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10l ntroduction

Many structures, such as nuclear power
plants and industrial plants, are expected to
be subjected high
temperatures because of their nature of
operation [1].
nuclear power plants, high-rise buildings,

to exposure to

Special structures such as
and military protective structures are
subjected to security problems of being
exposed to a potentially high risk of terrorist
attacks or accidental
Additionally,
tunnels and high-rise buildings, can be

impact loads [2].
some structures, such as
accidentally exposed o thermal danger that
threatens the safety of people and causes
severe property damage. Other structures,
such as military structures, have a high
potential for exposure to terrorist attacks or
higher impact loads [1]. Therefore, this
motivated the need for special concrete
materials for these impact- and blast-
resistant constructions in both civil and
[3, 4]. Ultra -high

performance fiber reinforced concrete (UHP)

military  sectors
has been introduced as one of the most
promising materials to be used in the
construction of special security structures.
Reactive powder concrete (RPC) was first
developed by Richard and Cleyrezy [5] in the
mid-1990s and is a precursor of ultra-high-
performance concrete ((UHPC),
available in several countries in Europe,
North America, and Asia [6T 9].

recently

Ultra -high-performance concrete
(UHPC) is a special type of concrete having
very high strength, and it is composed of fine
particles with diameters of less than 0.5 mm
without coarse aggregate. The American
Concrete Institute (ACI) committee 239 [7]

described ultra-high-performance concrete
(UHPC) as concrete that has a minimum
compressive strength of 150 0 0 cénd meets
specified durability, tensile ductility, and

materials typically characterized by the high
content of cementitious materials (800 T
1200 E & ), and a water-to-cementitious
material (W/CM) rat io of 0.20 £ 0.02 [10].
But
succeeded in reducing the cement dosage by

in recent years, researchers have
using supplementary cementitious materials
like fly ash, silica fume, ground furnace slag,
etc. [1%7 13] to partially replace cement.
Properly designed ultra-high performance
concrete (UHPC) can deliver high flowability
with self-consolidation, high strength and
toughness, superior durability, and self-
healing ability [14, 15]. The high strength of
UHPC is generally achievedthru combining
small aggregate sizes (less than 0.64 & in
diameter) with a cementitious matrix
augmented with ultra -fine particles and
However, the
extreme brittleness of the plain UHPC matrix
results in a weakening of the resisting tensile
stress and very lowtensile strength [167 18].

Therefore, fiber reinforcement is necessary

pozzolanic  admixtures.

for any practical structural application.

To develop a betterperforming UHP -
FRC, several types of macro steel fibers, e.g.,
hooked-end (H-fiber), twisted (T -fibers),
half-hooked (HH -fiber), and crimped (C-
fiber), have been developed worldwide [19
23], as illustrated in Fig.1. Fibers play an
important role in compensating for the
deficiency and improving the performance of
concrete because the high bonding of steel
fiber with the matrix is very effective in
controlling the micro -cracking mechanism,
providing an improved resistance in terms of
smaller crack openings at peak load [24].
fiber
increases the wet and dry densities of

Besides, using steel in concrete
concrete. Because the density of steel fiber is
more than the density of concrete [25]. The

inclusion of steel fibers to the UHPC matrix

toughness requirements. Itisanewclassof si gni ycantly i mproves it
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post-cracking ductility, energy absorption
capacity, and toughness. Steel fibers ae
capable of controlling crack opening and
propagation by crossing their paths with the
help of transferring applied stress between

t he ybers and t he
interfacial bond [26, 27]. In addition to the
yber content,

of the activated

a signiycantly
the performances of UHPFRC composites.
Therefore, the improved performance of
UHPC is not only associated with the total
the bond

amount of fibers but also

m arelationghip betiverrothe gndividual fiber and

the matri x. The

crack is

Straight Steel Fiber

—

o

Hooked End Steel Fibers

— N N N N\ —

Cnmped Steel Fibers

Fig.1 Common Types of Steel Fibers

Fiber pullout tests are adopted to
investigate the anchorage
mechanism in a concrete matrix. The

steel fiber

specimens used for pullout tests are
generally characterized by a matrix form with
discontinuities that run thru the whole

transverse section. The two parts of the
specimen are joined by one or more steel
fibers. The test condition consists of fixing
one end and applying the load to the other
end so that the two-part can be separated,
while the applied load and separation are
recorded during the test process. However, in
the case of only onehalf of the specimen
being used, the end of the fiber is left free,
while the other end is pulled. The most
commonly used specimens include dog
bone, half-dog-bone, prismatic, cubic, and
cylindrical. Each type of specimen has a

particular grip system. For instance, dog-
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bone specimens are fixed with rigid clamps
designed with a special shape so that they can
be coupled to the enlarged ends [28 30]. In
the case of halfbone specimens, one end is
fixed with the same type of rigid clamp, and
on the other end, the fiber is pressed with a
plane clamp, applying lateral pressure [31,
32]. Prismatic specimens are held with
Cubic and
cylindrical specimens are held with rings

parallel faces clamps [33].

[3471 37]. Some researchers used adhesives to

b o [BY,

39]. This system has the advantage of

yx the speci men
avoiding lateral stresses that can distort pull -
out responses [34].

In the past few decades, extensive
experimental programs have been conducted
to evaluate the
behavior of NC and HSC[40, 41]. Different

physical parameters

i npuenti al

yber/ matri x
the aviordi eochmahl pulalssets sleeh usi ng
yber stest.,r ossing a

steel
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f
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embedded
length, and mortar strength have been

orientation, tensile strength,
evaluated to clarify their effect on the pullout
bond strength of the concrete matrix [37, 42-
44]. With the growing application of UHPC
in several

modern construction,

experimental, analytical, and numerical
studies have been devoted to simulating the
pullout performance of various kinds of
fibers focusing on the mechanism of bond
strength between the steel fibers and the
UHPC matrix. However, none of these
studies provide an extensive evaluation that
covers a wide range of influential parameters
on the pullout bond strength of steel fibers
from UHPC. Therefore, it is essential to
compile the available experimental data on
the pullout bond strength of steel fibers
embedded in UHPC from the literature. This
information can be used to understand the
effect of fibers type, volume fractions, and

embedded length on

the pullout strength of the UHPC matrix
by covering a wide range of parameters.

20Experi ment al
Behavi
21Varii
Dat abase

St eel
of

or of

ation
This section evaluates the distribution of
the
performance of steel fibers embedded in

key parameters affecting pullout
ultra -high performance concrete (UHC) over
the database. The steel fiber types that have
been utilized in the database include straight
fibers, hooked-end fibers, twisted fibers, and
half hooked-end fibers denoted as Sfiber, H -
fibers, T-fibers, and HH -fibers. Different
dimensions of steel fibers have been used,
including fibers with lengths & of 13, 19.5,

25, 25.4, 26.2, 30, and 604 & , and diameters

Researc
Fi

62

‘Q of 0.2, 0.3, 0.35, 0.375, 0.38, 0.4, 0.5,
and 0.9 & a. Different aspect ratios afQ of
steel fibers have also been adopted, including
50°, 60, 62.5, 65, 66.7, 71.4, 79, 80, 97.5, 100,
and 125. In addition, different fiber volume
fractions (& have been added to the UHPC
matrix available in the database (i.e. 1, 2, 3,
4, and 7%). Besides, the effect of fiber
embedded length & (i.e. 5, 6, 6.5, 9.75, 10,
15, and 20) has been evaluated, with the most
frequently used embed length in the database
being 104 &. Furthermore, the influence of
various inclination angles [ (i.e. 0°, 10°,
15°, 20°, 30°, 40°, 45°, and 60°) has been
investigated in the database. Fiber spacing
Y (ie. 1,1.2,1.9, 2.3, 2.7, and 3.8& &) was
considered in the database. Moreover, the
effect of a wide range of loading rates on the
pullout behavior of steel fibers embedded in
UHPC has been assessed along with two
types of test configuration (i.e. single and
multiple fiber pullout tests.

22Devel optmeof a
As shown in Table 1, the database

developed for this study approximately

contains more than 150 tests of UHPC

specimens with various shapes and different

types of fibers, collected from numerous

h o Pul l out

stud|esr}45—_56T, which have covered the bond

bers in_ UH F C

properties of a fiber pullout test. D -Y. Yoo et.

Parameters 1. n . .
al. F45] examined the mechanical properties

and pullout behavior of ultra -high-

performance fiber-reinforced cementitious
composites (UHPFRCC). different
volume fractions « of 1, 2, 3, and 4 were

Four

utilized. They reported that the addition of
steel fibers can provide better performance in
terms of average and equivalent bond
strengths and pullout energy. Y-S. Tai et. al.
[46] the
performance of high-performance steel

also evaluated mechanical
fibers embedded in UHPC at varied pullout
speeds. Five different types of steel fiber were

used, including straight, smooth steel fibers

Dat abase
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(2 types), hooked steel fibers, and twisted the hooked-end ybers exhibited higt
steel ybers (2 types) . strengthseandrpaloueveork thanrihg stmight f r o m
quasi-static (0.018 & afi) to impact rates yber s, but at |l arge slips, t
(1800 & &7i) were used for pullout tests. The shear dress at the interface than their

authors explored the influence of a reduced counterparts. They indicated that straight

amount of glass powder (GP) on pullout steel ybers were more effecti
behavior. Based on the findings, they the pullout performance with the matrix

indicated that the pullout behavior of all strength than hooked-end st eel ybers. N
types of steel fibers shows a progessive Roy. et. al. [49] experimentally studied the

increase in rate sensitivity concerning impactof steel yber d&)atdume fract
increasing the pullout speed and shows a orientation on the pullout performance of

significant increase during the impact steel reinforcement bars embedded in

loading where it was most prominent in the UHPC. High-st rengt h st eel ybers h
smooth and twisted steel fibers and least in diameter of 0.2 & & and a length of 13& &

the hooked ybers. lah  awdthdai corriespanding &pect ¥atio ofé65 and a

[47] examined the impact of loading rate on slightly deformed mid -section were utilized.

the pullout response of single fibers Four values of @ including O, 1, 2, and 3%

embedded in PC. Four highstrength steel were added to the concrete matrix. They

fiber types including straight smooth brass- reported that UHPC with steel
coated with a diameter of 0.2 & & and 0.38 perpendicular to the direction of load showed

@ &, half hooked-end with a diameter of 0.38 the highest pullout load while UHPC with

a &, and twisted steel fibers with an st eel ybers oriented parallel
equivalent diameter of 0.3 & & were utilized. of load provided the lowest pullout load.

The influence of fiber embedded angles on However, the randomly oriented steel fibers

the loading rate sensitivity of steel fiber gave values of the pullout load in between the

pullout behavior is investigated. Three fiber parallel and perpendicular oriented steel

embedment angles, 0°, 20°, and 45, are fibers with respect to the direction of the

considered. The loading was applied in rates load. Y.Y.Y Cao and Q.L. Yu [50] evaluated

ranging from 0.025 & afi (quasi-static) to the pullout behavior of hooked-end steel

254 &7i (seismic). Based ontheresults,they y ber s from the UHPC matri x.
found that half hooked-end steel fibers inclination angles were used taking into

showed the highest loading rate sensitivity of consideration steel ybers' d
all other steel fibers. They also reported that embedded length. They found that the

there is a correlation between fiber smaller diameter hooked-end steel fibers

embedment angle and loading rate provided a higher performance where it

sensitivity of steel fiber pullout behavior. In showed the best performance under a pullout

another study, D-Y. Yoo. et. al. [48] again inclination angle of 0°. Chun B. and D-Y. Yoo
evaluated the infl uenci[&l] al$o studiesl gHe infllerce ofthybpice o n

t he yber pull out -b e macro iara micro stéel fibersi og the pullout

per f or ma nreieforced bcementitious and tensile performance of UHPC. In their

composites (HPFRCC). Two types of steel study, five different contents of the macro

fibers includin g straight and hooked-end steel fibers with the micro steel fiber were

steel ybers were ut il i dileelinaidihghO, Q.50 1.0 £5, ahd 2.0%e r en t

matrix strengths. The authors reported that

The authors observed that the average bond
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strength and normalized pullout energy of
the macro straight steel fibers embedded in
the UHPC matrix were enhanced after their
replacement with microfibers. On the
contrary, those of the hooked-end and
twisted macro steel fibers were reduced in
accordance with the replacement ratio. It was
also indicated that replacement of the macro
fibers with the microfibers in the hooked and
twisted fiber resulted in lower fiber efficiency

ratios, while similar efficiency ratios were

study, D-Y. Yoo et. al. [54] examined the
steel yber
ultra-high-

influence of type

and tensile behavior of
per f or man creinforcedb econcrete
(UHPFRC) where, four different types of
yber including
hooked-end, and half hooked-end, were
adopted along with

angles ranging from 0°to 60°. They indicated

steel straif
various ylk

that better pullout performance was attained
in the deformed (twisted, hooked-end, and

shown in the case of the macro straight steel half hooked-e nd) st eel ybers in con
fibers. J. Qi et al. [52] carried out a to t hat of t he straight st e
systematic evaluation of the pullout behavior observed that inclined steel fiber at 30° or

of straight and hooked-e n d st eel 459poeidedthe highest bond strengths of all

embedded i n UHPC wusingteael siyhgltetyhes. They al so
pullout test. In their research, three types of hooked-end st eel y b ehighestat t ai ned
steel ybers i ncl udi n gbonddtrengths gtlaltinclinatioreangles awile

hooked-end yber s ( 2 aligngd e ghe, twistece arel half-h oo k e d st eel yber
with respect to the loading direction at exhibited the highest pullout energies at

various inclination angles of 0°, 30°, and 45°. aligned and highly inclined (45° and 60°)

They reported that the straight steel fiber conditions, respectively. In another research,

enhanced the average bond strength when D-Y. Yoo and S. Kim [55] investigated the

the yber embedded an gl plloutpedorneace af dariofisrtypas of 8tdel

to 30° and 45° followed by hooked-end ybers embedded in UHPC wunder
ybers. They al s o -énd u nitpactloading conditerms K-eudtypes of steel

ybers with a smaller yYham&tienclcwdid dentbtedsied) ht , hooke
better choice for structural applications. J -J. and half hooked-end. Three different loading

Kim and D-Y. Yoo [53] examined the rates were applied by static and impact

influence of steel fiber shape and distance pullout test machines. To evaluate the impact

between fibers on the pullout performance of of inclination angle on the pullout response,

steel fibers embedded in the UHPC matrix. four inclination angles of 0°, 30°, 45°, and

They utilized three different types of steel 60° were utilized. They reported that the

ybers i ncludi ng-ensltandi dgdoked-enchandtwisted steel fibers provided

twisted with distances between fibers of 1%, the highest average bond strength for static

2%, and 7% values ofv as well as single fiber and impact loads, respectively, while the

and bundle fibers. The authors reported that straight steel ybers provided

t he twisted steel
pullout resistance, followed by the hooked-
end and
t hat using
lower bond strength as compared to single
yber with

and di stance

straight
mul tiple

bet ween

n efgfl ectt i efy yhhieghdty pelef or med

y b estrength atvak inclindtian angles.eThey alsot

found that half-h ook e d ybers wer e V €

st e el effgchive rnen thelp evere ancligedl, With u n d
s tmaxémum gffectivesessrag @ru Indliratibn i n

angle of 45° as compared to straight and
steel
mentonmed that using the twisted caednhialf

ybers
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hooked-e nd st eel yber s wa snterfacial gheaestrescwhénihe pullont load
static pullout energies than the hooked and reaches its maximum value. It can be
st r ai g hbers. Morerecentlyy H. Zhang determined using the expression in Eq. (1),
et . al . [ 56] studi ed tgivenby57f ects of yber shape
and curing conditions on the pullout

behavior of steel ybers from the UHPC
matrix, prepared with Granite powder (GP)

completely replaced by quartz powder (QP)

by a singley b e r loup test. Five types of Q)

steel fibers including straight fiber, single

and double hooked-end steel fibers,

corrugated steel (2 types) are utilized. They

in which, ‘Q is the steel fiber diameter, and
0 is the initial embedded length of steel

investigated the influence of three curing yber.

conditions including standard curing (SC), 32Effects of St eel Fiber Ty p
warm water curing (WWC), and autoclaved Geometry.

curing (AC) on the pullout behavior of steel Fig.2 shows the effectof various types of

ybers from the prepar e steelUibesGneloting the traightl twistyd,

found that the replacement of QP by GP can hooked-end, and half-hooked-e nd yber s. It
enhance the pullout performance of both can be observed from Fig. 2a that the twisted

straight and smooth syeelk ybghibiTthey atlise hi ghest
indicated that using WWC and AC curing performance, followed by hooked-end and

conditions enhanced the peak pullout load, straight fibers, respectively, which is

the average bond strength, the pullout consistent with the findings from Wille and

energy, and the yber uNaamah B3.tThepefore ritacourl bofound he S

yber and mo s t def or iha dthe mdrieanical anchorage of the

comparison with SC conditions. But, as the commerci al hooked yber is exc¢
brittleness of dueeialsar eplairh YHPY matrix attfibuting to its very
increases, Besi des, high &tferagth erel Brittleneg s Gomsaring the

demonstrated superior pullout performance, bond strength behavior between SH-fiber

as compared to the straight steel fibers. Q T Y a), and Sfiber Q T1& a &),

However, t he excessi v adshowndreFigo2b suggests thdt & desrease

such as the more corr u@aiane@r incleasds the ibdnd strdngtin of e
waves tend to fracture when the cement straight steel fibers embedded in the ultra-
matrix is cured under WWC and AC. high-strength matrix. On th e contrary, it was

. . Observed that the effects of aligned steel fiber
B30Results and Discussion
types on average bond strength can be
orderedasHy ber-yb&r sy bldH- > S

yber, as can be -2d.&fken from Fi

31Eval uation Parameter
In order to assess the effect offiber type
and geometry, fiber volume fraction (o , ) )
embedded length (& , and inclination angle bond strength of the H-yber shightly
— on the interfacial bond behavior, the

average bond strength is utilized.

increased slightly because the exterior end
hooks had bent in the opposite direction. The

. . H-ybers could be pulled out fr
Assuming that the bond strength is constant i o bend e plasti
matrix after complete bending of the plastjc
along the entire yber _em)%edde% Iength_,pthe
) ) hinge at the end hooks, resulting in a great
average bond strength is described as the

65
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improvement in average bond strength in 1d that specimens with hookede nd yber s
comparison with that of the Sy ber [ 5w8th a smaller diameter attained the highest
During pullout, untwisting T -fibers cause bond strength as campared to their
local pressure on the matrix, which can crush counterparts of larger diameter (EH -30-II),

it or cause radial or longitudinal micro which also shows a low bond strength as
splitting along t he -y bcemparddé¢orihg spacimgndvBh|straight fiber T

fiber can also generate additional pullout (S-30). Thus, smaller diameter hooked-end

resistance by twisting torque due to pre- steel ybers coul d be a bett

twisting al ong t he y Isteuctural | applicgtiorts. Oeemnall, it cah $e
qguadrangular cross-sectional shape. The  demonstrated that the deformed steel fibers
twisting torque causes local pressure at the clearly provided higher average bond
interface bet ween t hestyrbeemgtdsd t cancsetai ght ybers

matrix, leading to the formation and disperse attributed to the impact of mechanical
of micro-splitting cracks in the surrounding anchorage obtained at the end hook for the
matrix. These splitting cracks usually initiate hooked and halffhooked ybers and
at the yber exit a n d thecooghautithe erdire embgdmestpengthaby
toward the yber end. | torsienanrthe base oftwisted fibkrr om Fi g.

30

830 (1%) 26.23

%‘ 2 H30 (1%)
> T30 (1%)
=
3 204 19.67
£
=
B
g 15
@
E
& 104
w
o 6.19
S 5-
<

0 T

Specimen
a) Y-S. Tai et. al b) JJJ. Ki mYand&ob [5
c) D-Y. Yoo et . al d J. Qi et al.[F

Fig. 2. Average Bond Strength T versus Steel Fiber Types
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