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Abstract. High Performance Fiber Reinforced Cementitious Composites which are called HPFRCC,
include cement matrices with strain hardening response under tension loading. In these composites, the
cement mortar with fine aggregates, is reinforced by continuous or random distributed fibers and could be
used for various applications including structural fuses and retrofitting of reinforced concrete members etc.
In this paper, mechanical properties of HPFRCC materials are reviewed briefly. Moreover, a reinforced
concrete beam (experimentally tested by Maalej et al.) is chosen and in different specimens, lower or upper
or both parts of that beam are replaced with HPFRCC layers. After modeling of specimens in ABAQUS and
calibration of those, mechanical properties of these specimens are investigated with different thicknesses,
tensile strengths, tensile strains and compressive bars. Analytical results which are obtained by nonlinear
finite analyses show that using HPFRCC layers with different parameters, increase loading capacity and
ultimate displacement of these beams compare to RC specimens.

Keywords: beam; HPFRCC; nonlinear finite element; reinforced concrete; ultimate load; ultimate
displacement

1. Introduction

Strength, stiffness, toughness (the area under the stress-strain curve) and durability are the main
characteristics of a High Performance Material (Brandt 2008). At first steps, Li and Wu introduced
a pseudo-strain-hardening material that uses only fine aggregates with reinforcing polyethylene
fibers (Li and Wu 1992). In 1996, Naaman and Reinhardt presented and developed a fiber
reinforced cementitious material which had a matrix with no coarse aggregates, and regarded as
fiber reinforced cement paste or mortar (Naaman and Reinhardt 1996). As it shown in Fig. 1, high
tensile ductility with strain hardening response is the most important characteristics of this material
which is called as High Performance Fiber Reinforced Cementitious Composite (HPFRCC). In
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Fig. 1 Tensile stress-strain curves of concrete, FRC and HPFRCC (Fischer and Li 2000)

Table 1 Major physical properties of ECC (Li 2007)

Compressive First Cracking Ultimate Tensile Ultimate Tensile  Young’s Flexural Density
Strength (MPa) Strength (MPa) Strength (MPa) Strain (%)  Modulus (GPa) Strength (MPa) (gr/cc)
20-95 3-7 4-12 1-8 18-34 10-30 0.95-2.3

recent years, a new class of HPFRCC has emerged entitled ECC. Engineered Cementitious
Composite (ECC) originally developed at the University of Michigan, with a typical moderate
tensile strength of 4-6 MPa and a higher ductility of 3-5% (Fischer et al. 2003). After this stage,
self-consolidating ECC, high early strength ECC, light weight ECC and green ECC were
introduced by different researchers (Kong et al. 2003, Wang and Li 2006, Wang and Li 2003,
Lepech et al. 2007). A summary of major physical properties of ECC is given in Table 1 (Li
2007).

A large number of researches which have been developed around ECC material based on PVA
fiber. But, decision making on selecting the type of fibers to use, depends on fiber’s natural
characteristics such as diameter ranges, surface characteristics and mechanical behavior. It also
depends on the matrix cracking properties, fiber-matrix interfacial bonding properties, the desired
properties of the ECC composites, the durability needed, the desired sustainability of the system
and the economic constraints of the application. (Lee et al. 2010).

Maalej and Li proposed a new design method for improving the durability of RC flexural
members. In this method, a layer of ECC was substituted for the lower part of a reinforced
concrete beam. Experimental results showed that, crack width could be controlled which may be
improve durability. The geometry of this R.C. beam with ECC layer is shown in Fig. 2 (Maalej and
Li 1995). Maalej et al. performed another experimental program on the influence of DFRCC (a
type of HPFRCC with deflection hardening in flexure) in retarding the corrosion of steel in R.C.
beams. Experimental results showed, when a layer of DFRCC material was used in lower segment
of the beam, this composite beam had a noticeably higher resistance against steel corrosion
compared to a regular R.C. beam (Maalej et al. 2002).

Some of the researchers have worked on nonlinear finite element analysis of concrete,
composite and HPFRCC sections (Ghobarah and Aly 1998, Shaheen and Shrive 2008, Ranzi and
Bradford 2009, Zhu et al. 2013). Results showed that there is an appropriate compatibility between
experimental tests and analytical investigations in regard of HPFRCC (Han et al. 2003,
Sirijaroonchai 2009, Mortezaei and Kheyroddin and Ronagh 2010, Na and Kwak 2011).
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Fig. 2 Geometry of R.C. beam with ECC layer (Maalej and Li 1995)
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Fig. 3 Application of HPFRCC in structures and members (Shai and Mo 2008)

2. Tensile characteristics of ECC

As it mentioned earlier, the most important characteristic of ECC is the high tensile ductility
with strain capacity as high as 1-8%. As it shown in Fig. 1, under the uni-axial tension loading of
an ECC specimen and at the end of the elastic stage, the first micro-cracks appear. After this stage,
both deformation and tension load increase with lower slope than the first stage which is called
strain hardening. During this stage, multiple cracks form in different parts of the specimen and
these cracks do not concentrated at a one plane. Hence, a rise in deformation and tension load
occurs until a localized fracture plane (or a Griffith-type fracture plane) is formed. Beyond this
peak load, ECC is no different than normal concrete or FRC, showing a tension-softening
response.

The use of high performance materials such as HPFRCC, when considered as an alternative in
design, is not necessary throughout the structure. In most cases, only a small part of the structure
or a member may be constructed by these materials. Some examples include the beam-columns
connections in earthquake resistant frames, the lower sections of shear walls or the lower columns
in high rise buildings, link beam in coupled shear walls, damper system in buildings with soft
story, frames with infill HPFRCC walls and other structural members which are shown in Fig. 3
(Shai and Mo 2008, Parsekian et al. 2008, Chao et al. 2008).
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Fig. 4 Stress-strain curve and nonlinear element of reinforcing bars (ABAQUS 2008)

3. Research significance

A survey of literature shows that more analytical work is needed to investigate the use of
HPFRCC material instead of normal concrete in beams and a research program must be
established for investigating the structural behavior of a R.C. beam with HPFRCC layers. A great
amount of researches which have been performed by Maalej and Li in recent years, focused on the
durability and steel corrosion of these composite beams and it is necessary to evaluate the
structural behavior of these hybrid members. Moreover, some numerical works have been
performed by Kabele for numerically simulating of an ECC overlay cast on an un-reinforced
concrete beam with a notched fracture (Kabele 2000). The depth of HPFRCC material which
should be applied instead of the concrete in beams must be studied more to achieve the optimum
option. This paper examines the complete nonlinear response of a R.C. single-bay beam tested
under monotonically increasing loads using the nonlinear finite element approach. Moreover, the
software is used to carry out a plastic analysis of the beam to define mechanism of failure,
formation of cracks and ultimate displacements.

4. Nonlinear finite element program

ABAQUS is a powerful engineering simulation programs, based on the finite element method
that can perform nonlinear analyses. In a nonlinear analysis, ABAQUS automatically chooses
appropriate load increments and convergence tolerances and continually adjusts them during the
analysis to ensure that an accurate solution is obtained efficiently (ABAQUS 2008). The
reinforcing bars are modeled as an elastic strain hardening material as shown in Fig. 4 by a 2 node
nonlinear truss element.

In this paper, concrete damage plasticity is selected for modeling of concrete and HPFRCC
materials. The actual stress-strain curve of HPFRCC which is presented by various researchers and
is very close to regular concrete, could be entered in damage plasticity model and calibrated with
experimental work (Han et al. 2003, Hung and El-Tawil 2010, Gencturk and Elnashai 2012,
Hemmati et al. 2014).The model is a continuum, plasticity-based, damage model for concrete. It
assumes that the main two failure mechanisms are tensile cracking and compressive crushing of
the concrete material. The evolution of the yield (or failure) surface is controlled by two hardening
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Fig. 5 Response of concrete

variables (Et"' and EC"') linked to failure mechanisms under tension and compression loading,
respectively. The model assumes that the uni-axial tensile and compressive response of concrete is
characterized by damaged plasticity, as shown in Fig. 6 (ABAQUS 2008). ¢; and ¢, are tensile and
compressive strain respectively. Some researchers have been developed other plasticity based
models for HPFRCC material too (Kabele and Horii 1996, Sirijaroonchai 2009).

If Eqis the initial (undamaged) elastic stiffness of the material, the stress-strain relations under
uni-axial tension and compression loading are introduced by Eq. (1)

Oy :(1_dt)Eo(gt _Etpl)
o, =(1-d, )E, (s, —2")

c

)

Where, d;and d. are two damage variables in tension and compression (O=undamaged material
and 1=total loss of strength).

The concrete and HPFRCC are modeled as elastic strain softening and elastic strain hardening
materials in tension as shown in Fig. 5 and Fig. 6 respectively. A 3-D nonlinear solid element with
ability to modeling the composite sections is applied to model these beams (Fig. 7). The
compression behavior of these two materials is the same (Fukuyama et al. 2000). As it shown in
Fig. 6, a.c and gy are the first cracking stress and the maximum stress of HPFRCC with PVA fibers
in the range of 0.75%-2% and are expressed by Eqg. (2) (Suwannakarn 2009)

Gy =0, 1=V, )+ 05204y, L/

Oy = (-0.7074V, +2.0933)V, L/ )
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Fig. 6 Tensile behavior of HPFRCC (Fukuyama et al. 2000)
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Fig. 7 Nonlinear element for modeling of concrete and HPFRCC (ABAQUS 2008)
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Fig. 8 Details of the experimental specimen (Maalej et al. 2002)

Where, o,,=Tensile strain of matrix, Vi=Volume fraction of fiber, z=Average bond strength at
the fiber matrix interface, L=Fiber length and d=Fiber diameter.

5. Modeling and calibration with experimental work

An experimental investigation was undertaken to corroborate the analytical work and lend
further insight into the nature of finite element items in beam. The test model which was chosen
for this analytical study, was a large scale beam with two hinged supports, which has been tested
by Maalej et al. (2002). The beam span is 2500 mm and the cross section of the beam is constant
throughout at 300 mm deep by 210 mm wide. 2-point loading which is increased monotically
applied on this beam. Details of reinforcement layout and loading of the beam are shown in Fig. 8.
Material properties are summarized in Table 2.

In the experimental program, RC beam was cast under low frequency vibration in one step. In
the composite beam, the ECC layer was first poured in the mold under low frequency vibration



Increasing the flexural capacity of RC beams using partially HPFRCC layers 551

Table 2 Concrete and steel properties used in the test beam

Dimensions and properties Maalej et al. (RC beam) Maalej et al. (Composite beam)
of the materials (2002) (2002)
d (mm) 240 240
As (mn?) 603 603
A’s (mm?) 265.3 265.3
f'. (MPa) Concrete 41.6 41.6
f'. (MPa) HPFRCC - 61.3
Eou 0.004 0.004
f, (MPa) 415 415
Es (MPa) 200,000 200,000
e 0.075 0.075
£ 0.00184 0.01

*Assumed values

Fig. 9 Mesh configurations for beams

too. After approximately 1 hour, the plain concrete was prepared and poured on top of the ECC
layer in order to prevent the mixing of ECC and concrete materials (Maalej and Li 1995). In this
research, two beams (RC and Composite beams) are analyzed using ABAQUS program. To
investigate the influence of mesh size on the results of the nonlinear analyses, three types of mesh
configurations are used to analyze these beams. These mesh configurations including coarse,
medium and fine mesh sizes, are shown in Fig. 9. Load-mid span deflection curves for the these
two RC and composite beams are shown in Fig. 10 and Fig. 11, to investigate the influence of the
size of elements. Cracking is idealized using the smeared cracking model, and is assumed to occur
when the principal tensile stress at a point (usually a Gauss integration point) exceeds the tensile
strength of the concrete. The stiffness across the crack is assumed to be zero and the principal
directions are not allowed to rotate. For evaluation of an “appropriate” value of the ultimate tensile
strain of the concrete, &, and elimination of mesh size dependency phenomenon, Shayanfar et al.
proposed the following simple formula

~0.008-h
£y, =0.004 ¢ (3)

where h is the width of the element in mm. In concrete materials, finer mesh size does not always
conclude to more exact response and there is a limit value for this case. Because, decreasing in
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Fig. 10 Load-mid span deflection curves for different mesh sizes in RC beam
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Fig. 11 Load-mid span deflection curves for different mesh sizes in composite beam

element size of concrete materials is concluded to more flexible beam and subsequently decreasing
in ultimate force of the beam (Shayanfar et al. 1996).

In RC beams, the medium mesh size (50 mmx50 mm), gives an ultimate load value of 230.846
kN, which is close to the experimental value 208.2 kN. While the coarse mesh size (100 mmx2100
mm), results in an ultimate load value 389.043 kN and the fine mesh size (25 mmx25 mm),
concludes to an ultimate load 70 kN. Both of these values are very far from the experimental
value. In composite beams, the medium mesh size gives an ultimate load value of 256 kN, which
is close to the experimental value 234.7 kKN. While the coarse mesh size results in an ultimate load
value 340 kN and the fine mesh size concludes to an ultimate load 109.929 kN. Both of these
values are very far from the experimental value. These analytical results are summarized in Table 3
and Table 4.
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Table 3 Analytical and experimental results for RC beams with different mesh sizes

Size of elements P, (Analytical )
(mmxmm) Pu(Kn) Ay (mm) P, (Experimental )
25x 25 70 2.35004 0.34
50 x 50 230.846 24.9847 1.11
100 x 100 389.043 28.6998 1.86
Experimental 208.2 26.5 -

Table 4 Analytical and experimental results for composite beams with different mesh sizes

Size of elements P, (Analytical )
(mmxmm) Pu (Kn) Ay (mm) P, (Experimental )
25%25 109.929 6.43779 0.47
50x50 256 26.6712 1.09
100x100 340 34.3325 1.45
Experimental 234.7 275 -
TR

|
! gl -
(a) RC beam (b) Composite beam
Fig. 12 Cracking patterns of beams in experimental work (Maalej et al. 2002)

As can be seen in Fig. 10 and Fig. 11, when a coarse mesh size is applied, the beam exhibits a
stiffer behavior compared with the experimental response. With increasing the number of
elements, the beam trends to be more flexible and less ductile. Infact, the mid span deflection at
ultimate load decreases with reducing in element size. Hence, medium mesh size is selected for
analytical purposes.

The cracking pattern of RC and composite beams in the experimental and analytical works are
shown in Fig. 12 and Fig. 13 respectively. As shown in these figures, in RC beam, cracks occur at
the bottom parts of the beam, i.e., in the tensile concrete. But in the composite beam, cracks first
develop in the concrete part and then enter to the ECC layer, i.e., the main part of damage is
occurred in the tensile concrete on top of the ECC layer which is shown by red color in bottom
parts of Fig. 13(a) and (b). In experimental test, no sign of de-lamination between the ECC layer
and concrete part was observed. These experimental findings are confirmed by analytical results.
Some researchers have worked on size effect in flexural members and stated that ranging from
small scale to structurally sized components, ECC members exhibit negligible size effect
compared to reinforced concrete members. This size effect is more negligible for reinforced ECC
members with longitudinal steel bars. This behavior is a result of the ductility of the ECC material
(Lepech and Li 2003, Lepech and Li 2004, Kanakubo et al. 2007).
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(@) RC beam (b) Composite beam
Fig. 13 Cracking pattern of beams in the analytical work
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Fig. 14 Geometry of beams with different HPFRCC layers on top and in bottom

6. New composite specimens with different HPFRCC layer positions

In this paper, the experimental beams which have been tested by Maalej et al., are selected and
investigated. At first stage, the plain concrete that surrounds the tensile reinforcements, is replaced

with HPFRCC material gradually, including tHPﬂzo.Z—l, according to Fig. 14. Then, the
total

mechanical properties of these specimens are investigated with different thicknesses, different

tensile strengths, different tensile strains of HPFRCC and different compressive bars. These stages

are presented in Table 5.

7. Results
7.1 Effect of replaced HPFRCC layer in bottom of the beam

Load-mid span deflection curves of RC and composite HPFRCC beams with different layer
thicknesses in bottom of section (according to Fig. 14(a)) with (e,,=0.01) and (f=3 MPa) is shown in
Fig. 15.

In RC beam, the first steel yielding appeared in the tensile reinforcements at a load of 190.323
kN and a mid span deflection of 7.40324 mm. As the load increased, the beam failed at the
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Table 5 Analytical and experimental results for composite beams with different mesh sizes

Name Position of HPFRCC Lpercc f,(MPa) compression
of Model Layer Lo t E bars (As')
B1 Bot 0.2 3 0.01 2 No. 13
B2 Bot 0.4 3 0.01 2 No. 13
B3 Bot 0.6 3 0.01 2 No. 13
B4 Bot 0.8 3 0.01 2 No. 13
B5 Bot 1 3 0.01 2 No. 13
B6 Top 0.2 3 0.01 2 No. 13
B7 Bot+Top 0.2+0.2 3 0.01 2 No. 13
B8 Bot 0.2 35 0.01 2 No. 13
B9 Bot 0.4 35 0.01 2 No. 13
B10 Bot 1 35 0.01 2 No. 13
B11 Bot 0.2 4 0.01 2 No. 13
B12 Bot 0.4 4 0.01 2 No. 13
B13 Bot 1 4 0.01 2 No. 13
B14 Bot 0.2 3 0.015 2 No. 13
B15 Bot 0.4 3 0.015 2 No. 13
B16 Bot 1 3 0.015 2 No. 13
B17 Bot 0.2 3 0.01 2 No. 16
B18 Bot 0.4 3 0.01 2 No. 16
B19 Bot 1 3 0.01 2 No. 16
300
4 S G po—
P
200 - J
x
= tvf
Z
= 150 ]
3 /
100 ; Plain ——RC
" Concrete —a— RC+0.2+BOT
ot RC+0.4+BOT
504 - { — RC+0.6+BOT
HPFRCC tibEisa —%—~ RC+0.8+BOT
—e— FULL HPFRCC
(0] T T T T
(8] 5 10 15 20 25 30 35 40 45

Mis-span Deflection (mm)

Fig. 15 Load-mid span deflection curve of RC, composite and full HPFRCC beams (e,,=0.01) and
(f=3MPa)
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ultimate load of 230.846 kN and mid span deflection of 24.9847 mm.

HPFRCC

. ot . . . .
In composite beam B1 with =0.2, the first cracks appeared in tensile concrete just

total
above the HPFRCC layer. As the load increased, the first steel yielding appeared in the tensile
reinforcements at a load of 211.218 kN and a mid span deflection of 8.55982 mm. As the load
increased, the beam failed at the ultimate load of 256 kN and mid span deflection of 26.6712 mm.
At this stage large tensile cracks occurred in the lower parts of the concrete part and the crushing
of the compressive concrete progressed down to the beam. In this case, the most part of damages
occurred in tension part too.

HPFRCC

t
In composite beam B2 with = 0.4, the first cracks appeared in tensile concrete just

total
above the HPFRCC layer. As the load increased, the first steel yielding appeared in the tensile and
compressive steel reinforcements simultaneously at a load of 214.641 kN and a mid span
deflection of 9.50632 mm. As the load increased, the beam failed at the ultimate load of 253 kN
and mid span deflection of 28.7389 mm. In this case, the most part of damages occurred in tension
part too and the amount of damage in HPFRCC and compressive part of the section seemed to be
restricted.

t
In composite beam B3 with —"--°< = 0.6 , the first cracks appeared in HPFRCC material. As

total
the load increased, the first steel yielding appeared in the compressive reinforcements at a load of
214.881 kN and a mid span deflection of 8.94392 mm. As the load increased, the beam failed at
the ultimate load of 246.21 kN and mid span deflection of 29.3269 mm. In this case, the most part
of damages occurred in compression part.

HPFRCC

t
In composite beam B4 with = 0.8, the first cracks appeared in HPFRCC material. As

total
the load increased, the first steel yielding appeared in the compressive reinforcements at a load of
216.96 kN and a mid span deflection of 8.90106 mm. As the load increased, the beam failed at the
ultimate load of 250.4 kN and mid span deflection of 31.8303 mm. In this case, the most part of
damages occurred in compression part.

ot . . .
In full HPFRCC beam B5 with "R =1 the first cracks appeared in HPFRCC material. As

total
the load increased, the first steel yielding appeared in the compressive reinforcements at a load of
217.934 kN and a mid span deflection of 9.39099 mm. As the load increased, the beam failed at
the ultimate load of 250.625 kN and mid span deflection of 39.4389 mm. In this case, the most
part of damages occurred in compression part. The yielding and ultimate loads, mid span

y
Where: Pyrc and Ayrc =Ultimate load and displacement values of RC beam.
As can be seen in this Fig. 15, the maximum ultimate load is attained by a composite beam with

A
deflections in yielding and ultimate loads and ductility ratios (# = AUJ are summarized in Table 6.

tperce —0.2 HPFRCC

. t
Increasing the

total total

parameter, results in reducing the ultimate load value
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Table 6 Analytical results for RC and composite beams with different layers of HPFRCC in bottom of the
section

Ceomety ol p kN)  A/(mm)  Py(kN) A, (mm) PT:C AAU:C p
RC 190323 740324 230846 249847 1 1 3.3699

(B1)Bot=0.2 211218 855082 256 266712 1100 10675  3.1158

(B2) Bot=0.4 214641 950632 253 287389 1096 115  3.023

(B3) Bot=0.6 214.881 8.94392 246.21 29.3269 1.066 1.174 3.279
(B4) Bot=0.8 216.96 8.90106 250.4 31.8303 1.0847 1.274 3.576
(B5)HPFRCC  217.934 9.39099 250.625 39.4389 1.0856 1.578 4.199

HPFRCC

Lt L
compared to the beam with =0.2. Because when a deep layer of HPFRCC material with

total
high tensile strain in compared with regular concrete, is substituted in RC beam, the natural axis of
the beam moves toward the bottom of the section and it results in higher strains in upper parts of
the composite beam(compressive parts of the beam). This may be concluded to first yielding of
compressive steel reinforcements and subsequently a decrease in ultimate load of the beam.
Because, the compressive reinforcements of the beams are much less than their tensile

. . . . t
reinforcements commonly. As it shown in Table 5, when the proportion of -#2F*¢ reach to a value

total
more than 0.8, the ultimate load of the beam increases again. Because with substituting of
HPFRCC in the most parts of the RC beam, this composite beam converts to a section with a
compression part which includes a material with higher compressive strength than normal

ot . ) )
concrete. Therefore, the beams with —HPFREC. — 0.8 and 1, exhibits more ultimate loads. But with

total

tHPFRCC

increase in parameter of a composite beam, the ultimate mid span deflection of these

total
beams increases. It can be achieved because of the high tensile capacity of the HPFRCC material
compared with concrete. Hence, it should be noted that using HPFRCC material in lower parts of
the composite sections, may be resulted in an increase in strength and mid span deflection capacity
of the concrete beams. Szerszen et al. have been presented analytical closed-form solutions for
reinforced HPFRCC moment-curvature responses which are shown in Eq. (4).

fooh-b+A -,
C=
0.85f, x0.66b + f, -b

L 4)
M =§[ft (h—c)\h+c—a)-b+A, -, (2d-a)

Where, c=neutral axis depth and a=0.66c¢ (equivalent rectangular stress block depth). If these
equations applied for B5 model the ultimate moment and force are approximately equal to 80 kKNm

and 222 kN (M =gx0.72) respectively. This ultimate load is about 11% less than analytical

model. This difference could be due to use of equivalent compressive stress block and elastic
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Fig. 16 Load-mid span deflection curve of RC and composite beams (¢,,=0.01) and (f=3 MPa)

perfect plastic model for steel in this method (Szerszen et al. 2006, Hemmati et al. 2014).
7.2 Effect of replaced HPFRCC layer on top and bottom of the beam

Load-mid span deflection curve of RC and composite beams with HPFRCC layers only on top
and also on top plus bottom of the section(as shown in Fig. 14(b) and Fig. 14(c)) with (e,=0.01)
shown in Fig. 16.

In composite beam B6 with HPFRCC.TOP _ () 5 the first cracks appeared in tensile concrete.
tiotal
Behavior and mechanism of failure of this beam is very close to RC beam. Because, the
compressive characteristics of HPFRCC and regular concrete have no significant differences. i.e.,
a small compression part of the beam is substituted with a material with high tensile characteristics
and it could not be effective on the behavior of this flexural member.

HPFRCC,TOP,BOT

t
In composite beam B7 with =0.2, the first cracks appeared in tensile concrete

total

just above the HPFRCC layer. Behavior and mechanism of failure of this beam is very close to

composite beam with t“"ﬂzo.z. Compressive strength of HPFRCC in B7 model has been

total
assumed to be same with compressive strength of concrete in RC beam. In this model authors want
to show that compressive characteristics of the HPFRCC and regular concrete have no significant
differences. The yielding and ultimate loads, mid span deflections in yielding and ultimate loads

- . A . .
and ductility ratios (uzA“] of different beams with top and bottom HPFRCC layers are

y
summarized in Table 7.
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Table 7 Comparison of analytical results for composite beams with different position of HPFRCC layer

Geometry of Beam P, (Kn) Ay (mm) P, (Kn) A, (mm) i

PuRC AuRC
(B6) Top=0.2 194.418 7.94131 231.4 25.8596 1.002 1.035 3.256
(B7)Bot+Top=0.2 208.809 7.91927 259.937 21.9458 1.126  0.878 2.771

300

-
SRR i
-

250

z
=
- 150
©
o
g |
100 Plain
Concrete
t total ——RC
s RC+BOT+0.2
50 1] 1 —F RC+BOT+0.4
|f HPFRCC t perrce FULL HPFRCC
A ol
0« - T T T T r - r
0 5 10 15 20 25 30 35, 40 45

Mid-span Deflection (mm)

Fig. 17 Load-mid span deflection curve of RC and composite beams (¢,,=0.01) and (f=3.5 MPa)

Table 8 Analytical results for composite and HPFRCC beams with ,=0.01 and f=3.5 MPa

P A

Geometry of Beam P, (Kn) A, (mm) Py (kN) Ay (mm) P s s
PURC AuRC
(B8) Bot=0.2 227.844 8.85564 264 33.207 3.749  1.143 1.329
(B9) Bot=0.4 238.796 9.00014 275.997 33.9553 3.773 1195 1.359

(B10)HPFRCC 226.022 9.12576 260.913 40.4452 4.4319 113 1.619

Hence, it should be noted that, in addition to improving the durability of the concrete beams,
using HPFRCC material in upper parts of the composite sections, may not be effective compared
with composite sections with bottom HPFRCC layers.

7.3 Effect of tensile strength of HPFRCC (f;yprrec)

As could be seen in Fig. 15 and Table 5, the behavior of composite sections with

Ywerrce _ 0 g and tHerRee — 0 g are very close to full HPFRCC beam. Therefore, in this part of

total total

. . . t
paper, only two composite sections with Yieerce _ g 9 (B8), -HFFEL = 0.4 (B9) and one full

total total
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Fig. 18 Load-mid span deflection curve of RC and composite beams (¢,,=0.01) and (f=4 MPa)

Table 9 Analytical results for composite and HPFRCC beams &,=0.01 and f=4 MPa

Geometry P A,

of Beam Py (kN) Ay (mm) Pu (kN) Au (mm) # PuRC AuRC
(B11) Bot=0.2 209.453 6.70639 268.063 35.9204 5.356 1.161 1.438
(B12) Bot=0.4 241.851 9.0749 277.8 39.4824 4.3507 1.203 1.58
(B13)HPFRCC 222.452 7.94255 271.303 44.2664 5.573 1.175 1771

HPFRCC beam (B10) are chosen in order to investigate the effect of f;pprrcc ON behavior of
composite section. Load-mid span deflection curves of RC, composite and full HPFRCC beams
with £,=0.01 and f;4prrcc=3.5 MPa are shown in Fig. 17. Analytical results of these beams are
presented in Table 8.

HPFRCC

Analytical results show that, composite section with =0.4 exhibits the maximum

total

ultimate load value of 275.997 kN and full HPFRCC beam exhibits the ultimate mid span
deflection with a value of 40.4452 mm.

Load-mid span deflection curves of RC, composite and full HPFRCC (B11, B12 and B13)
beams with (e,=0.01) and (f=4 MPa) are shown in Fig. 18. Analytical results of these beams are
presented in Table 9.

HPFRCC

t
Analytical results show that, composite section with = 0.4 exhibits the maximum

total
ultimate load value of 277.8 kN and full HPFRCC beam exhibits the ultimate mid span deflection
with a value of 44.2664 mm.
A comparison among full HPFRCC beams with £,=0.01 and f=3,3.5 and 4 MPa is shown in
Fig. 19 results show that, HPFRCC beam with f=4 MPa, has an ultimate load value about 4% and
8% more than HPFRCC with f;=3.5 and 3 MPa respectively. Also, mid span deflection of



Increasing the flexural capacity of RC beams using partially HPFRCC layers 561

300

250 A Manaand

200 -

150

Load (kN)

100

—o— HPFRCC+3+1%
—=&— HPFRCC+3.5+1%
HPFRCC+4+1%

s

50 A

(o] 5 10 15 20 25 30 35 40 45 50
Mid-span Deflection (mm)

Fig. 19 Load-mid span deflection curve of HPFRCC beams (¢,=0.01) and (f=3,3.5 and 4 MPa)

Table 10 Effect of f,xprrcc ON behavior of composite sections

f=3 MPa f=3.5 MPa f=4 MPa
Py Ay Py Ay Py Ay Py Ay Py Ay Py Ay
(kN) (mm) (kN) (mm) (kN) (mm) (kN) (mm) (kKN) (mm) (kN) (mm)
RC  190.3237.40324230.84624.9847190.3237.40324230.84624.9847190.3237.40324230.84624.9847

Composite
Bot=0.2
Composite
Bot=0.4
Full
HPFRCC

Geometry
of Beam

211.2188.55982 256 26.6712227.8448.85564 264 33.207 209.4536.70639268.06335.9204

214.6419.50632 253 28.7389238.7969.00014275.99733.9553241.851 9.0749 277.8 39.4824

217.9349.39099250.62539.4389226.0229.12576260.91340.4452222.4527.94255271.30344.2664

HPFRCC beam with f=4 MPa, increases about 9% and 12% compared to HPFRCC beams with
f=3.5 and 3 MPa.

Hence, it may be concluded that, increasing in tensile strength of HPFRCC material (fy), results
in increase in ultimate load and mid span deflection of this beam. But, it seems that, the deflection
of the beams is more influenced by this parameter. These analytical results are summarized in
Table 10. Increasing the tensile strength of HPFRCC results in increased ultimate load and mid
span deflection. But as it shown in Eq. (4) increasing in load is small. In this case the most part of
increasing load is due to post yielding strength of steel reinforcements. Using HPFRCC material
with higher tensile strength results in more unity under the loading and this unity concludes to
achieve more deflections compare to loads. Moreover, increasing the tensile strength of HPFRCC
results in increasing in neutral axis depth (c) and this phenomenon concludes to more compressive
strain in HPFRCC and more tensile strain in steel and HPFRCC and subsequently, deflection of
these beams increase more than their load.
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Fig. 20 Load-mid span deflection curve of RC and composite beams (¢,,=0.015) and (f=3 MPa)

Table 11 Analytical results for RC, composite and HPFRCC beams with £,=0.015 and f=3 MPa

Geometry P, A,

of Beam Py (kN) Ay (mm) Pu (kN) Ay (mm) a Pirc Are
(B14) Bot=0.2 209.411 8.42176 258.1 27.8937 3.312 1.118 1.116
(B15) Bot=0.4 211.356 9.247 257.8 35.5613 3.8457 1.116 1.423
(B16)HPFRCC 212.711 8.8286 256 66.0614 7.4826 1.109 2.644

7.4 Effect of ultimate compressive strain of HPFRCC (gy,)

N . . . Lt
As could be seen in Fig. 15, the behavior of composite sections with —-=<¢ = 0.6 and 0.8 are

total

very close to full HPFRCC beam. Therefore, in this part of paper, composite sections with

t t .
—HPEREC = 0.2 (B14), PF*C = 0.4 (B15) and full HPFRCC (B16) beams are considered to

total total

investigate the effect of (e,). Load-mid span deflection curves of RC, composite and full HPFRCC

beams with ¢,=0.015 and f=3 MPa are shown in Fig. 20.
Analytical results of these beams with different values of (e,) are presented in Table 11.

Analytical results show that, composite section with -*<¢ = 0.2 exhibits the maximum

total

. L . . ot
ultimate load value of 258.1 kN which is very close to composite section with —“25°¢ = 0.4 and

total

full HPFRCC beam exhibits the ultimate mid span deflection with a value of 66.0614 mm. A
comparison between full HPFRCC beams with f=3 MPa and ¢,=0.01 and 0.015 show that,
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Table 12 Analytical results for beams with 2 No. 16 compression reinforcements

Geometry P, A,

of Beam Py (kN) Ay (mm) Pu (kN) Au (mm) a Pirc Ayre
(B17) Bot=0.6 219.010 8.87375 253.8 33.802 3.809 1.099 1.353
(B18) Bot=0.8 223.718 9.2 255.88 37.2546 4.0494 1.108 1.491
(B19) HPFRCC 224.062 9.71729 256 46.1545 4.7497 1.109 1.847

HPFRCC beam with £,=0.015, has an ultimate load value about 2% more than HPFRCC with
£,=0.01. Also, mid span deflection of HPFRCC beam with &,=0.015, increases about 67%
compared with HPFRCC beams with £,=0.01.

Hence, it may be concluded that, increasing in tensile strain capacity of HPFRCC material (ey),
results in increase in ultimate load and mid span deflection of this beam. But, it seems that, the
deflection of the beams is more influenced by this parameter. Moreover, the influence of this
parameter on ultimate load capacity of the beam, could be neglected.

7.5. Effect of compressive reinforcement (A's)

. . . ] ot t
As mentioned before, in composite sections with 228 = 0.6 and -"°R°€ = 0.8 and full

total total
HPFRCC beams, the compressive steel reinforcements yield at first stage (before yielding of
tensile rebars) and consequently, the ultimate load capacity could not be increased as the same as

composite sections with Yheerce _ 0.2, Yheerce _ 4. Hence, it seems that, increasing the area of

total total

compressive steel reinforcements could be concluded to higher ultimate loads and mid span
deflections. Therefore, in this part of the paper, 2 reinforcing rebars with diameter of 16 mm are
substituted to existing rebars with diameter of 13 mm while £,=0.01 and f=3 MPa. Results show
that, using 2 No. 16 compressive rebars, result in increasing about 3% and 15% in ultimate load
and deflection respectively compared to the same section with 2 No. 13. Moreover, using 2 No. 16
compressive rebars, result in increasing about 3.5% and 17% in ultimate load and deflection
respectively compared to the same section with 2 No. 13. Analytical results for beams with 2 No.
16 as compressive reinforcements are shown in Table 12.

Results show that, using 2 No. 16 compressive rebars, result in increasing about 2% and 17% in
ultimate load and deflection respectively compared to the same section with 2 No. 13. Hence, it
seems that, for optimum using of HPFRCC in composite beams, the more compressive
reinforcements may be needed to use in compressive part of the section. With changing in the
diameter and number of these reinforcements, both tension and compression rebars could yield
simultaneously. Also, the ductility of these beam increases too compared to corresponding sections
with 2 No. 13 as compressive reinforcements. Moreover, with increasing the amount of
compressive steel reinforcements, neutral axis depth of the section decreased and this concludes to
more ductility ratio and subsequently more mid-span deflection.

A summary of all analytical results with different parameters is shown in Table 13.

Variation of ultimate load (P,) versus the (t’*"ﬂ) parameter, is shown in Fig. 21. As observed

total
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Table 13 Summary of analytical results

Liprrec A
Parameters tiotal Verage
0.2 0.4 0.6 0.8 1
P, (kN) 256 253 24621 2504 250.625
3MPa A, (mm) 26.6712 28.7389 29.3269 31.8303 39.4389
L 3.1158  3.023 3279 3576 4.199
P, (kN) 264  275.997 - - 260.913
A, (Mm)  33.207 33.9553 - - 40.4452
fuprrcc L 3.749  3.773 - - 4.4319
:VAR 35 (Pu )3.5
MPa P, 1.031  1.091 - - 1.041 1.0543
a=1% (A, ) 1.245 1.182 - - 1.025 1.151
(Au )3
, P,(kN)  268.063 277.8 - - 271.303
A's= A (mm)  35.9204 39.4824 . - 44.2664
2No. 13 u 5356 4.3507 . . 5.573
4 MPa EE ;“ 1.047  1.098 - ; 1.082 1.076
u/3
(A,),
1.347 1374 - - 1.122 1.281
(A,),
ew=VAR P, (KN) 256 253 24621 2504 250.625
1%  A,(mm) 26.6712 287389 29.3269 31.8303 39.4389
fuprrc L 3.1158  3.023 3279 3576 4.199
=3 MPa P,(kN) 2581  257.8 - - 256
, A, (Mm)  27.8937 35.5613 - - 66.0614
A's= o 3312  3.8457 - - 7.4826
2 No. 13 (P )
AR (F“, ;'5% 1.008 1.019 - - 1.021 1.016
fu= 15% e
firpErce
=3 Mpa (8, s 1.046  1.237 - ; 1.675 1.319
(Au )1%
A’sz
2 No. 13
ono. PukN) 256 253 24621  250.4 250.625
13 As(mm) 266712 287389 29.3269 318303 39.4389
ACVAR L 3.1158  3.023 3279 3576 4.199
s P, (KN) - - 2538  255.88 256
eo=1% A, (Mm) - - 33.802  37.2546 46.1545
u - - 3.809  4.0494 4.7497
foprece 200 (B 1031 1.022 1.021 1.025
=3mpa 0 (P, ; ; ' ' ' '
(A, ) - - 1.152 1.17 1.17 1.164




Increasing the flexural capacity of RC beams using partially HPFRCC layers 565

Load (kN)

50

45

Mid-span deflection (mm)

20

15

40

35 1

30

25 1

280

275 A

270 A

265 A

260 A

255 A

250 A

245 A

240

t
Fig. 21 Variation of ultimate load (P,) versus the (

—— Ft=3 MPa
—=— Ft=3.5 Mpa
—— Ft=4 MPa

0.2

0.4 0.6 0.8 1 1.2

t HPFRCC/t

~HPEREC y parameter

total

—— Ft=3 MPa
—=— Ft=3.5 MPa
— Ft=4 MPa
0 0.2 0.4 0.6 0.8 1 1.2
t HPFRCC/t
. . . . tHPFRCC
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total

in this figure, the best option for P, is occurred at *PFREE =02 to 0.4. Variation of ultimate mid-

t
span deflection (A,) versus the (2=

total

ttotal

) parameter, is shown in Fig. 22. As observed in this
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t
figure, the best option for A, is occurred at — =< =1,

total

8. Conclusions

HPFRCC is a relatively new high performance material. Mechanical properties of HPFRCC
depend on a large number of fiber and matrix parameters such as fiber length, fiber diameter, fiber
aspect ratio, fiber-matrix interaction, matrix fracture toughness, matrix first cracking stress, etc.
HPFRCC can be used in critical parts of a reinforced concrete beams and frames which are
exposed to cracking in order to increase the capacity and durability of the structures. When a layer
of HPFRCC is substituted to regular concrete in a RC beam, the durability of this beam improved.

Using this layer of HPFRCC in bottom of the beam section is more effective than using it on
top of the section. This layer of HPFRCC concludes to attaining higher ultimate load and mid span
deflection values compared to a RC beam. Increasing in tensile strength of HPFRCC material (fy),
results in increase in ultimate load and mid span deflection of the beam. But, it seems that, the
deflection of these beams is more influenced by this parameter. Increasing in tensile strain capacity
of HPFRCC material (&), results in little increase in ultimate load and more increase in mid span
deflection of the beam. But, it seems that, the deflection of the beams is more influenced by this
parameter. Moreover, the influence of this parameter on ultimate load capacity of the beam could
be neglected. Also, increasing the area of compressive steel reinforcements could be concluded to
higher ultimate load and mid span deflection. In these beams, the best options for P, and A, are

t t
occurred at o< =0.2 t0 0.4 and ——=<

total total

=1 respectively.
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