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Abstract: Steelfiber reinforced self-compacting concrete (SFRSCC) is a relatively new composite material which congregates
the benefits of the self-compacting concrete (SCC) technology with the profits derived from the fiber addition
to a brittle cementitious matrix. Steel fibers improve many of the properties of SCC elements including tensile
strength, ductility, toughness, energy absorption capacity, fracture toughness and cracking. Although the available
research regarding the influence of steel fibers on the properties of SFRSCC is limited, this paper investigates
the bond characteristics between steel fiber and SCC firstly. Based on the available experimental results, the
current analytical steel fiber pullout model (Dubey 1999) is modified by considering the different SCC properties
and different fiber types (smooth, hooked) and inclination. In order to take into account the effect of fiber inclination
in the pullout model, apparent shear strengths ((4p,)) and slip coefficient (8) are incorporated to express the
variation of pullout peak load and the augmentation of peak slip as the inclined angle increases. These variables
are expressed as functions of the inclined angle (¢). Furthurmore, steel-concrete composite floors, reinforced
concrete floors supported by columns or walls and floors on an elastic foundations belong to the category of
structural elements in which the conventional steel reinforcement can be partially replaced by the use of steel
fibers. When discussing deformation capacity of structural elements or civil engineering structures manufactured
using SFRSCC, one must be able to describe thoroughly both the behavior of the concrete matrix reinforced with
steel fibers and the interaction between this composite matrix and discrete steel reinforcement of the conventional
type. However, even though the knowledge on bond behavior is essential for evaluating the overall behavior of
structural components containing reinforcement and steel fibers, information is hardly available in this area. In this
study, bond characteristics of deformed reinforcing steel bars embedded in SFRSCC is investigated secondly.

Keywaords: Bond characteristics ¢ Steel fiber reinforced self-compacting concrete « Pullout test ¢ Inclined fiber « Deformed
reinforcing steel bar
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1. Introduction It is cohesive enough to be handled without segregation or

bleeding. It can be used to facilitate and ensure proper fill-
1.1. Steel fiber and matrix made of self- ing of complex and multipart formworks and consequently
compacting concrete offers good structural performance in heavily reinforced

structural members. Modification in the mix design of
Self-compacting concrete (SCC) can be placed and com- self-compacting concrete may significantly influence the
pacted under its own weight with little or no compaction. ~ material's mechanical properties. Steel fibers can improve
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many of the properties of SCC elements including tensile
resistance and crack control, ductility, toughness, energy
absorption capacity, and resistance to fatigue. In the
fresh state, steel fiber reinforced self-compacting concrete
(SFRSCC) homogeneously spreads due to its own weight,
without any additional compaction energy, due to filling
and passing ability, as well as segregation resistance. In
the hardened state, the addition of fibers to brittle cemen-
titious matrix mostly contributes to the improvement of
the impact resistance and the energy absorption capacity
[1]: Steel fiber reinforced concrete (SFRC) resists tensile
forces through a composite action of the matrix and the
fibers. A part of the tensile force is resisted by the matrix,
while the other part is resisted by the fibers. Each of
these resistances are determined by the stress transfer at
the fiber—matrix interface, which is achieved by the bond
defined as the shear stress acting at the interface. Before
any cracking has taken place, elastic stress transfer is
dominant. At more advanced stages of loading, debonding
across the interface usually takes place, and frictional slip
governs the stress transfer at the interface. Therefore,
the mechanical properties of SFRC, especially its tensile
strength, tensile stress—strain curve, and toughness, are
influenced by the bond characteristics at the fiber—matrix
interface [2-5] sensitively. Accordingly, it is necessary to
study the bond properties between the matrix and fiber
prior to examining the various mechanical properties of
SFRC [6].

The bond characteristics depends on several factors includ-
ing the orientation of the fibers relative to the direction
of the applied load, embedded length of the fibers, shape
of the fibers, and strength of the matrix. Many researches
concerning bond properties have been conducted to reveal
the effects of the parameters related to fiber geometry or
strength of the matrix [7-15]. Several models to predict
the pullout behavior of fibers have been proposed [16-21]
so far. However, the inclination angle of a fiber in a ce-
mentitious matrix has a strong influence on the pullout
resistance. Although several researchers have performed
experiments to investigate the effect of the fiber inclina-
tion angle, the focus was mostly on the peak pullout load.
Thus, its effect is still disputable [4, 13-15]. It is generally
agreed that the effect of fiber inclination angle on the
pullout load and pullout energy totally depends on the
fiber aspect ratio (ratio of fiber length to equivalent fiber
diameter), fiber shape (straight, hooked, corrugated etc.),
and material properties such as yield strength whether the
fiber material is metallic or synthetic [6].

Based on the choice of criterion which is used for the
fiber-matrix interfacial debonding, the theoretical anal-
ysis of the fiber pullout problem can be classified into
two distinct approaches: strength based and fracture me-
chanics based approaches. Theoretical models based on

the former approach use maximum interfacial shear stress
as the interfacial debonding criterion. Therefore, when
the interfacial shear stress exceeds the interfacial bond
strength, debonding is supposed to occur. On the other
hand, in the theoretical models based on the concepts of
fracture mechanics, the debonded zone is considered as an
interfacial crack, and the extension of the crack depends
on the energy criterion that should be satisfied [22].

1.2. Deformed reinforcing steel bars embed-
ded in steel fiber reinforced self-compacting
concrete

An overview of the practical applications of SFRC shows
that depending on the type of structure, the use of the
steel fibers can either reduce the required amount of con-
ventional steel reinforcement or in some cases replace it
altogether, while maintaining satisfactory performance of
the structure [23]. Steel-concrete composite floors, rein-
forced concrete floors supported by columns or walls and
floors on an elastic foundations belong to the category of
structural elements in which the conventional steel rein-
forcement can be partially replaced by the use of SFRC. In
these cases the use of steel fibers is in-tended to reduce
opening of creep and shrinkage cracks and to increase the
speed of construction works. Steel reinforcement is still
needed there to guarantee sufficient deformation capacity
and load carrying capacity at the supports. Besides the
traditional use of fibers for controlling cracks in e.g. slabs
and toppings, examples can be given of fiber application
for load-bearing purposes. Research affirms the possibility
of using fibers for structural repairs, ductile beam-column
connections [24] or shear reinforcement, e.g. in order to re-
place conventional (web) reinforcement in I-shaped girders
[25]. Also in case of prefabricated tunnels, it is possi-
ble to eliminate conventional (bending) reinforcement if
SFRC is used, provided that the bending moments re-main
low. However, with respect to force distribution in tunnel
structures it is important to note that, under some geologi-
cal circumstances or exceptional loading situations, it is
possible to find sections where stresses due to bending
dominate the stress distribution and even absence of a
normal force is possible. In such cases it is not feasible
to apply steel fibers as main reinforcement. Therefore, in
order to provide a general structural solution for future
tunnel planning it is often suggested to combine the best
properties of both steel fibers and ordinary steel reinforce-
ment. This approach results in a combination of steel fiber
reinforcement and conventional steel reinforcement.

The number of applications of SFRC increased over the
past few years. However, SRFC can be efficiently and
safely applied in a wide variety of structures provided
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Table 2. Experimental results from the Griinewald [27].

lp Fiber Peak Pullout Force (N)

(mm) type SCC (B45) SCC (B65) SCC (B105) CC (B45) CC (B65) CC (B105)
10 80/30 177.6 193.2 181.4 1319 164.4 176.6
30 80/60 496.0 614.9 624.8 510.4 529.3 626.5
10  80/60 557.4 590.4 661.6 498.9 488.9 611.9
lp Fiber Average Hook Force (N)

(mm) type SCC (B45) SCC (B65) SCC (B105) CC (B45) CC (B65) CC (B105)
10  80/30 109.3 110.9 103.8 735 87.2 106.6
30 80/60 386.8 462.2 464.7 383.7 403.5 446.3
10  80/60 3782 4275 446.4 353.9 360.4 424.0
lp Fiber Frictional Force (N)

(mm) type SCC (B45) SCC (B65) SCC (B105) CC (B45) CC (B65) CC (B105)
10 80/30 323 23.6 24.4 17.0 16.4 295
30 80/60 175.6 215.8 206.4 181.6 186.5 143.8
10  80/60 157.0 227.7 136.5 186.2 155.9 1373

was proposed to evaluate the contribution of steel
fiber reinforcement to the development strength of
reinforcing bars in tension.

3. Database for bond characteris-
tics of the SFRSCC experimental tests

The experimental results included in the database are de-
veloped mainly from Griinewald [27], Holschemacher and
Klug [28], Cunha [29], and Schumacher [30] studies. It
includes information regarding the composition of the mix-
tures, fresh properties of SFRSCC and testing methodology
and conditions. However, it should be emphasized that this
aspect has not been investigated as broadly as the other
aspects of SFRSCC therefore the published experimental
data is still not very extensive [31].

Using experimental data results from different sources
can frequently be problematic for the following reasons:
(a) there is often insufficient information regarding the
exact composition of the concrete mixtures; (b) the size of
the specimens, curing conditions, and testing methodology
vary between the different investigations and, in some
cases, this information is not fully indicated; (c) in many
cases it is difficult to extract the relevant experimental
values because the published results are incomplete or
presented in graphical form and the data values have to
be extrapolated. Table 1 presents a general summary of
the fiber shape (smooth or hooked-end), fiber length ({f)
and diameter (dy), outer radius of the matrix cylinder b,
tensile strength of fiber, compressive strength of concrete
(f]), inclination angle, fiber type, cement type, filler type
and embedment length ({5).

In Table 2, the Griinewald [27] experimental results are
summarized. It includes the peak pullout force, the average
force (the length of the hook is equal to the displacement
which fiber requires to completely enter the straight chan-
nel) and the average frictional force (up to the slip at which
the load rapidly dropped to zero). In addition, it includes
different types of fiber, embedded lengths, types of con-
crete (SCC or conventional concrete (CC)) and compressive
strengths (45, 65, 105 MPa).

In Table 3, the Holschemacher and Klug [28] experimental
results are included. It summarizes the peak pullout force,
slip at peak pullout force for different types of fiber (long
and short end hook, smooth, l¢/d; = 50 and l¢/d; = 62.5),
concrete ages (3 days, 7 days and 28 days) and concrete
types (SCC or CC).

In Table 4, the Cunha [29] experimental results including
the peak pullout force, slip at peak pullout force for different
types of fiber (hooked and smooth), inclination angle and
embedment length are summarized.

In Table 5, the Schumacher [30] experimental results, the
deformation controlled pullout tests are presented for on
reinforcing bars embedded in plain and fiber reinforced self-
compacting concrete over a short embedment length. The
influence of the following parameters on the bond behavior
is investigated: fiber volume, fiber aspect ratio, concrete
cover, way of manufacturing (cast and sawn specimens) and
concrete compressive strength. Pullout tests performed on
single 10 mm diameter ribbed bars embedded along three
times the bar diameter (i.e. 30 mm) in 200 mm cubes.
From investigation conducted by Aslani and Nejadi [31]
on the bond characteristics of SFRSCC experimental tests,
the following conclusions can be derived: a) the maximum
pullout force and the average force within the length of
the hook of SCC are significantly higher than CC. The
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Table 3. Experimental results from the Holschemacher and Klug [28].

Peak Pullout Force

Slip at Peak Pullout

(N) Force (mm)
Hooked fiber Hooked fiber
Mixture type (l/dr = 50) (le/df = 50)
SCC 469.3 0.759
CcC 316.0 1.130
Mixture type Fiber (lf/df = 50) Fiber (lf/df = 50)
SCC (Long end hook fiber) 544.4 1.251
SCC (Short end hook fiber) 610.6 1.063
SCC (Smooth fiber) 138.9 1.184
Concrete age Long end hook fiber Long end hook fiber
(Iy/dy = 50) (lr/dr =50)
SCC (3 days) 455.8 1.426
SCC (7 days) 486.2 1.345
SCC (28 days) 546.5 1.244
Concrete age Long end hook fiber Long end hook fiber
(lr/df = 62.5) (lr/dr = 62.5)
SCC (3 days) 326.0 0.857
SCC (7 days) 300.7 1.148
SCC (28 days) 2945 1.421

Table 4. Experimental results from the Cunha [29].

Peak Pullout Slip at Peak
Force (N) Pullout Force (mm)
lp Hooked Smooth Hooked Smooth
(mm)  fiber fiber fiber fiber

10 3218 - 059 -
Angle (0°) 20 3478 774 0.65 0.12
30 3882 1552 069 025
10 3609 - 0.94 -
Angle (30°) 20 4001 1735 100 0.19
30 4160 2037  0.80 038
10 3420 1542 240 334
Angle (60°) 20 3352 1728 233 202
30 3651 1804 264 217

frictional resistance was also larger in most cases but a few
results were found to be lower; b) the compressive strength
of concrete influences the pullout loads but not in the
expected order of magnitude. That means by increasing the
concrete age and consequently the compressive strength
the ultimate load increases as well; c) the influence of the
inclination of the end hook seems to be more effective than
the compressive strength of SCC; d the slip at peak pullout
force increases with the inclination angle for both hooked
and smooth fibers; e) in the larger cross-sectional area
under stress, fiber with lower aspect ratio (l¢/ds) shows
higher pullout loads than fiber with higher aspect ratio
in SCC mixtures; f) the bond behavior of fibers embedded
in SCC is more efficient than of those fibers embedded
in CC; g) in SCC, for both hooked and smooth aligned
fibers, the configuration of the pullout load-slip curve was

similar (regardless the fiber embedded length). However,
the peak load and the dissipated energy increases as
expected; h) in the case of aligned fibers the influence of
lb is more significant on the smooth fibers, while relatively
small increments are registered for the hooked end fibers;
i) for both hooked and smooth fibers the highest maximum
pullout load is observed for an inclination angle of 30°.
However, the increase of the maximum pullout load with
the inclination angle is more significant on the smooth fiber
types; j) for SCC without fibers the direction of the casting
pullout test specimens does not significantly influence the
bond stress—slip relationship; k) the addition of steel fibers
slightly influences the bond behavior in case of pullout
bond failure and is expected to have a pronounced effect
in case of splitting bond failure.

4. Modeling of bond steel fiber and
matrix made of SCC

4.1. Overview of the theoretical steel fiber-
matrix pullout models

Cox [32] has developed the first strength-based analytical
model to describe the transfer of the stress between fiber
and matrix. This model assumes that the tensile stress in
the matrix is negligible if compared to those in the fiber
and the shear stresses in the fiber. In addition, the shear
stresses in the fiber are small compared to those in the
matrix. Assuming compatibility of the fiber and matrix
displacement at interface, ie., no slip, Cox [32] derived
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Table 5. Experimental results from the Schumacher [30].

Peak Pullout Force

Slip at Peak Pullout

Peak Pullout Force

Slip at Peak Pullout

(N) Force (mm) (N) Force (mm)

Concrete cover (mm)  SCC (B45) Test1 SCC (B45) Test1 SCC (B45) Test2 SCC (B45) Test2

15 1416.78 0.267 1578.5 0.088

25 1755.30 0.555 1645.76 0.436

35 1717.78 0.474 1809.71 0.430

95 1584.78 0.431 1400.52 0.257
Concrete cover (mm)  SCC (B105) Test1 SCC (B105) Test1 SCC (B105) Test2 SCC (B105) Test2

35 3711.76 0.229 3677.89 0.333

Concrete cover (mm)

SCC (B45) with
80/30 fibreTest1

SCC (B45) with
80/30 fibreTest1

SCC (B45) with
80/30 fibreTest2

SCC (B45) with
80/30 fibreTest2

15 1565.45 0.579
15s (sawn cast) 1621.63 0.416
25 2024.97 0.524
25s (sawn cast) 1877.97 0.726
35 1722.36 0.320
95 1894.73 0.759

1643.6
137343

1655.7
1951.31
1678.18

0.678
0.513
0.820
0.558
0.792

Concrete cover (mm)

SCC (B45) with
45/30 fibreTest1

SCC (B45) with
45/30 fibreTest1

SCC (B45) with
45/30 fibreTest2

SCC (B45) with
45/30 fibreTest2

35

1348.64

0.722

1599.257

0.454

Concrete cover (mm)

SCC (B105) with
80/30 fibreTest1

SCC (B105) with
80/30 fibreTest1

SCC (B105) with
80/30 fibreTest2

SCC (B105) with
80/30 fibreTest2

35

3765.51

0.236

3695.2

1.220

analytical expressions for the axial stress distribution in
the fiber and the shear stress distribution at the interface.
Greszczuk [33] was the first to derive an interfacial debond-
ing criterion using the shear-lag theory. The analytical
model by Greszczuk [33] was also based on similar assump-
tions as Cox [32], but later postulated that at the instant
when the shear strength of the interface is first attained,
catastrophic debonding would occur over the entire embed-
ded length of the fiber. However, in reality, debonding may
be limited to the zone in which the elastic shear stress
exceeds the adhesional shear bond strength and in those
circumstances, the process of load transfer will comprise
the frictional shear transfer at the debonded zone and
elastic shear transfer over the remaining length of the fiber.
Greszczuk's model [33] did not include the possibility of
the existence of frictional bond, which constituted a major
limitation of the model. Thus, his solution did not consider
the stabilization of the debonding process that may take
place due to the existence of frictional shear bond at the
debonded interface.

Further, Lawrence [34] extended the theory developed by
Greszczuk [33] by taking into account the process of pro-
gressive debonding of the fiber-matrix interface. He sug-
gested that the maximum fiber pullout load would occur
at the instant when debonding of that part of fiber length
where the elastic bond is still intact takes place in a catas-
trophic manner. The model developed by Lawrence [34]

includes the effects of both the interfacial elastic shear
stresses and the frictional shear stresses, and it recognizes
the conditions for either a gradual, or an instantaneous
debonding of the interface. He has shown that the form of
the distribution of the shear stress and the load along the
fiber length depends upon the elastic properties of con-
stituents and the fiber embedded length. In this model, in-
terfacial frictional shear stresses over the entire debonded
zone were assumed to remain constant.

Gopalaratnam and Shah [35] with regard to interfacial
shear-stresses made similar assumptions to those made by
Lawrence [34] to obtain the solution to the fiber pullout
problem. Thus, this model takes into consideration the
following: the existence of interfacial elastic shear stresses
prior to the inception of fiber-matrix interfacial debonding,
the existence of both the interracial elastic shear stresses
and the interfacial frictional shear stresses when the fiber-
matrix interface is partially debonded, and the existence
of interracial frictional shear stresses after the fiber-matrix
interface has completely debonded and is pulling out.
Models developed by Gopalratnam and Shah [35], Nammur
et al. [36], Gopalaratnam and Cheng [37], Stang et al. [38]
also took into account the combined stress transfer mecha-
nisms. It is apparent that the shear stresses (both elastic
and frictional) that develop parallel to the fiber-matrix
interface are of extreme importance in controlling the fiber-
matrix stress transfer mechanism. However, stresses and
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strains may also develop normal to the fiber-matrix inter-
face as a result of Poisson’s effect, volume change, and
multiaxial loading. They may induce considerable varia-
tions in the resistance of frictional slip, which is sensitive
to normal stress. A comprehensive approach to the stress-
transfer problem therefore requires simultaneous treatment
of all the above-mentioned effects, including elastic shear
transfer, frictional slip, debonding and normal stresses and
strains.

Analytical models developed by Takaku and Arridge [39]
and Hsueh [40-42] are more comprehensive than the previ-
ously cited models since these models take into considera-
tion the influence of Poisson’s contraction of the fiber on
the pullout test. However, these aspects were considered
in the analysis only after the occurrence of complete inter-
facial debonding (i.e., in the fiber pullout case as explained
later). Thus, the influence of Poisson’s contraction dur-
ing progressive debonding remained unaccounted, which
constituted a major limitation of this model. The model
by Hsueh [40] considers Poisson'’s effect during progres-
sive debonding, however the analysis and the closed-form
solutions presented are complex to use.

Furthermore, Nammur and Naaman [19] proposed an ana-
lytical model of the bond at the interface between steel
fibers and cementitious composites, assuming an idealized
bond-slip relationship. The assumed relationship is bilin-
ear and elastic-perfectly frictional. This model was limited
with bond stress in the interface and does not deal with the
pullout behavior. Naaman et al. [20] proposed an analyti-
cal solution for the bond behavior using the relationship
between the bond behavior curve and the shear stress—slip
curve at the interface. The authors also adopted values of
the post-debonding frictional stress on the slip based on
experimental results instead of the constant value assumed
in Nammur and Naaman [19]. The fiber pullout model
introduced by Nammur et al. [36] is a cohesive interface
type model. A cohesive interface type model assumes
that only relative displacements between the fiber and
the matrix can activate the stress transfer at the interface.
Also, in these types of models the interfacial traction is
described as a function of the displacement discontinuity,
and since there exists a unique relationship between in-
terface traction and interface displacement discontinuity,
it is not required to distinguish between the debonded
and bonded interface. Since the interfacial bond due to
chemical adhesion is not slip induced bond, the application
of the assumed bond stress versus slip relationship in this
model is limited to the cases where chemical adhesion is
negligible. The other major limitation of this model is that
it assumes a constant value of interfacial shear stress at
the debonded face. Applying the bond stress versus slip
constitutive relationship to a cylindrical fiber-matrix coax-
ial pullout model, relationships were derived for interfacial

shear stress distribution, axial shear stress distribution,
and fiber displacement at the various stages of pullout
loading. Applying the shrink-fit theory to the problem and
hypothesizing that the radial misfit between fiber and ma-
trix decreases as fiber is pulled out of the matrix, Naaman
et al. [20, 21] modified the previously developed model by
Nammur et al. [36]. It has been shown that as the fiber
pulled out from the matrix, the interfacial frictional shear
stress at the debonded interface decreases as a result of
the decrease in radial misfit.

Numerous studies have been also conducted on deformed
fibers with different shapes, such as hook-shaped fibers,
and analytical models were proposed by Alwan et al. [43],
Chavillard [44], and Sujivorakul et al. [8].

The above discussion brings to attention the inadequacy
of the existing fiber pullout models, and also the fact that
a need exists for a model that realistically captures the
physical phenomenon occurring during the process of fiber
pullout. To model the pullout behavior of steel fiber in
SFRSCC, this study applies the progressive debonding
model for fiber pullout proposed by Dubey [22], which
appears to be the most suitable model for this compos-
ite. This fiber pullout model considers the evolution of
the interfacial coefficient of friction during the process of
fiber pullout. Additionally, the proposed model takes into
account the following aspects that are either considered or
ignored in the earlier models: 1) dependence of the initial
debonding stress on the embedded fiber length; 2) radial
dependence of the axial stress in the matrix; 3) explicit
inclusion of the interfacial properties such as the contact
stress’ and the coefficient of friction; 4) poisson’s effect (in
the event of a debonded fiber).

The Dubey’s [22] model is briefly described below. This
model has been explained in detail in Dubey [22]. Consider
a fiber of radius a and Length L embedded at the centre of
the matrix coaxial cylinder with inner radius a and outer
radius b. A cylindrical coordinate system is selected so
that the z-axis corresponds to the fiber axial direction and
r-axis corresponds to the radial direction. The embedded
end of the fiber is located at z = 0, and the other end
where the fiber exits the matrix is located at z = L. The
exit-end of the fiber (i.e, at z = L) is subjected to the
tensile stress gy. Both fiber and matrix are assumed to
be elastic. Recall that transfer of the stress between the
fiber and the matrix is via interfacial shear stresses (see
Figure 1).

In this model, the entire pullout process can be divided
into three stages:

1. As shown in Figure 1, fiber completely bonded along
it's length: during stage 1, fiber and matrix displace-
ments at the interface remain compatible, and the
resistance to fiber pullout is derived from the adhe-
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The matrix shear stress, 7,,, at any radial distance, r, can be expressed as:

[ﬁ}f r2a (1-1)

If w,, represents the displacement of matrix in the axial direction, the corresponding shear stress in the matrix
(ignoring the radial displacements) is given by: Ey v (1-2)

1’":211+vmi dr

The interfacial shear stress: ‘= Ey O, = w,) (1-3)
2(1+vm)a Llog b -1
(b - a) a

w, and w, are the axial displacement in the matrix at ¥=a and r=b; The shear stress in the matrix:

Ty = Ep [y =, )b r) ; (1‘4) Wy =W, +7W2_ i [blog( )+a r] 5 (1'5)
2(1+vm)r[blog(§)—(b-u)] blog(;)—(b—a)
E,
. R i d e oy =50y
The axial stress in the matrix: o, = £, % ;(1-6) 5, =2ng, +—f[b|og{ )+a7r} ;o (17
: Es [blog(é)—(h—a)]
a
The axial stress in the matrix o,,-, o, =00 |TEETTN N, (1.8);  a=Ln(1-9); - < (1-10)
n iz E, ERpE
ﬂ:;{b[glog(é)— (bz ;az)}r a(bzz‘“z)_ (173 ;“3)}(1-1 1)
a? [blug(%]—(b—a)] “
. . . L B o, sinh (6 z) smh [ﬁ(L - z)] .
Fiber Axial Stress Distribution: o, 7m[( —yna+an)— N AR T (1-12)

1/2
ﬂ=[i(y+a—7ﬂa)+aa] (1-13)
rn

Interfacial Shear Stress Distribution: - ﬂw‘j/yf% [( ynatan) “:}‘: " L; °°Ss“n[fw ] (1-14)
Fiber Displacement: Uy = m [( —ynatan-y ;o?:h(ﬁLL + ;/L:| (1-15)
For a two-sided pullout test, fiber displacement is given by:

U, :ﬁwmj[(a— yna+an-y, ;OSh (L) +yL] (1-16)

Debounding criterion and initial debounding stress: o, = =2% b+ ”"ﬁ"”‘“ an) [(" 7”“;’1’;5"“ (81) ] (1-17)
a S1

Figure 1. Stage 1 - fiber completely bonded along the length of the fiber with the relevant calculations.
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For an unstressed fibre, the relationship between the interfacial contact pressure, o., and the radial fibre-
matrix misfit, J,:

o —
S 3, ;21 aamav, 2L (22) o= (6, - Aa) 0 (2-3)
a |a®+b? a [ Ey a |a®+b? a
+v, +—1—vf] — +v, +—[1—v,]
Em b2 _az E/ Em bz _az E/
The resultant contact pressure: ¢, = =5 + ] ; 2-4)
a|a’+b? +v, +L[l—v»] E—/ a2+b2+v +[I—v ]
E, |p?-a? m E, / E, |p?-a? m f
0, =0.+wo, | (2-5) w= Vs 5 (2-6)
E;la?+b? + . [1 ]
Tm b2 _ a2 Vim vy
. - - 2wull-lg) —2wuz
The fibre axial stress: op=-Ze [gd +_c]e e e (2-7)
E w w
The distribution of interfacial shear stress: ,=uo, =ulo. +wo,) (2-8)

The relationship between the fibre pullout stress, g, and the debonded length, /;:

2uwlg

o’o:—o-—‘;'*'[o'd‘*o-—mj]e “ (2'9)

The total fibre displacement:

2uWiy
o, cosh [/i(L —l‘,) -1 o.ly, a o,

U, = - - L—1,)]- =<4 _ Ze «  —1](2-10

", (7+a7777a+a77;|:(a rnatan-y) Bsinh [B[L -1, ALY E;w 2Epuw cer e ( )

Bond and frictional components of pullout stress:

2uwly 2uwly
00 =00pond + 00, fric (2-11); C0bond = Fd (2-12); oo pic =|e ¢ —llog +Zele @ (2-13)
- N w

Catastrophic debonding:

49y . |990pic| |d%0bond | (7 14y, 40 _ | 2pwx fxa  fuxs 240, o (2-15)
di; = di, |7 dy T dl, ax, x) x2 a
X = 27 (Y+a_ﬁyna+aﬂ)sinh[ﬁ(L—ld)] (2-16); x, = (@-yna+an)cosh [B(L-1,)]+y (2-17)
a
o= (= yna+an)sin [(L-1,)] 2-18); x, = 2Ts@=rnaran) o ) (2-19)

ap

Figure 2. Stage 2 — fiber partially bonded along its embedded length with the relevant calculations.
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The resultant contact stress:

The interfacial contact stress;

The governing differential equation of stress transfer for the pullout case has been derived by Takaku and

. d
Arridge [34]: %+2—‘uw0'/* 2h5 . (3-1)
iz a
—2uwz
Fiber axial stress distribution: o= % [1 —e a ] 0<z<L-p,;(3-2)
w
Interfacial frictional shear stress distribution Tp=p0o,, = wlo, + waf) (3-3)
—2wpz
Ty =pO.e ¢ OSZSL—pd(3-4)
. s 2wu(L-pq)
Fiber pullout stress: cp=—=[1-e @ (3-5)
w
—2wulL
The initial frictional pullout stress: oy =—2¢ [1_e a ] (3-6)
w
) ) - —2uw(L-pg) —2uw(L-py)
Fiber displacement: Ups =g~ |L=pg)r=———de @ —1tipg{l-e @ (3-7)
Erw 2uw

The work of fibre pullout, p is the interfacial coefficient of friction:

z=L-pq

O,

=0, +wo, (3-8)

O ¢ = =WO0 usymprotic (3 _9)

p

2 “2waul | 2wupan ’Zwﬂpdl

Wy =22 % Pa2~ Pa1— e ¢ l:e “ (3-10)
w 2w
The adhesional bond strength:

doy _-2z,(y+a-yna+an) (ller— ynar+an)eosh (BL)+ y] B eosh (B)  Bla- yna+a77 sinh (L) (-11)

dL ap 1 [(a—;/na'+ an)cosh (BL)+ 7]2 [(a yna+an)cosh (BL) +}/]2
d"d] ~ 2% (3-12)¢, = (""d] (3-13)

( dL 20 “2laL -0

Figure 3. Stage 3 - fiber completely debonded over its embedded length and pulling out with the relevant calculations.

sional shear stresses at the interface. At the end
of stage 1, debonding of the interface is initiated
at the location where the fiber enters the matrix.
Closed-form solutions are derived for the fiber axial
stress distribution and the interfacial shear stress
distribution along the fiber length, the fiber dis-
placement, and the initial debonding stress (i.e., the
fiber pullout stress required to initiate interfacial

debonding). The closed-form solution for the initial
debonding stress is derived based on a maximum
shear stress criterion. This solution indicates that,
among other factors, the initial debonding stress
depends upon fiber length and fiber elastic proper-
ties. At the end of stage 1, interracial debonding
initiates at the location where the fiber enters the
matrix [22].
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Table 6. Proposed models for the coefficient of friction .
Coefficient Hooked fiber Smooth fiber
of friction ~ Normal strength concrete High strength concrete Normal strength concrete High strength concrete

Ui 0.26 0.35 012 0.18
Uss 0.068 0.083 0.035 0.050
c 0.7
T 0.192e=97pd + 0.068 0.267e~97pd +0.083 0.085e~97Pd +0.035 0.13e=97P4 1+ 0.050
2. Figure 2 shows that, fiber partially bonded along fiber pullout stress, and fiber displacement at differ-

its embedded length: During stage 2, progressive
debonding of the interface is initiated at the location
where the fiber exits the matrix. The adhesional
shear stresses at the bonded interface and the fric-
tional shear stresses at the debonded interface resist
the fiber pullout. At the end of stage 2, the fiber
is completely debonded along its embedded length.
The influence of Poisson’s contraction of fiber is
taken into consideration in the analysis. It is shown
that for any debond length, the fiber pullout stress is
a summation of two components, the one arising due
to the adhesional shear bond and the other arising
due to the frictional shear bond. Closed-form solu-
tions are derived for fiber axial stress distribution
over the bonded and the debonded interfaces, inter-
facial adhesional shear stress distribution over the
bonded interface, interfacial frictional shear stress
distribution over the debonded interface, fiber pull-
out stress versus debond length relationship, and
fiber displacement versus debond length relation-
ship. It is demonstrated that debonding process
becomes catastrophic at the instant when the fiber
pullout stress begins to drop with increase in debond
length. This condition is satisfied when the differ-
ence between change in the frictional component of
pullout stress and the adhesional component of pull-
out stress resulting due to change in debond length
becomes equal to zero. A closed-form solution is
derived to calculate the catastrophic debond length,
given the mechanical properties of constituent ma-
terials, the interfacial properties and the geometry
of the pullout specimen. Closed-form solutions are
also derived to calculate the peak pullout stress and
the displacement corresponding to the peak pullout
stress [22].

. As shown in Figure 3, fiber completely debonded

over its embedded length and is pulling out: At the
end of stage 2, pullout of the fiber is initiated, and
thereafter, the interfacial frictional shear stresses re-
sist the pullout of fiber from the matrix. Closed-form
solutions are derived for fiber axial stress distribu-
tion, interfacial frictional shear stress distribution,

ent stages of pullout process.

The Dubey'’s [22] model is capable to take into account the
evolution of the interfacial properties during the pullout
process. This model captures the essential features of
the pullout process, including the progressive interfacial
debonding and Poisson’s effect in the event of debonded
fiber.

4.2. Calibration of the pullout model for bond
characterization of SFRSCC

By using database for bond characteristics of SFRSCC
experimental results as shown in Tables 1-4, the interfa-
cial properties are calibrated. The coefficient of friction
versus pullout distance relationship was calculated from
Equations 3-10) as shown in Figure 3. In these equations,
the interval between pg4; and ps, was chosen as 0.5 mm.
Work of fiber pullout, W,, when fiber pullout displacement
increase from pg4 to pgy can be calculated as following:

-P
s % X (pd1 — pd2) (1)
where pg1 and pg, are the rigid body displacements of
the fiber in a pullout test, P,,, and P, are the pullout
load corresponding to the pullout distance pg1 and pga,
respectively. The evolution law for the coefficient of friction

can be described by the following equation:
H= (UI - USs)e_cpd + Hss (2)

where p; is the initial coefficient of friction, ps is steady
state value of the coefficient of friction attained at large
pullout distances and c is a constant that governs the rate
at which coefficient of friction decreases exponentially with
increase in pullout distance [22].

By using experimental results of the database the coeffi-
cient of friction models for smooth and hooked fibers by
considering normal or high strength SCC are proposed as
shown in Table 6. The coefficient of friction versus pullout
distance curves obtained using equations in Table 6 for
smooth and hooked fibers with different lengths (15 mm
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Figure 4. Coefficient of friction versus pullout displacement curves
for smooth fiber and normal strength SCC.
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Figure 5. Coefficient of friction versus pullout displacement curves
for smooth fiber and high strength SCC.

to 60 mm) and normal or high strength SCC are plotted
in Figures 4-7. Table 7 compares the Griinewald [27]
experimental results including the measured peak pullout
force with the predicted peak pullout force by utilizing the
proposed coefficient of friction in the modified Dubey model
[22]. As shown in Table 6, proposed model demonstrate a
good agreement with the experimental results.

In addition, Figure 8 compares the Holschemacher and
Klug [28] experimental results including the load-slip
curves and the predicted curves by using the proposed
model for smooth and hooked fiber.

4.3. Calibration of the pullout model by allow-
ing for the effect of fiber inclination angle in the
bond characterization of SFRSCC

Modeling was implemented through a comparison of the
pullout test results according to change of the inclination

0.4 T T - T
035 \» : J: i X 15 mm
- T i i i 030 mm
2 03 L---mmmen Pt . T A 60 mm
5 i i i
.g 025 A-ooooon O I —Proposed Model .
2 [ 1 [ '
£ :
B 0% el Lk e
b i [
g . ‘ ‘ ‘
T 015 [ B mmam oo remmmme- Fmmm e m -
s Ry A
3 i
0.1 B R Lt s L S e s e
© . T .}i..-.--l ]
0.05 H BAAAAAANA A AN AMADL AL DNY
0 i i i i 1
0 5 10 15 20 25 30

Nignlacoment nd fmm)

Figure 6. Coefficient of friction versus pullout displacement curves
for hooked fiber and normal strength SCC.

Coefficient of friction, s

0 5 10 15 20 25 30
Displacement, pd (mm)

Figure 7. Coefficient of friction versus pullout displacement curves
for hooked fiber and high strength SCC.

of the fibers. Modeling for the bond behavior of inclined
fiber is based on the pullout model for the aligned fiber (as
shown in Figures 1-3). The modeling of the bond behavior
for inclined fibers considers the variation of load due to
the snubbing effect and matrix spalling effect assumed
that the fiber inclination angle (¢) is equal to zero (in
the case where the fibers are not positioned in the tensile
load direction and are inclined, the bridging force will be
increased, this phenomenon is called the ‘snubbing effect’
[6, 15, 45, 46]. This is accomplished by introducing the ap-
parent bond strength (Tnax(app) Tr(app)) Which is illustrated
as a function of the inclination angle ¢. In addition, in-
crease in the slip displacement is reflected by multiplying
the corresponding slip to ¢ = 0 by the coefficient B, which
is also a function of the inclined angle ¢. Table 8 gives
the values of Tyax(app): Tr(app) @nd B obtained through the
comparison with the Cunha [29] experimental results in the
database for each fiber inclination angle, as well as the
corresponding Pyq,. However, in this study, Tyaxapp) is
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Table 7. Comparison of experimental peak pullout force (Griinewald [27]) versus
predicted peak pullout force by using proposed model.

Peak pullout force [N]
lp (mm) Fiber type Specimen Experimental [23] Theoretical Error [%]

SCC (B45) 1776 1703 411
10 80/30  SCC (B65) 1932 189.4 1.96
SCC (B105) 181.4 1777 2.03
SCC (B45) 496.0 4992 0.64
30 80/60  SCC (B65) 614.9 616.2 0.21
SCC (B105) 624.8 620.6 0.67
SCC (B45) 557.4 556.1 0.23
10 80/60  SCC (B65) 590.4 596.9 1.1
SCC (B105) 661.6 656.7 0.74

Table 8. Proposed values of Tuax(app)s Triapp)» B @nd the corresponding Py, obtained
through comparison of the Cunha [29] experimental results with respect to the
inclination of fibers.

Peak Pullout Force (N) Tmax(app): THapp) B
b (mm) Hooked fiber Smooth fiber Hooked fiber Smooth fiber

10 321.8 - 1.61 -

Angle (0°) 20 347.8 77.4 1.80 177 1.0
30 388.2 155.2 210 227
10 360.9 - 4.31 -

Angle (30°) 20 4001 1735 3.29 312 9.0
30 416.0 203.7 1.99 2.34
10 3420 154.2 2.62 3.07

Angle (60°) 20 335.2 172.8 333 363 62.40
30 365.1 189.4 0.85 0.91

equal to Tf(pp) for each fiber inclination angle, since Tjqx
and 1 are the same for the aligned fibers. Furthermore,
the Levenberg—-Marquardt algorithm is selected for the
nonlinear regression analysis to fit the test results with
the parameters Tjqx(app) @Nd Tr(app). A parameter study is
also performed to minimize the sum of squares of errors,
as shown in Equation (3).

n

F= (Tmux(app)r Tf(app)) = Z(Pe - Pm)2 (3)
l

where n is the number of data sets, P,, is the measured
pullout load from the pullout tests, and P. = gyAs is
the calculated pullout load from Equation (2)—(refeq:11)
as shown in Figure 2 including the parameters T, qy(app)
and Tyqpp). The parameter B is determined by calculating
Upeak(9)/ Upeax(0) ratio obtained from the experiments as
shown in Tables 4 and 8 where U,cqk(p) denotes the
peak slip displacement corresponding to the peak load
with the inclination angle ¢ and U,eq(0) is the peak
slip displacement corresponding to the peak load for the
aligned fiber.

Primarily, this study attempts to express Tpax(app): T(app)
and B as a function of ¢ based on the results of Table8. To
express these quantities as a function of ¢, an allowance for
the snubbing and matrix spalling effects in P, is made.
The snubbing effect could be defined by the following
equation [15, 22, 46]:

P(¢) = e'?P(¢ = 0) (4)

where f is the snubbing friction coefficient, the value of f
varies with the type of the fiber and strength of the matrix.
The matrix of spalling effect can be considered by the
following equation, assuming that load reduction does not
occur when ¢ = 0 and the pullout force does not act on
the fiber when ¢ = /2.

P(¢) = (cos §)"P(¢ = 0) )

where k is the spalling coefficient and ¢ is in radians. In
order to apply the snubbing and matrix spalling effects to
the bond behavior 7, can be expressed as a function of
¢ using Equations (4)—(5) as following:

Tapp(9) = €'%(cos ¢)* 7(¢ = 0) (6)
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Figure 8. Comparison of the experimentally obtained load—slip curves versus (Holschemacher and Klug [28]) predicted curves by using the

proposed model.

Comparison of the Cunha [29] experimental results for
smooth and hooked steel fiber with two different fiber
embedment lengths (10 and 20 mm) reveals that the best
agreement can be proposed by utilizing Equation (7); and
for embedment length 30 mm by utilizing Equation (8) as
presented below:

Tapp($) = €'*%(cos ¢)' (¢ = 0) 7)
Tapp() = €% (cos ¢)’ (¢ = 0) (8)

Figures 9-10 compare the shear strengths obtained by
using the experimental results and Equation (2)—(5) in
Figure 2. The apparent shear strengths are obtained by
using Equations (7) and (8) for three different embedment
length (10, 20 and 30 mm).

In addition, U(¢) is defined by the following expression
considering both the snubbing and the effect of matrix
spalling effects.

U(é) = BU( = 0) ©
3=1+y(27) (10)

Comparison of the results determined by the above men-
tioned equations with the experimental results reveals
that a good agreement can be achieved if: n = 1.8 and
y = 100 are proposed. Figu11 shows the variation of slip
coefficient, B, with respect to ¢ (Equation (10)) using the
proposed values of n and y.
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Figure 9. Comparison of the proposed apparent shear strengths (Equation (7)) with shear strengths obtained by using the Cunha [29] experimental

results subjected to calibration according to inclination angle by using Equations (2)—(11) in Figure 2.
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Figure 10. Comparison of the proposed apparent shear strengths (Equation (8)) with shear strengths obtained by using the Cunha [29] experimental

results subjected to calibration according to inclination angle by using Equation (2)—(11) in Figure 2.
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© Experimental results by Cunha (2007)

Accordingly, the pullout behavior of inclined fiber can be
expressed in three stages and are shown in Figures 1-3.
Equations (11) and (12) represent the stage 1 when fiber
completely bonded along the length of the fiber. While
Equations (13) to (16) represent stage 2, when fiber par-
tially bonded along its embedded length and finally Equa-
tions (17) to (19) correspond to behavior in stage 3 when
fiber completely debonded over its embedded length. Ap-

parent shear strengths that reflect the effects of fiber incli-
nation angle, such as snubbing and matrix spalling effects,
on both load and slip displacement are adopted in the

0 10 20 30 40 50 60 70 80 90

Angle (Degree)

pulling out procedure.

Figure 11. Comparison of the predicted curve for 8 by Equation (10)
with the experimentally obtained Upeqk (¢)/Upeak (0) ratios

for different inclination angles.

|

Stage 1 — fiber completely bonded along the length of the fiber:

B  —2Twoxiop (DY + @ — yna + an) [ (@ — yna + an) cosh(BL) ™
Onax = 0(9) = B sinh(BL) )
[((a — yna + an) cosh(BL)) / sinh(BL)]
Umux/U = " 12
( b)(¢) EraB[{((a — yna + an) cosh(BL)) [ sinh(BL)} + yL] (2)
Stage 2 — fiber partially bonded along its embedded length:
Bond and frictional components of pullout stress:
00(P) = Go,b0nd(P) + Oo.sric(P) (13)
00,60nd (@) = 04(P) (1)
—2uwly o, —2uwly
oicl@) = [e 75 = 1] au(g) + 5 [e 7 —1] (15)
The total fiber displacement:
94(9) [ cosh[B(L — Lg)] -1 ]
Upa(@) = a—yna+an— , +y(l—1
oly ocly a o, —2uWiy
o it i Tl LG Rkl | Gl
Stage 3 — fiber completely debonded over its embedded length and pulling out:
Interfacial frictional shear stress distribution
7(§) = po(gle o 0<z<L—py (17)
Fiber pullout stress:
_ @) [, e
on(g) = — P [1-e ] (18)
Fiber displacement:
o ad, o [ sy  —2uw(L—pY)
Upal ) = pu = £, [(L P+ 5 e 1} +pa {1 e (19)
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slip curves (Cunha [29]) versus the predicted curves by using the proposed model.

Figure 12. Comparison of the experimentally obtained load-
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Table 9. Summary of the influence of the addition of hooked-end steel
fibers on the bond behavior.

References splitting failure  pull-out failure
STR STF DUC STR STF DUC

Hartwich [63] ++ 0 ++ 0 0 ++

Samen Ezeldin ++ 0 + 0 na +

& Balaguru [64]

Harajli [62] na na + + +

Soroushian et al. [24]
Harajli et al. [61]

Hota & Naaman [65]
Plizzari [66]

De Bonte [67]
Literature survey
Bigaj-van Vliet [26]
(summary of the above)

na na + + +
+ na na na
+ na na na
+ + + na +
0 + + 0 0
+ nc nc nc

+o++o03 3
o

Dupont et al. [68] na + + 0 +
Plizzari et al. [69] + na + na na na
WeiBe NSC [70] 0 0+ 0 0 0
WeiRe HSC [70] + 0 ++ na na na
Pyl [71] na na na na 4+ na

5. Modeling of bond deformed re-
inforcing steel bars embedded in
SFRSCC

5.1. Analytical models database for bond of
reinforcing steel bars embedded in the conven-
tional concrete (CC) and SCC

From recent studies of Aslani and Nejadi [47, 48], in the lit-
erature, there are several analytical and numerical models
that attempt to represent the bond stress response in the
steel-concrete interface. Most of these models are based
on results of experiments that investigated the concrete
compressive strength, concrete cover (C), steel bar diam-
eter, and embedment length. In these studies, empirical
equations of Orangun et al. [49], Kemp and Wilhelm[50],
Kemp [51], Chapman and Shah [52], Harajli [53], Pillai
et al. [54], and Bae [55] that represent the bond behavior
are compared with experimental results database.

Aslant and Nejadi [48] reported that available bond
strength prediction models [49-51, 53, 55, 57] generally
underestimate the bond strength for both SCC and CC
mixtures when compared to experimental results. Although,
Chapman and Shah [52] have a more accurate predic-
tion equation, the model tends to underestimate the bond
strength.

In the analysis of reinforced concrete structures, the bond
action between steel bars and concrete is often viewed
as a bond-slip relationship. This relationship expresses
the local bond stress at any location along a bar as a
function of the local slip. Numerous bond-slip relationships

have been proposed and formulated. However, given that
bond-slip relationships are impacted by various factors
[56] that vary across bond tests, these proposed models
are different [57]. For example, in pullout tests, bond-slip
relationships obtained from extremely short specimens are
different from those obtained from longer ones. Even in
the same specimen, the bond-slip relationship varies with
the location along the bar if the free end slip exists.
From recent studies of Aslani and Nejadi [47, 48] available
bond stress-slip prediction models [59-61] are compared
with available experimental results database. Based on
the achieved results, available bond-slip models are not
appropriate for both CC and SCC bond strength prediction.
However, the Huang et al. [60] model has good trend
for prediction of bond strength and this model should be
modified based on the experimental conditions.

Figure 12 compares the Cunha [29] load-slip curves from
the experiment with the predicted curves obtained from the
proposed model using Tuax(app), Tr(app) @nd B with different
fiber inclination angles.

5.2. Analytical models database for bond of
deformed reinforcing steel bars embedded in
SFRC

A thorough survey of existing literature about the bond
of ribbed reinforcing steel bars embedded in SFRC was
carried out by Bigaj-van Vliet [26]. For pull-out tests with a
short embedment length she summarized existing literature
on the effect of fiber volume, bar diameter, concrete cover
thickness, fiber shape, bar position, bar geometry, matrix
strength, embedment length, confinement on bond strength,
bond stiffness, bond ductility and failure propagation, and
structural response. For tensile element tests, evidences
were summarized with regard to the effect of fiber volume,
fiber shape, matrix strength on the tension stiffening effect,
failure propagation, and structural response. For beam
tests, the results of Harajli [62] on the effect of specimen
type on bond ductility were reviewed. Noghabai [25]
re-ported about tests on thick-walled concrete rings, tie
elements and beams on normal and high strength concretes
with four types of steel fibers. Table 9 shows the effect of
the addition of hooked end steel wire fibers to conventional
concrete on the bond strength (STR), bond stiffness (STF)
and bond ductility (DUC) in the case of splitting or pullout
failure [24, 26, 61-71]. The following symbols will be used
to indicate the tendencies the researchers found for an
increased fiber volume fraction for the parameters they
investigated:

e ++ significantly increased

e + increased
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e 0 no pronounced difference
e nc no clear agreement
e na not available

It is noted that the specimen geometry and way of manu-
facturing were different or often not well re-ported in the
literature and that these factors play an important role
for fiber distribution and fiber orientation and thus for the
tensile properties of the concrete. The existing studies on
the effect of hooked-end steel fibers on the bond behavior
of ribbed bars in concrete are hardly comparable due to
variations in mechanical and geometrical bar, steel fiber
and concrete matrix properties and partly reported contra-
dictory results. Therefore, it was decided to systematically
investigate the influence of the addition of different kinds
and amounts of steel fibers on the local bond behavior of
ribbed bars in SCC [30].

5.3. Proposed analytical model for bond of
deformed reinforcing steel bars embedded in
SFRSCC

Many researchers have examined relationships be-tween
pull-out load and compressive strength. All studies in this
area have shown that the bond strength (stress) increases
with the compressive strength of concrete. In this regard,
ACI 318 [72] proposes that the bond strength is linearly
proportional to (f/)®3. It can be easily concluded from
the earlier literature that the average bond stress reduces
as the embedment length increases due to the non-linear
stress distribution that exists between the rebar and the
concrete. Another conclusion is that average bond stress
decreases with larger rebar diameters. Different expla-
nations exist for the decrease in bond stress due to the
larger rebar diameters. In this study, the relationships
proposed for the CC and SCC are based on regression
analyses using existing experimental data, with the results
expressed as Equation (20).

c 0.6 d
Tmax = (0672 (*) +4.8 (l) ) (fC/)O.SS (20)
db ld

Based on the trend of the analytical results, supported with
available experimental data, the following Equation (21)
is proposed to describe the increase in bond strength due
to the presence of steel fiber reinforcement, applicable for
both HSCC and NSCC:

Tr, = 2.25(Vilyds) x (c/dy)(F)°*° 1)

Proposed bond-slip relationship of normal strength SCC
without steel fiber inside as Equations (22)—(24):

Te = (Tmax)Se  Sc < S*

Tc = (Tmax)sc Sc < s% to 2.5s%

NN
2Ll

T, = (‘rmux)e’o'ms* Se < 2.5s%

where sx is the corresponding slip to the 0.85 7,4, and
S¢ is the slip in general. Proposed bond-slip relation-
ship of normal strength SCC with steel fiber inside as
Equations (25) to (27):

Te = (Tmax + Trr)Se Se < S* (25)
Te = (Tmax + Trr) Sc = s* t02.75s" (26)
Te = (Tyax + 1) 021" 5. > 2.755" (27)

Proposed bond-slip relationship of high strength SCC
without steel fiber inside as Equations (28) to (29):

Te = (Tmax)Sc  Sc < 5™ (28)

T, = (Tmax)efo.135s* S > s* (29)

Proposed bond-slip relationship of high strength SCC with
steel fiber inside as Equations (30) to ((31):

T = (Tmax + Tfr)sc sc < s* (30)

Te = (Tmax + rf,)e’0‘0055* S >s" (31

Figures 13 to 17 show comparisons of the experimentally
obtained Bond-slip curves (Schumacher [30]) versus the
predicted curves by using the proposed models.

6. Results and discussions

In this study, Dubey model are used to overcome pervi-
ous inadequacies of the existing fiber pullout models. In
this study, the evolution of the interfacial coefficient of
friction during the process of fiber pullout that is included
in this model is calibrated for SFRSCC (see Table 5).
Also, for the effect of fiber inclination angle is included
in this model and this model is calibrated by using avail-
able experimental results. As shown in Figures 4-7 the
proposed models for coefficient of friction versus pullout
displacement by allowing for the type of fibers (smooth
and hooked) and compressive strength of SCC (normal
and high strength) are in good agreement with the ex-
perimental results. By utilizing the proposed models for
the coefficient of friction in Dubey [22] pullout model for
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Figure 13. Comparison of the experimentally obtained load-slip curves (Schumacher [30]) versus the predicted curves by using the proposed

model for (a) f/ = 45, without fiber and concrete cover = 15, (b) f. = 45, with fiber aspect ratio: 80/30” and fiber content: 60 (kg/m?)”,
and concrete cover = 15, and (c) f. = 45, with fiber “aspect ratio: 45/30” and “fiber content: 60 (kg/m?)”, and concrete cover = 15 sawn

cast.

aligned fiber, this model demonstrates a good capability
in predicting the pullout behavior of SFRSCC. Table 6
presents comparison of the obtained Griinewald [27] peak
pullout force versus the predicted peak pullout force using
the modified pullout model. This modified model shows a
good capability when considering different fiber types and
compressive strength for SCC. Also, Figure 8 compares
the Holschemacher and Klug [28] experimental load-slip
curves with the predicted curves obtained by using the
proposed model for the different types of fiber (smooth and
short-hooked or long-hooked) which proves a good predic-
tion. In the Figure 8(a) and 8(c), there are a discrepancy in
the post-peak part of pullout force versus end slip curves,
that make differences between proposed model prediction
with the experimental results. These discrepancies are
related to test condition and sudden pullout of fibre from
the matrix.

Figures 9-10 illustrate the proposed 7,,, models when
allowing for the different types of fiber and embedment
fiber lengths which demonstrate a good agreement with

the experimental results. By using the proposed 7,,, and
B in the proposed pullout model for inclined fibers which
are presented in Equations (11) to (19), show a good
prediction capability for the pullout behavior of SFRSCC.
Furthermore, Figure 12 shows that the proposed model
has a good agreement with the experimental results in
different inclination angles too.

Furthermore, Figures 13 to 17 show that the proposed mod-
els for bond of deformed reinforcing steel bars embedded in
SFRSCC have a good agreement with the experimental re-
sults with different strength of SFRSCC, with different fiber
volume, and with different concrete cover. For SCC without
fibers, WeiRe [70] showed that the direction of casting the
pullout test specimens does not significantly influence the
bond stress—slip relationship. For SFRSCC, however, the
direction of casting may influence the fiber orientation and
distribution and therefore the pullout behavior. To get an
impression of the fiber distribution in the Schumacher [30]
tests, the specimens with fibers were sawn open after test-
ing and the number of fibers in an area of 15 x 30 mm next
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Figure 14. Comparison of the experimentally obtained load-slip curves (Schumacher [30]) versus the predicted curves by using the proposed
model for (a) f. = 45, without fiber and concrete cover = 25, (b) f/ = 45, with fiber “aspect ratio: 80/30” and “fiber content: 60 (kg/m?)”,
and concrete cover = 25, and (c) f/ = 45, with fiber “aspect ratio: 45/30” and “fiber content: 60 (kg/m3)”, and concrete cover = 25 sawn

cast.

to the reinforcing bar was counted manually at both sides
of the bar. Remarkably, no significant difference between
the sawn and the cast specimen was observed. Therefore,
the values for the sawn and cast specimens were averaged.
The addition of steel fibers slightly influences the bond
behavior in case of pullout bond failure and is expected to
have a pronounced effect in case of splitting bond failure.

7. Conclusion

Bond steel fiber and matrix made of SCC:

e the proposed models for coefficient of friction versus
pullout displacement by allowing for the different
types of fiber and strength for steel fiber reinforced
self-compacting concrete (normal and high) demon-
strate a good agreement with the experimental re-
sults. However, the observed decrease in coefficient
of friction could be due to the matrix wear and con-

sequent smoothening of the interface layer as the
fiber pulls out of the matrix;

Dubey [22] pullout model for aligned fiber is used by
calibrating it with the proposed coefficient of friction
for steel fiber reinforced self-compacting concrete.
This calibrated and modified model reveals good
results for the different types of fiber (smooth and
hooked) and strength for self-compacting concrete
(normal and high);

In order to take into account the effects of the fiber
inclination in the pullout model, apparent shear
strengths (7(app)) and slip coefficient (B) are intro-
duced to express the variation of the pullout peak
load and the augmentation of peak slip when the
inclination angle increases. They are expressed as
functions of the inclination angle (¢);

the proposed pullout model for inclined fibers by
utilizing the proposed apparent shear strengths and
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Figure 15. Comparison of the experimentally obtained load-slip curves (Schumacher [30]) versus the predicted curves by using the proposed
model for (a) f. = 45, without fiber and concrete cover = 35, (b) f/ = 45, with fiber “aspect ratio: 80/30” and “fiber content: 60 (kg/m°)”,
and concrete cover = 35, (c) f. = 45, with fiber “aspect ratio: 45/30” and “fiber content: 60 (kg/m?)”, and concrete cover = 35, and
(d) £/ = 45, with fiber “aspect ratio: 45/30” and “fiber content: 120 (kg/m3)”, and concrete cover = 35.

slip coefficient simulates the experimental pullout
load-slip curves accurately for both hooked and
straight aligned fibers with different embedment
lengths.

Bond deformed reinforcing steel bars embedded in
SFRSCC

e the proposed pullout models are simple, rational,
and general. The proposed models are covered bond
of deformed reinforcing steel bars embedded in SCC
and SFRSCC. The results predicted by the model
were in very good agreement with experimental
results for both NSCC and HSCC, without and with
different fiber volume reinforcement;

e proposed models for the bond of deformed reinforcing
steel bars embedded in SFRSCC are simple, rational
and accurate.

Notations

a: fiber radius

b: outer radius of the matrix coaxial cylinder in
a pullout test geometry

c rate at which the interfacial coefficient of fric-

tion decays with increase in py

matrix elastic modulus

fibre elastic modulus

snubbing friction coefficient

embedded fiber length in a pullout specimen
radial direction in a pullout specimen
axial fiber direction in a pullout specimen
slip coefficient

fiber inclined angle

fiber pullout stress

fiber axial stress

28 sSe®™NITTIMM

matrix axial stress

04 matrix axial stress at the interface (i.e., r = a)
0Oo,bond: bond component of pullout stress

0Oo,fric:  frictional component of pullout stress
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16. Comparison of the experimentally obtained load-slip
curves (Schumacher [30]) versus the predicted curves
by using the proposed model for (a) f, = 45, without
fiber and concrete cover = 95 and (b) f; = 45, with fiber
“aspect ratio: 80/30” and “fiber content: 60 (kg/m3)”, and
concrete cover = 95.

fiber peak pullout stress

matrix stress at the surface of coaxial cylinder
(i.e, at r = b)

contact stress at the fiber-matrix interface
contact stress at fiber-matrix interface after
Poisson’s contraction of fiber

fiber debonding stress

matrix shear stress

interfacial shear stress

fiber-matrix interfacial shear strength
interfacial shear stress over the debonded
interface

apparent bond strength

fiber-matrix misfit

interfacial coefficient of friction

initial value of the interfacial coefficient of
friction

steady-state value of the interfacial coefficient
of friction
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Figure 17. Comparison of the experimentally obtained load-slip

curves (Schumacher [30]) versus the predicted curves
by using the proposed model for (a) f, = 105, without
fiber and concrete cover = 35 and (b) f; = 105, with fiber
“aspect ratio: 80/30” and “fiber content: 60 (kg/m3)”, and
concrete cover = 35.

lyg: interfacial debond length

lycar:  catastrophic debond length of interface

pd: rigid body displacement of fiber in a pullout
test

par rigid body displacement of the fiber in a pull-
out test

Pa2: rigid body displacement of the fiber in a pull-
out test

P, pullout load corresponding to the pullout dis-
tance, pg1

P,,:  pullout load corresponding to the pullout dis-
tance, ps2

P measured pullout load from the pullout test

Up: fiber displacement when fiber is completely
bonded

Upd: fiber displacement during partial interfacial
debonding

Upy peaic fiber displacement corresponding to peak pull-

out load
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vim: Poisson’s ratio of matrix material

vi:  Poisson’s ratio of fiber material

W,,: matrix axial displacement

W,: matrix displacement at the interface

(ie, r=a)

wp: matrix displacement at the surface of coaxial
cylinder (i.e, at r = b)

»: Work of fiber pullout when the rigid body
displacement of the fiber increases from pg4;
to pa2
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