4. In the figure, although the dots disperse
in a wide range from 1 to 4, they still could be
distributed into three distinct zones according
to the material types of fiber: the highest zone
for S10p00, then lower zone for POOp10 and
the lowest zone for P10p00. This means, for
mono UHPFRC reinforced with same 1% vol-
ume fraction of fibers: 1) steel fibers produce
the highest rate sensitivity on post cracking
strength, 2.96, and more clearly pronounce
(nearly twice) than PA fibers regardless any
type of fiber length; and, 2) short micro p fi-
bers are more rate sensitivity on post cracking
strength than long P macro fibers, 1.64 and
1.09, respectively.
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Fig. 4 Strain rate effect of mono UHPFRCs

For the first issue, there are two view-
points to explain: 1) based on the phenome-
non of fiber breakage during impact testing,
that, steel fibers in high strain rate specimens
are pulled out, not breakage as PA fibers, thus
they produced higher rate sensitivity as dem-
onstrated in [5]; 2) based on different bond
characteristics due to the difference between
the elastic modulus of two fiber material types
[25], which, in this case, steel fibers with
higher elastic modulus would exhibit more
favorable bond characteristics than PA fibers,
thus, they produce higher rate sensitivity [23].
For the second issue, the higher rate sensitiv-
ity of UHPFRC:s reinforced by micro p- fibers
compare to those reinforced by macro P- fi-
bers is thought to be originated from the high-
er interfacial bond strength [23] of p fibers
due to their smaller diameters, larger number
and relatively smaller distance between fibers
[26].

Besides, for the impact resistance, the
experimental results show that, POOp10 pro-
duces higher post cracking strength, 6.82
MPa, but lower strain capacity, 1.34%, than
P10p00 (4.25 MPa and 3.02%, respectively).
It demonstrates that UHPFRCs reinforced by
short micro fibers would enhance the tensile
strength while those reinforced by long macro
fibers would enhance the ductility. Moreover,
for micro p fibers, since the enhancement
of post cracking strength is more prevailed
than strain capacity, thus, leading to the peak
toughness is more pronounced, 72.59 kJ/m’
for POOp10 and 66.70 kJ/m* for P10p00. Mi-
cro fibers, by virtue of its fine size, result in
enhancing surround surface area between fi-
bers and matrix, thus, they provide an increase
of tensile strength, but a decrease of strain ca-
pacity.

3.2 Strain rate effects on tensile behavior
of hybrid P-p UHPFRCs

As above mentioned, due to inconsisten-
cy on tensile performance between static and
impact, strain rate effects on tensile behavior
of hybrid P-p UHPFRCs would be evaluated
on post cracking strength only. These effects
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are provided in Fig. 5, in which, it presents all
results in dots with respect to strain rates.

In general, there is an increasing trend
of rate sensitivity (DIF) on post cracking
strength, from 1.09 to1.56, as increasing in the
volume content of micro p- fibers, from 0% to
1.5%, respectively. It should be noticed that,
the comparison here is relative since these av-
erage values obtained from the various strain
rates between 10 and 47 s”'. One exception of
decreasing rate sensitivity in the case of 1%
maybe came from the reason of the scatter in
experimental work. While the rate sensitivity
was strongly enhanced from 1.09 to 1.43 when
adding 0.5% p fibers, that was enhanced more
weakly when adding more 1% p fibers, from
1.43 to 1.56. This observation demonstrated
that the adding micro p fibers would improve
the rate sensitivity on post cracking strength,
and this improvement will be gradually re-
duced as amount of micro fiber increases.
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Fig. 5 — Strain rate effect of hybrid P-p UH-
PFRCs

The addition of micro p fibers not only
results in the enhancement of total interfacial
bonding due to increasing amount of fibers,
but also increasing the friction of matrix.
Therefore, the individual bonding between
each macro P fiber and surrounding matrix is
improved. Consequently, the rate sensitivity of
material is enhanced since the bond between
fibers and matrix is the key factor leading to
the dynamical resistance enhancement at high
rate loading as shown in [23]. However, this
enhancement of rate sensitivity is reduced as
adding too much micro fibers. There might be
three following reasons: 1) micro p fibers, if

too much, would absorb much water needed
for hydration, leading to reduce the quality
of surrounding matrix strength; 2) too much
micro p fibers may result in increasing the
porosity at interfacial transition zones (ITZs);
3) group effect, i.e., if the number of fiber is
high, the amount of matrix surrounding the
fiber is not be enough to maintain the interfa-
cial bonding as strong as in the single pullout
case, which could lead to dilute or eliminate
rate sensitivity [24].

3.3 Strain rate effects on tensile behavior
of hybrid S-p UHPFRCs

Strain rate effects on tensile behavior
including post cracking strength of hybrid S-p
UHPFRC:s are described in Fig. 6.
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Fig. 6 — Influence of volume contents of mi-
cro fiber on DIF of post cracking strength

For the post cracking strength, while the
DIFs of hybrid P-p UHPFRCs ranking from
1 to 2, as shown in Fig. 12a, those of hybrid
S-p ranking in a higher value, from 2 to 3 as
shown in Fig. 6. This indicated that, the macro
S fibers contribute much higher rate sensitiv-
ity than macro P- fibers in hybrid UHPFRCs,
as same as mono UHPFRCs. In other hand,
while an increasing of adding micro p- fibers
results in the enhancement of rate sensitivity
on post cracking strength of hybrid P-p UH-
PFRCs (Fig. 5), it does opposite tendency
for that of hybrid S-p ones. This decreasing
phenomenon has been Park et al. [27] pointed
out that the adding of micro fibers resulted in
the shrinkage reducing of surrounding matrix,
leading to the reducing the interfacial bond-
ing, thus, reducing the rate sensitivity.
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Unlike DIFs of post cracking strength,
those of strain capacity and peak toughness
are distributed in a much wider ranging, from
2 to 7 for strain capacity and from 3 to 11 for
peak toughness. Especially, from the distribu-
tion of dots for each serie, it can be seen that
the more adding micro p- fibers, the more con-
centrating of dots. This means, the micro p-
fibers provided a positive effect on reducing
the scatter in high strain rates testing. Adding
micro p- fibers might lead to the enhancement
of viscosity for the mortar during mixing,
thus, remaining the anti-sinking environment
for steel fibers which are very easy to slip in
wet mortar. Such improvement of uniform fi-
ber distribution in hybrid nylon steel fiber re-
inforced concrete has also been mentioned in
[28].

It is also observed that while there is a
clear reducing tendency of rate sensitivity on
post cracking strength, it is not clear on strain
capacity and peak toughness. Not only that, it
is very interest that, at the 0.5% of adding mi-
cro p- fibers, although the DIF of post crack-
ing strength little bit reduces (from 2.96 to
2.7), those of strain capacity and peak tough-
ness increase strongly (from 3.89 to 5.83 and
from 7.02 to 10.09, respectively) and reach
to the maximum values. It means that adding
0.5% of micro p- fibers results in an optimal
S-p UHPFRCS in rate sensitivity for all post
cracking strength, strain capacity and peak
toughness.

3.3 The role of adding micro p- fibers on
the impact resistance of hybrid UHP-
FRCs

Effect of adding micro p- fibers on the
impact resistance of hybrid UHPFRCs is sum-
marized in Fig. 7a for hybrid P-p UHPFRCs
and Fig. 7b for hybrid S-p UHPFRCs. In gen-
eral, the positive effect observed from com-
bination of two types of fiber reinforcements,
macro and micro, as in post cracking strength
of hybrid P-p, and strain capacity and peak
toughness of hybrid S-p, is encourage.

It is clear to observe that adding micro
p- fibers from 0% to 1.5% resulted in increas-
ing the post cracking strength of hybrid P-p

UHPFRC, from 4.25 MPa to 6.60 MPa, but
decreasing that of hybrid S-p UHPFRCs from
21.70 MPa to 16.69 MPa. The opposite ten-
dency between hybrid P-p and S-p are also
observed for strain capacity and peak tough-
ness where the changing trend of strain capac-
ity and peak toughness respect to a concave
curve for hybrid P-p, but respect to convex
curve for hybrid S-p. Especially, the bottom
of the concave curve and the peak of the con-
vex curve are at the same volume content of
adding micro fibers, 0.5%. This observation
demonstrated that the proper volume content
of adding micro p- fiber is different depending
on the using type of macro fibers. For steel
fibers, the proper volume content is 0.5%,
whereas for macro P- fibers, it is not clear.
Further studies to investigate the opposite
phenomenon between these two fiber types
should be performed.
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Fig. 7— The role of adding micro p fibers on
the tensile impact resistance of hybrid UHP-
FRCs

4. CONCLUSIONS

This work provides experimental results
that help to understand the strain rate effects
on direct tensile behavior of hybrid UHP-



Journal of Technical Education Science No.35A(01/2016)
Ho Chi Minh City University of Technology and Education

FRCs. An investigation of blending effects for 1% in this case, would improve not only
hybrid UHPFRCs using two types of macro post cracking strength, but also strain ca-
fiber, steel and polyamides in 1% volume con- pacity and peak toughness. At high strain
tent, blended with 0%, 0.5%, 1% and 1.5% rate, there are four notices as following: 1)
micro polyamides fibers, under static and the hybrid S-p specimens almost produce
under high strain rate ranging from 10 to 47 significantly higher impact resistance than
s was presented in this work. The following corresponding hybrid P-p ones; 2) the
conclusions can be drawn: adding micro p- fibers provide a positive

[1]
[2]

[3]

[4]

[5]

[6]

[7]
[8]

[9]

effect on reducing the scatter in compos-
ites; 3) as volume content of adding micro
p- increases, while rate sensitivity on post
cracking strength of hybrid P-p UHPFRCs
increases, that of hybrid S-p decreases;
4) an optimum hybrid S-p UHPFRC for
impact resistance could be obtain with a

suitable amount of adding micro p- fibers
For hybrid UHPFRCs, at static rate, a (0.5% in this case).

proper amount of adding micro p- fibers,

For mono UHPFRC:s, the highest rate sen-
sitivity on post cracking strength is pro-
duced by steel fiber, then by micro p- fi-
bers, and lowest one by macro P- fibers.
Moreover, at high rate loading, short p-
fibers enhance the tensile strength while
long P- fibers enhance the ductility.
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