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Three series of simply supported hybrid-fibre-reinforced self-compacting concrete T-beams subjected to four-point
symmetrically placed vertical load were experimentally investigated. The influence of the following variables was
studied: the fibre type, the fibre content, the stirrup ratio and the flange size. Failures were consistently shear or
shear—flexure failures, except in five T-beam specimens where the failure was dominated by flexural cracks. The
results showed that hybrid fibres can evidently enhance the ultimate shear load. The addition of hybrid fibres in
adequate amounts can change the failure mode. The influence of different flange size on the ultimate shear load of
the T-beams should be considered. Three methods were proposed - the ‘effective width’, ‘form factor’ and ‘shear
funnel’ - for predicting the ultimate shear load of steel-fibre-reinforced self-compacting concrete T-beams, and
another two methods were proposed — the ‘revised s-w design method’ and ‘revised o—¢ design method’ - for
predicting the ultimate shear load of hybrid fibre or steel-fibre-reinforced self-compacting concrete T-beams. The
ultimate shear load recorded experimentally was compared with the value obtained from the proposed equation.
The ‘revised o-w design method’ was more suitable for predicting the ultimate shear load of T-beams containing
hybrid fibres and/or with stirrups, and the correlation was satisfactory.

Notation Jeu cubic compressive strength

A area of shaded part of cross-section Jea equivalent flexural tensile strength according

ald shear span-depth ratio to Dy,

b beam width Jeas equivalent flexural tensile strength according to Dy;

bes ‘effective width’ of a T-beam in shear N limit of proportionality

be flange width fr1, fra residual flexural tensile strengths corresponding to

by web width, that is, rectangular beam width, b fr3 fra  midspan deflections of 0.46 mm, 1.31 mm,

b, Y-intercept of the second linear curve 2.15 mm, 3.00 mm, respectively

c distance from extreme compression fibre to Sy yield strength of longitudinal reinforcement
neutral axis Syst yield strength of stirrup

D, energy absorption capacity of plain concrete h average of the difference in height between concrete

Dy, energy absorption capacity, equal to the area under inside and outside bars at four locations in the
the load-deflection curve up to a deflection J,, J-ring test
0, =0p +0-65 mm, where J; is the deflection at the het flange thickness
limit of proportionality L index of beam action

Dy energy absorption capacity, equal to the area ke factor for taking into account the contribution
under the load-deflection curve up to a deflection of the flanges in a 7T-section according to Rilem
03, 03 =0p + 2:65 mm TC 162-TDF o-¢ design method

d effective depth ki factor for taking into account the influence of the

d, maximum size of coarse aggregate effective depth ‘d’ according to Rilem TC 162-TDF

dy equivalent diameter of fibre o-¢ design method

d; average final diameter in slump flow test Ir fibre length

d, average final diameter in J-ring test leld; fibre aspect ratio

F-A shear load-displacement curves s stirrup spacing

F, ultimate shear load Ts00 time taken for concrete to reach 500 mm spread

fe compressive strength of circular cylinder circle in slump flow test
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u crack opening width
V shear load
Ve ultimate shear load of member without
shear reinforcement
Ve contribution of fibres to shear load
Vea contribution of steel fibre shear reinforcement
Vwras ultimate shear load of a beam with shear

reinforcement and containing steel fibres according
to Rilem TC 162-TDF o-¢ design method
Vs contribution of stirrups to shear load

Viest! ratio of experimental ultimate shear load to

Vioredictea  predicted values

Ve contribution of concrete to shear load

Ve shear load of rectangular beams with steel fibres
and stirrups

Via contribution of shear reinforcement due to stirrups
and/or inclined bars

Va shear stresses due to arch actions

vy, shear stresses due to beam actions

Ve contribution of fibres to shear strength

Vg contribution of stirrups to shear strength

Vu shear strength

Vue contribution of concrete to shear strength

Vuf average shear strength of rectangular beams with
steel fibres and stirrups

z inner lever arm according to Rilem TC 162-TDF o-¢
design method

o inclination between longitudinal reinforcement and
shear crack

0 slope of first linear curve

0y slope of second linear curve

Ay ultimate displacement corresponding to F;, at
load point

0 the inclination between the neutral axis and the two
angled lines

é factor for taking into account size effect

Ps longitudinal reinforcement ratio

Dst stirrup ratio evaluated with reference to the
spacing, s

Gpd the mean design residual stress at the crack
width wy,

Ow.d the design stress-crack opening relationship

T the average fibre matrix interfacial bond stress,
7=4.15 MPa

Introduction

Cases with reinforced concrete T-section beams are very com-
monly encountered in practice. In international codes, such as
the Chinese code GB 50010 (Ministry of Housing and Urban-
Rural Construction of the People’s Republic of China, 2010),
ACI building code ACIT 318-02 (ACI, 2002) and Eurocode 2
(BS EN 1992-1-1 (BSI, 2004)), the shear force in a T-beam is
assumed to be carried only by its web. Previous studies have
shown that the shear strength of a T-beam is, in many cases,

considerably higher than that of the rectangular beams of its
web (Giaccio et al., 2006; Tureyen et al., 2006; Zararis et al.,
2006). A theory has been presented regarding the shear
strength of reinforced concrete T-beams subjected to shear and
flexure, and an effective width suitable for predicting the shear
strength of T-beams was used (Zararis et al., 2006). Three
methods — the ‘form factor approach’, ‘shear-funnel method’
and ‘ignoring the flanges’ — were developed to extend a shear
design equation that was previously derived for rectangular
sections to T-sections (Tureyen et al., 2006). The proposed
shear methods were used to calculate shear strengths of 154
T-beams and 370 rectangular beams from 32 different investi-
gations, and the calculated values were shown to correlate well
with the experimental results.

The shear bearing capacity of rectangular beams under
bending and shear can be improved by steel fibres. Previous
studies have already proved the physical and mechanical
advantages of steel fibres in terms of the concrete shear per-
formance (Cucchiara et al., 2004; Ding et al., 2011, 2012; Han
et al., 2015; Kwak et al., 2002; Zhang et al., 2016). The incor-
poration of hybrid fibres in concrete improves the tensile
strength moderately and the toughness considerably (Abadel
et al., 2016). Hybrid fibres can replace the confinement to
some extent, whereby the congestion of reinforcement can be
avoided (Ganesan et al., 2016). Ding et al. (2010) evaluated
the influence of different fibre types, for example, steel macro-
fibre and hybrid fibre (macro steel fibre + macro plastic fibre)
on the shear toughness and shear strength of reinforced con-
crete rectangular beams. The results indicated that hybrid
fibres can evidently enhance the ultimate shear bearing
capacity. However, no research on the shear behaviour of
hybrid-fibre-reinforced T-beams has been reported.

Fibre-reinforced self-compacting concrete (FRSCC) combines
the advantages of traditional fibre-reinforced concrete (FRC)
and self-compacting concrete (SCC). The post-cracking behav-
iour mainly determines the fibre dosage of FRC; however, the
workability of fresh SCC strongly restricts the fibre dosage
of FRSCC (Ding et al., 2008). Greenough and Nehdi (2008)
concluded that the shear behaviour of FRSCC beams without
stirrups was better than that of common FRC beams without
stirrups because of the more homogeneous dispersion of
fibres in FRSCC. The construction costs and period may be
markedly reduced by using FRSCC. Thin or irregularly
shaped sections, where it may be very difficult to place stirrups,
can also be easily placed by FRSCC.

This paper analyses the influence of hybrid fibres and/or
stirrups on the structural performance of SCC T-beams sub-
jected mainly to shear forces, the influence of hybrid fibres or
steel fibres on the failure mode and the ultimate shear load,
and the influence of different flange size on the ultimate
shear load of T-beams. Three methods — the ‘effective width’,
‘form factor’ and ‘shear-funnel’'methods — for predicting the
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ultimate shear load of steel-fibre-reinforced SCC T-beams, and
another two methods — the ‘revised o—w design method’ and
the ‘revised o—¢ design method’ for predicting the ultimate
shear load of hybrid-fibre- or steel-fibre-reinforced SCC
T-beams are proposed. The validity of the proposed equations
is verified.

Experimental programme

Beams and set-up description

Three series of hybrid-fibre-reinforced SCC T-beams (B, C
and D) were prepared. A half T-beam (out of the experimental
zones) was stiffened, so that the other half T-beam (testing areas)
would fail in shear collapse first. The systemic measurement of
displacement and strain was to be obtained in the testing areas
of the beam. The stirrup ratio of every T-beam stiffened out of
the experimental zones was larger than that of the testing areas.

All of the T-beams were 1750 mm long. The thicknesses of the
flange and flange widths of the three series of T-beams were
different. The span of all the T-beams was 1500 mm. Two
stirrup ratios and four fibre contents were selected. The first
stirrup ratio was 0-35%, referring to the Chinese code, GB
50010 (Ministry of Housing and Urban-Rural Construction of
the People’s Republic of China, 2010), for the minimum
stirrup ratio. The second stirrup ratio was 0-53%, which is
larger than the minimum stirrup ratio. Four fibre contents of
20 kg/m?® (steel fibre), 20+ 6 kg/m® (steel fibre + plastic fibre),

Table 1. Parameters of B, C and D series of T-beams

Web Web Flange Flange
Beam width: height: width: thickness:
no. mm mm mm mm
B1 125 190 240 60
B2 125 190 240 60
B3 125 190 240 60
B4 125 190 240 60
B5 125 190 240 60
B6 125 190 240 60
C1 125 160 240 90
Cc2 125 160 240 90
c3 125 160 240 90
c4 125 160 240 90
C5 125 160 240 90
C6 125 160 240 90
c7 125 160 240 90
cs8 125 160 240 90
C9 125 160 240 90
c10 125 160 240 90
C1 125 160 240 90
D1 125 160 360 90
D2 125 160 360 90
D3 125 160 360 90
D4 125 160 360 90
D5 125 160 360 90
D6 125 160 360 90

40 kg/m® (steel fibre) and 40+4 kg/m> (steel fibre + plastic
fibre) separately were determined by the workability of fresh
SCC. The shear span-to-depth ratio was 3-2 and the longitudi-
nal reinforcement ratio was 3-:38% in all T-beams. The diam-
eter of the longitudinal reinforcement was 25 mm (two
longitudinal reinforcements). The parameters of the three
series of T-beams are provided in Table 1.

All T-beam specimens were tested as simply supported beams
under a two-point loading condition. Electrical strain gauges
were installed to the longitudinal reinforcement under the
loading point, at mid-span and under a point 212-5 mm
distant from the support. The strain gauges were also installed
to every stirrup in the testing span. In order to measuring
T-beam deflection at mid-span, loading point and support,
five linear variable differential transformers (LVDTs) were
used. The longitudinal gauges were applied at locations across
the width of the flange and throughout the depth. Crack
gauges were provided in the shear span for measuring crack
width. The experimental set-up has a capacity of 10 000 kN.
A load transducer with 500 kN was used for measuring the
load. The mid-span displacement of the T-beam increased at
a constant rate of 0-2 (£0-02 mm/min) until a specified load.
The specified load was kept constant until the measurements
by LVDT, strain and crack gauges did not change. The values
from the load transducer, LVDTs and strain gauges were con-
tinuously collected. Figure 1 shows a schematic diagram of the
loading and some arrangements of the T-beams.

Testing areas

Stirrup Stirrup Steel fibre Plastic fibre
diameter: space: Stirrup content: content:
mm mm ratio kg/m? kg/m?
0 00 0 0 0
0 00 0 20 6
0 © 0 40 0
65 150 0-35% 0 0
6-5 150 0-35% 20 6
65 150 0-35% 40 0
0 © 0 0 0
0 00 0 20 0
0 © 0 20 6
0 © 0 40 0
0 o0 0 40 4
65 150 0-35% 0 0
65 150 0-35% 20 0
65 150 0-35% 20 6
65 150 0-35% 40 0
65 150 0-35% 40 4
65 100 0-53% 0 0
0 © 0 0 0
0 00 0 20 6
0 00 0 40 0
65 150 0-35% 0 0
65 150 0-35% 20 6
6-5 150 0-35% 40 0
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Figure 1. Schematic diagram of loading and some arrangements of T-beam: (a) schematic diagram of loading; (b) LVDT layout;
(c) longitudinal reinforcement strain gauges; (d) stirrup strain gauges; (e) crack gauges

Materials polycarboxylate superplasticiser. The details of the SCC
The matrix materials were: cement, PO 42-5 Portland cement;  mixture proportions are presented in Table 2. A large amount
fly ash, type I; fine aggregate, natural river sand; coarse aggre-  of the workability test was carried out based on Efnarc (2002)
gate, crushed stone with particle size 5-10 mm; superplasticiser, and SCC 028 guidelines (EPG, 2005). The mixing time was
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Table 2. Mix proportions

Cement: kg/m? Fly ash: kg/m? Water: kg/m? Sand: kg/m? Gravel: kg/m? Super-plasticiser: % wib: %
388-5 166-5 210 769-4 710-2 0-9 0-38
Table 3. Fibre parameters

Fibre Diameter:  Fibre aspect Modulus of Density: Fibre number
Fibre type Fibre geometry  length: mm mm ratio elasticity: GPa g/cm? per kg
Steel fibre Hooked-end fibre 35 0-55 64 200 7-85 14 500
Plastic fibre Straight fibre 30 0-66 45 357 13 75 540

(polymer fibre)

also rigorously controlled according to Efnarc (2002) and SCC
028 guidelines (EPG, 2005). A trained and experienced tech-
nician can judge the quality of fresh fibre SCC. Steel fibres
(SF) and plastic fibres (PF) were used for the SCC. Table 3 lists
the fibre parameters in detail. In this paper, the hybrid SF and
PF used in Table 3 are hybrids based on the fibre constitutive
response. One type of fibre is stronger and stiffer and provides
reasonable first crack strength and ultimate strength, whereas
the second type of fibre is relatively flexible and leads to
improved toughness and strain capacity in the post-crack zone.

The longitudinal reinforcement and stirrup have an average
yield strength of 465-6 MPa and 354-4 MPa, respectively, and
an average tensile strength of 653-9 MPa and 5269 MPa,
respectively.

Test methods of workability

The workability of fresh SCC can be studied according to
Ding et al. (2005), Efnarc (2002) and the SCC 028 guidelines
(EPG, 2005). The test methods operated in this test include the
slump flow test (for assessing the workability and filling
ability) and the J-ring test (for assessing passing ability and
flowability, as well segregation resistance). For example, tests of
workability of SCC with 20 kg/m® SF+6 kg/m®* PF and
40 kg/m® SF + 6 kg/m> PF can be seen in Figure 2. They are
sufficient to monitor production quality (Efnarc, 2002; SCC
028 (EPG, 2005)).

From Figure 2, it can be seen that the workability (flowability,
segregation resistance, passing ability and filling ability) of the
fibre-reinforced fresh mixture with 20 kg/m> SF + 6 kg/m® PF
fulfils the requirement of SCC (Efnarc, 2002; SCC 028 (EPG,
2005)). However, the workability of the fibre-reinforced fresh
mixture with 40 kg/m> SF+6 kg/m> PF cannot fulfil the
requirement.

Results

Test results of workability and cubic

compressive strength

Table 4 gives the experimental results for workability of the
hybrid fibre-reinforced SCC. These results indicate that all

parameters correspond well to the requirements, except for the
mixture with 40 kg/m® SF+6 kg/m® PF (Efnarc, 2002; SCC
028 (EPG, 2005)). When the hybrid fibre content was
40 +4 kg/m?®, the height difference between inside and outside
steel rebars in the J-ring test was equal to 15 mm, which just
fulfilled the requirements (4 <15 mm) (Efnarc, 2002; SCC 028
(EPG, 2005)). The average of the difference in height between
the concrete just inside the bars and that outside the bars at
four locations in the J-ring test was 20 mm beyond the limit of
15 mm (see in Table 4 and Figure 2(c)). This means that the
hybrid fibre content of 40+ 4 kg/m® could achieve the upper
limit of the workability of FRSCC. The cubic specimen size
was 150 mm x 150 mm x 150 mm. Table 4 also gives the
values of cubic compressive strength, f.,, at the age of 120 d
(at the time of testing).

Shear load-displacement curves

Shear load-displacement curves of T-beams without
stirrups and fibres

Figures 3 and 4 show shear load—displacement curves (i.e. F~A
curves) and the crack patterns of Bl, C1 and D1 T-beams,
respectively. As a displacement-controlled test was performed,
any damage induced in the structure generated a drop in the
applied force and a decrease in the slope of the shear load—dis-
placement curve. It can be seen that flexural cracks were
formed at mid-span and shear span first. Then, an inclined
crack formed along some flexural cracks with the increment of
displacement. When the critical crack formed, an important
drop in the applied load occurred suddenly, but with the incre-
ment of displacement, the resisted load increased and the stiff-
ness decreased with the formation of successive cracks. The
first shear load peak occurred. The diagonal critical shear
cracks ran from the mid-height of the web to the loading point
at the top and to the support at the bottom with the increment
of displacement. The principal and critical shear crack had a
shallow angle through the flange, crossed the interface between
the flange and the web, and reached the compression zone of
the beam. These beams were able to resist higher shear load
after the formation of new diagonal cracks, as the arch action
was developed, and finally collapsed by a diagonal and sudden
shear failure. The second shear load peak occurred. In the BI,
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Figure 2. Tests of workability of SCC with 20 kg/m® SF+6 kg/m>
PF and 40 kg/m> SF+6 kg/m? PF: (a) slump flow test with SF
20 kg/m? and PF 6 kg/m?>; (b) J-ring test with SF 20 kg/m® and PF
6 kg/m>; (c) J-ring of SCC with SF 40 kg/m?® and PF 6 kg/m>

Cl and DI T-beams, longitudinal reinforcement did not reach
yielding at the second shear load peak. The B1, C1 and D1
T-beams failed in shear collapse.

Shear load-displacement curves of B, C and D series

of T-beams

Figures 5, 6 and 7 show the comparison of shear load-
displacement curves of the B, C and D series of T-beams
without stirrups, respectively. Table 5 lists the ultimate shear
load, ultimate displacement and failure mode of B, C and D
series of T-beams. The following points can be seen from
Figures 5-7 and Table 5.

(a) Compared to beams B1, C1 and D1, the load-carrying
capacity of hybrid fibre-reinforced RC beams (beams B2,
C3, C5 and D2) performed much better over the entire
displacement range, correspondingly. The displacement at
the load point of the hybrid fibre-reinforced RC beams
decreased under the same load before the peak load of
the beam (except for beam C5). The stiffness of the
hybrid fibre-reinforced RC beams increased appreciably
because of fibres delaying cracks and limiting
development of cracks. The ultimate shear load F, and
ultimate displacement A, corresponding to Fy, at the load
point of the hybrid fibre-reinforced RC beams increased
clearly (see Table 5). Based on the above discussion, this
means that the addition of hybrid fibres can enhance the
toughness greatly.

(b) Compared to beam C2 (with 20 kg/rn3 mono-SE, without
stirrups), although beam C3 has more fibres (hybrid
20 kg/m® SF and 6 kg/m® PF, without stirrups), the
displacement at the load point of the beam C3 in the
pre-peak region increased under the same load. The
stiffness of the beam C3 decreased appreciably. More
experiments should be conducted to evaluate this
phenomenon. The ultimate shear load F, of the beam C3
increased by about 9%, and the ultimate displacement A,
corresponding to F, at the load point increased by 38%
(see Table 5). The post-peak load-carrying capacities of
the beam C3 are better than that of beam C2. The
similar character of beams C4 and C5 can be seen from
Figure 6.

(¢) Compared to the beam B3 (with 40 kg/m3 mono-SE,
without stirrups), the displacement at the load point of
the beam B2 (hybrid 20 kg/m® SF and 6 kg/m> PE,
without stirrups) under the same load decreased before
about 85 kN, and increased after about 85 kN until the
shear load peak of B3. The similar character between
beams D2 and D3 can be seen from Figure 7. However,
compared to the beam C4 (with 40 kg/m> mono-SE,
without stirrups), the displacement at the load point of
the beam C3 (hybrid 20 kg/m® SF and 6 kg/m® PF,
without stirrups) under the same load increased until the
shear load peak of C4. The ultimate shear load F, and
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Table 4. Test results of workability and cubic compressive strength

Slump flow test

Fibre type: kg/m3 di: mm Tiagas 8
SFOPFO 780 3-0
SF20PFO 770 33
SF20PF6 740 41
SF40PFO 760 3-8
SF40PF4 730 4.5
SF40PF6 700 5-0

J-ring test
Cubic compressive strength
d>: mm h: mm fou: MPa

780 1 4771
740 2 46-62
700 10 49-07
730 8 33-73
700 15 36-03
660 20 -

Note: The fibre type of SF20PF6 denotes the FRSCC with 20 kg/m? steel fibre (SF) and 6 kg/m? plastic fibre (PF). The first number indicates SF content; the second

number indicates PF content

the ultimate displacement A, corresponding to F,, at the
load point of the beams B2, D2 and C3 all increased
compared to the beams B3, D3 and C4, respectively. The
post-peak load of the beams B2, D2 and C3 dropped
significantly compared to the beams B3, D3 and C4,
respectively.

(d) The shear behaviour of beams C2 and C3 is better than
that of beams C4 and CS5, respectively. However, the fibre
contents of beams C4 and C5 are higher than those of
beams C2 and C3, respectively. This phenomenon is not
reasonable and is inconsistent with previous studies (Ding
et al., 2010). The reason may be poor curing of beams C4
and C5. Therefore, the beams C4 and C5 were not
considered for further analysis.

(¢) The B, C and D series of T-beams without stirrups all
failed in shear collapse.

To assess the effectiveness of stirrups replaced by hybrid
fibres or steel fibres, the shear behaviour of the beam with
just fibres (without stirrups) that behaved with the best shear
performance was compared to that of the beam with just
the lowest quantity of stirrups. The shear load—displacement
curves of beams B2, C3 and D2 with just fibres (hybrid
fibres 20+ 6 kg/m®) were compared to those of beams B4,
C6 and D4 (stirrup ratio of 0:35%), respectively. Figures 8,
9 and 10 show the compared curves. The stirrup ratio of
0-35% (dia. 6:5@150) corresponds to the steel amount of
42 kg/m®.

The following points can be seen from Figures 8-10.

(a) The stiffness of the beam B2 with just hybrid fibres before
the shear load 95 kN is better than that of the beam B4
with just stirrups. However, after the shear load of 95 kN,
the reverse phenomenon is observed. A similar trend can
be found when comparing beams D2 and D4 (the
intersected shear load is about 89 kN) and beams C3 and
C6 (the intersected shear load is about 66 kN). The
reason is that the three-dimensional distributed hybrid
fibres act as effective shear reinforcement, and the fibres
can be more effective in arresting crack propagation and

Downloaded by [ University of Birmingham] on [11/08/17]. Copyright © ICE Publishing, al rights reserved.

maintaining the integrity of the surrounding concrete at
the early stage of loading. When the deformability is
increased, much energy is absorbed in debonding and
pulling hybrid fibres out of the concrete matrix. When the
crack width is so large that the hybrid fibres are pulled
out completely or pulled off, the hybrid fibres across the
crack become fewer and fewer. However, this
phenomenon would not appear in the beam with the
stirrups as continuum shear reinforcement, and the
stirrups did not fracture. Therefore, with the increase in
load, the rate of stiffness reduction of the beam with just
hybrid fibres exceeds that of the beam with just stirrups.
The stiffness of the beam B4 with just stirrups is larger
than that of the beam B2 with just hybrid fibres after the
shear load 95 kN.

(b) The ultimate shear load and the post-peak load-carrying
capacities of the beams B4, C6 and D4 with just stirrups
are all better than those of beams B2, C3 and D2 with
just fibres.

This means that the load-carrying capacities between the
beams B4, C6, D4 and the beams B2, C3, D2, respectively, are
not equivalent. Also, the shear reinforcements (dia. 6-5@150,
steel amount 42 kg/m®) in the current experiment cannot
be totally replaced by only 20+ 6 kg/m>® hybrid fibres. The
addition of 20+ 6 kg/m® hybrid fibres cannot totally replace
42 kg/m? of stirrups.

The comparisons of the shear load—displacement curves of the
B, C and D series of T-beams with stirrups (stirrup ratio,
pst=0-35%, 0-53%) are shown in Figures 11, 12 and 13,
respectively. The stirrup ratio of 0-53% (dia. 6:5@100) corres-
ponds to the steel amount of 63 kg/m®. An assessment of the
effectiveness the partial replacement of stirrups by hybrid
fibres or steel fibres can be made. The composite effect of
hybrid fibres and stirrups on the shear behaviour of beams can
be evaluated.

Figure 14 shows the crack pattern and failure mode of the

B, C and D series of T-beams with stirrups. The following
observations can be made from Figures 11-14 and Table 5.
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Figure 3. Shear load—displacement curves of T-beams without
stirrups and fibres: (a) B1 T-beam; (b) C1 T-beam; (c) D1 T-beam

(a)

The beam B4 with just stirrups (dia. 6-:5@150) failed in
shear collapse (see Figure 11). The addition of hybrid
fibres 20 + 6 kg/m® to the beam B4 can transform the

failure mode into a more ductile one. The beam B6 failed
in flexure collapse. This means that 20 + 6 kg/m* hybrid
fibres can partially replace stirrups. The beam B5 with
mixed steel fibres 40 kg/m? failed in flexure-shear
collapse (see Figure 11). That is, the mid-span
longitudinal reinforcement of beam B5 yielded. Also, the
concrete strain on the edge of the compressive zone of
beam BS5 reached ultimate compressive strain. However,
the mid-span longitudinal reinforcement stress did not
reach the ultimate stress. The beam B5 finally failed in
shear collapse. The maximum crack width was located in
the shear span when the beam BS5 failed.

(b) The beam D4 with just stirrups (dia. 6:5@150) failed in
flexure—shear collapse. The addition of hybrid fibres
20+ 6 kg/m® or steel fibres 40 kg/m® to the beam D4 can
transform the failure mode into a more ductile one.

The beams D5 and D6 failed in flexure collapse (see
Figure 13). This means that hybrid fibres 20 + 6 kg/m*
or steel fibres 40 kg/m® can partially replace stirrups.

(¢) A similar character can be seen during testing of beams
C6-C11. However, the beam C8 with mixed hybrid fibres
20+ 6 kg/m? failed in flexure—shear collapse and the
beam C9 with mixed steel fibres 40 kg/m® failed in
flexure collapse. This phenomenon is different from
beams B5 and B6, which contained the same mix of
fibres. Possibly the improvement in the shear behaviour
of the beams by the two types of fibres (20 + 6, 40 kg/m?)
is similar.

(d) Compared to the beam C11 with just a stirrup ratio of
0-53% (steel amount of 63 kg/m®) which failed in
flexure—shear collapse, although the beams C9 and C10
(stirrup ratio of 0-35%, steel amount 42 kg/m®) had a
smaller stirrup ratio, the addition of steel fibres 40 kg/m3
or hybrid fibres 40 + 4 kg/m® to the beams C9 and C10
was able to transform the failure mode. The beams C9
and C10 failed in flexure collapse. This means that steel
fibres 40 kg/m® or hybrid fibres 40 + 4 kg/m® can partially
replace a stirrup amount of 21 kg/m® and enlarge the
stirrup spacing from 100 mm to 150 mm under
conditions where the shear span-to-depth ratio is 3-2.

This means that the combination of hybrid fibres and stirrups
demonstrates a positive composite effect on shear behaviour.
The addition of 20+6 kg/m® hybrid fibres, 40+ 4 kg/m®
hybrid fibres and 40 kg/m® steel fibres may partially replace
the stirrup amount of 21 kg/m>.

The ultimate shear load of B, C and D series of
T-beams and proposed predictive equation

The ultimate shear load

The influence of fibre contents on ultimate shear load of B, C
and D series of T-beams are shown in Figure 15. The follow-
ing observations can be made from Figure 15 and Table 5.
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Figure 4. Crack pattern and failure mode of T-beams without stirrups and fibres: (a) B1 T-beam; (b) C1 T-beam; (c) D1 T-beam
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Figure 5. Shear load—displacement curves of B series of beams

Figure 6. Shear load—displacement curves of C series of beams
without stirrups

without stirrups

(a) When fibre contents remain constant, the ultimate shear
load increased with the increase of stirrup ratio.
(b) For B, C and D series of T-beams without stirrups, a (o)
fibre content of 20 + 6 kg/m* or 40 kg/m> can enhance
the ultimate shear load compared to the T-beam without
fibres. The ultimate shear loads of T-beams with the

addition of hybrid fibres 20 + 6 kg/m> are better than
those of T-beams with steel fibres 40 kg/m>.

For B, C and D series of T-beams with stirrup ratio of
0-35%, a fibre content of 20 + 6 kg/m® or 40 kg/m® can
also enhance the ultimate shear load compared to the
T-beam without fibres. However, the comparison between
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Figure 7. Shear load—displacement curves of D series of beams
without stirrups

ultimate shear loads of T-beams with the addition of
hybrid fibres 20 + 6 kg/m® and steel fibres 40 kg/m® is
different for the B, C and D series of T-beams without
stirrups. The ultimate shear loads of BS T-beams (hybrid
fibres 20 + 6 kg/m?) are better than those of B6 T-beams
(steel fibres 40 kg/m?). The ultimate shear loads of C8
T-beams (hybrid fibres 20 + 6 kg/m®) are lower than those
of C9 T-beams (steel fibres 40 kg/m*). The D5 and D6
T-beams failed in flexural collapse, and the ultimate shear
loads of the two beams cannot be compared with each
other. It is possible that the composite effect of hybrid

Shear load: kN

140

120

100 -

80 |

‘B2

201

14 16 18

O Il 1 1 | 1 1
0 2 4 6 8 10 12

Displacement: mm

Figure 8. Shear load—displacement curves compared between B2
and B4

(d)

fibres 20 + 6 kg/m* and steel fibres 40 kg/m> with stirrups
on the ultimate shear load is similar.

For the C series of T-beams, the T-beams with hybrid
fibres 40 +4 kg/m® and steel fibres 20 kg/m> are made
and tested alongside the T-beams with hybrid fibres

20+ 6 kg/m> and steel fibres 40 kg/m>. The ultimate
shear loads of T-beams with the addition of hybrid fibres
20+ 6 kg/m® are better than those of T-beams with steel
fibres 20 kg/m>. The ultimate shear loads of T-beams
with the addition of hybrid fibres 40 +4 kg/m? are better
than those of T-beams with steel fibres 40 kg/m>.

Table 5. Ultimate shear load, ultimate displacement and failure mode of B, C and D series of T-beams

Bea

B1
B2
B3
B4
B5
B6
C1
c2
c3
@
c5
(€9
c7
c8
c9
c10
C11
D1
D2
D3
D4
D5
D6

m no. Ultimate shear load: kN Shear strength: MPa
41-95 1-58
98-44 3-71
88-75 3-34

113-23 426
>13543 —
12811 4-82
7512 2-:83
97-63 3-68
106-10 3-99
79-15 298
99-26 374
127-50 4-8
130-29 4-9
135-99 5-12
>139:54 —
>151-68 —
135-80 5-11
60-05 2:26
119-58 4.5
106-75 4-02
128-05 4-82
>145-53 —
>146-38 —

Ultimate displacement at shear load point: mm

Failure mode

1.97 Shear
7-36 Shear
5-29 Shear
8:61 Shear
26-44 Flexure
11-36 Flexure—shear
1-94 Shear
5-80 Shear
8:03 Shear
5-58 Shear
7-41 Shear
12:62 Flexure—shear
8-98 Flexure—shear
10-79 Flexure —shear
50-78 Flexure
38-33 Flexure
13-26 Flexure—shear
2:26 Shear
10-25 Shear
8:03 Shear
9-88 Flexure—shear
35-21 Flexure
3679 Flexure
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Figure 9. Shear load—displacement curves compared between C3
and C6
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Figure 10. Shear load-displacement curves compared between
D2 and D4
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Figure 11. Shear load-displacement curves of B series of beams
with stirrup ratio of 0-35%
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Figure 12. Shear load—displacement curves of C series of beams

with stirrup ratios of 0-35%, 0-53%: (a) overall drawing; (b) partial
enlarged detail
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Figure 13. Shear load—displacement curves of D series of beams
with stirrup ratio of 0-35%
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Figure 14. Crack pattern and failure mode of B, C, D series of T-beams with stirrups: (a) B4; (b) B5; (c) B6; (d) C6; (e) C7; (f) C8; (g) C9;
(h) C10; () C11; (j) D4, (k) D5; (1) D6

The influence of different flange sizes on the ultimate  With the exception of the C4 T-beam (steel fibre 40 kg/m?,
shear loads of B, C and D series of T-beams is shown in  stirrup ratio 0%), the ultimate shear loads of C and D series of
Figure 16. Observations from Figure 16 and Table 5 are given = T-beams are better than those of the B series of T-beams.
below. Apart from the T-beams without stirrups and fibres, the
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Figure 15. Influence of fibre contents on ultimate shear load of
B, C, D series of T-beams: (a) B series of T-beams; (b) C series of
T-beams; (c) D series of T-beams

ultimate shear loads of the D series of T-beams are better
than those of the C series of T-beams. This indicates that the
ultimate shear load increased with the increase of flange size.
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B B T-beam
m C T-beam
1201 D T-beam
=
< 100}
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B B T-beam
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5
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(b)

Figure 16. Influence of different flange size on ultimate shear
load: (a) stirrup ratio of 0%; (b) stirrup ratio of 0-35%

Therefore, when calculating the ultimate shear load of
T-beams, different flange sizes should be considered.

Proposed predictive equations

There is no related formula in the references and codes
to predict the ultimate shear load of hybrid-fibre-reinforced
SCC T-beams. Based on related research by the present
authors and other researchers in previous studies, three
methods are proposed in this paper: the effective width, form
factor and shear-funnel methods for predicting the ultimate
shear load of steel fibre-reinforced SCC T-beams. Two
other methods: the revised o—w design method and the revised
o—¢ design method can predict the ultimate shear load of
hybrid-fibre- or steel-fibre-reinforced SCC T-beams. These
methods will be described in the following
subsections.

in detail
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Effective width

The shear strength of rectangular beams v, at failure is defined
as the ultimate shear load divided by beam width b and effec-
tive depth d (v,= V/bd). The average shear strength of rec-
tangular beams with steel fibres and stirrups can be calculated
according to Equation 1, as proposed in the literature (Ding
etal., 2011).

1. Vuf = Vue + Vs + ¥r

where v, is the contribution of the concrete to shear strength;
vs 1s the contribution of the stirrups to shear strength; and vy is
the contribution of the fibres to shear strength.

Vue =Va + Vp

=£ [0.97p2.46fé1/2 + 0.2p(s).91fc,0-38 ﬁ.gs(a/d),zgg

The ultimate shear load can be calculated by Equation 5.

5. Vat = Vae + Vs + Ve

with
6. Ve = vucbd

=¢ 0.97p2).46fcll/2 + 0'2/3(5)-91_}()0,0.38 y(i.%(a/d),zgg}
x bd

7. Vs = vsbd = 1-T5hp fyvbd

8. Ve = vebd = 0-5tpely | drcot abd

with

&=1/\/1+d/(25d,)

py = As/(bd)

where v, and v, denote the shear stresses due to the arch and
beam actions, respectively; ¢ denotes the factor for taking into
account the size effect; d denotes the effective depth of the
beam; d, denotes the maximum size of coarse aggregate; f.
denotes the compressive strength of a circular cylinder; pj
denotes the longitudinal reinforcement ratio; f,; denotes the
yield strength of the longitudinal reinforcement; and a/d
denotes the shear span—depth ratio.

3. vs = 1751y pgfyst

0.97p0-46fc/1/2

S

Iy =
° 0~97,0(5)'46fc’1/2 + 0~2p2<91f010-38fy(i-96(a/d)fza.?

ps = Ast/(bs)

where I, denotes the index of beam action; fy denotes the
yield strength of the stirrup; and pg denotes the stirrup ratio
evaluated with reference to the spacing, s.

/]
ve = 0-57 Vf;ffcola

where o denotes the inclination between the longitudinal
reinforcement and the shear crack, and a is assumed to be
equal to 45°.

Based on the work of Zararis et al. (2006), the Equation 5 is
revised using ‘effective width, b.;’ for calculating the ultimate
shear load of the B, C and D series of T-beams.

Defining the effective width of a T-beam in shear, b= Alc,
where A equals the area of the shaded part of the cross-section
and ¢ equals the distance from the extreme compression fibre
to the neutral axis (depth of compression zone), the following
expression is derived

_ hf bf C

where /¢ is the flange thickness; d is the effective depth;
be is the flange width; and b, is the web width, namely, the
rectangular beam width, b.

The depth of the compression zone, ¢, is determined analy-
tically after taking into account the shape of the compression
zone, and is given by the positive root of the following
equation (for further details, refer to the appendix in Zararis
et al. (2006)) (see Figure 17).

c\2 hf bf ,0+p’
(3) +{1'53(E_1> 607
¢ optd/d)p
x g 607 =0

The effective width b can replace the width b in Equation 6
for the ultimate shear load of a beam without stirrups.
Therefore, Equation 10 for calculating the ultimate shear load
of T-beams is derived and proposed

Based on the work of Tureyen et al. (2006), two other
methods that consider the contribution of the flange to
ultimate shear load can be used. These two methods are
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100 Ve = Ve + Ve + Ve =¢|0:97p2%7 112 1 02921117

C

the form factor and shear-funnel methods, and they are
described below.

Form factor

To evaluate the influence of the flange, it is suggested that the
shear strength of T-beams based on the factor /by /b can be
calculated according to Equation 11. It should be noted that
the multiplier was developed for cases where the neutral axis is
located within the flange thickness after cracking. Therefore,
the multiplier should not modify the area of concrete in com-
pression that is below the flange for members where the
neutral axis depth calculated using elastic, cracked-section
analysis is below the flange.

Ve = 5\/ﬁ(bfc\/bw—/bf)
Ve = 5\/j_'c’[bft\/bw—/bf + by (c— t)]

when ¢ <t

when ¢ >t

where ¢ is the neutral axis depth calculated using an elastic
cracked section analysis; ¢ is the flange thickness; f¢ is the
cylinder compressive strength; by is the flange width; and by, is
the web width. Because the term /by /b yields a value of
1 when there are no flanges, the form factor approach unifies
the calculation of the shear strength of both T-beams and rec-
tangular beams.

Considering the contribution of stirrups and fibres to the shear
strength, Equations 3 and 4 were added to Equation 11.
Equation 12, used to calculate the shear strength of T-beams,
is thereby derived and proposed

'y‘{"’"(a/d)—2'”] X berd 4 1-75Ivp fyvbd + 0-5tpcly /drcot abd

Neutral axis

Figure 17. Cross-section of T-beam with effective shear area of
concrete (shaded)

effective shear area for most practical T-beam geometries used
in reinforced concrete construction, unusually thin or thick
flanges may result in actual effective shear areas different from
those calculated using the form factor approach.

To account for the effect of flange thickness on the effective
shear area of a T-beam, the concept of a shear funnel was
developed. This concept is illustrated in Figure 18. Two angled
lines are extended from both corners of the web-to-flange
interface into the flanges of a T-beam until they cross the top
surface of the flange. Two cases, one with the neutral axis
located in the flange and the other with the neutral axis in the

Var = 51/ 71 <bfc\/bw /bf) + 175k fon + 0-Stply /drcota when ¢ <t
var = v/ 11 [bm/bw Jbr + by(c — z)] + 1758op fo + 0-5tply /drcota when ¢ >t

Then, Equation 13, used to calculate the ultimate shear load
of T-beams, is derived

Vi = [Sm(bfc‘\/bw/bf)+1~75]bpvfyv+0~57pflf/dfcol‘(x]bd when ¢<1

Ve = {5 7 [bfz\/bw by + by (c — z)] + 175 hp fon + O-STpflf/dfcota}bd when ¢> 1

Shear funnel

Equation 11 considers the effect of the web-to-flange width
ratio in determining the effective shear area in the flanges.
Keeping all other variables constant, it is expected that the
shear strength of a T-beam should increase as the flange thick-
ness increases. This trend, however, is not accounted for using
the form factor approach. While it is not expected that the
flange thickness has a significant effect on the calculation of

web, are illustrated in Figures 18(a) and 18(b). A third case
where the lines intersect with the side faces of a T-beam flange
may also occur when the flange width extending beyond the
web is smaller than its thickness. In such cases, the effective
shear area is also bounded by the side surfaces of the flange,
as illustrated in Figure 18(c). According to the shear-funnel
concept, the area of concrete bounded by the neutral axis and
the two angled lines is defined as the effective shear area.
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The largest angle 6 calculated was approximately 42°. Based
on the analysis in the literature (Tureyen et al., 2006), a value
of 45° was selected as a simple and conservative value. The
shear strength of T-beams without stirrups and fibres based on
the concept of a shear funnel can be calculated according to
Equation 14.

Ve =57/ flbyc[l + (Area — byc)/byc]
14. =54/ flbyc x Area/byc

=54/ f¢ X Area

where ‘Area’ refers to the effective shear area, see Figure 18.

Considering the contribution of stirrups and fibres to the shear
strength, the Equations 3 and 4 were added to Equation 14.
Equation 15, used to calculate the shear strength of T-beams,
is thereby derived and proposed

15, v =5/ fl x Area+ 1-75Lp fyy + 0-5tp¢ls /drcot a

Then Equation 16, used to calculate the ultimate shear load of
T-beams, is derived

16.  ve = (5v/fL x Area + 1-751vp fyv + 0-5tppls /drcot a)bd

Revised Rilem TC 162-TDF 5-¢ desigh method

The ultimate shear load of a beam with shear reinforcement
and containing steel fibres according to the Rilem TC 162-
TDF o design method is given by

17.  Vraz = Vea + Via + Vi

where V4 is the ultimate shear load of the member without
shear reinforcement, given by

18. Vcd:[0.12k(1oopsﬁck)1/3+o-15<fcp}bwd (N)

_lof ///////////_ _ [Neutral axis

______ 1/ —

@) - (b)

Neutral axis

()

Figure 18. Shear funnel

Viq 1s the contribution of the steel fibre shear reinforcement,
given by

19. Vfd = 0~7kfk|debwd (N)

and V4 is the contribution of the shear reinforcement due to
stirrups and/or inclined bars, given by

ASSW 0-9dfywa(1 + cot @) sina  (N)

20. Vya=

The effective width b.r in Equation 9 can replace the width b,
in Equation 18 for the ultimate shear load of beam without
stirrups. Therefore, the Equation 21 used to calculate the ulti-
mate shear load of T-beams is derived and proposed:

Vias = 0.1zk(1oopsffck)”3+0~15%] berd

A .
:w 0-9dfywa (1 + cot a) sina

21.
+ 0-Tkekitigbwd +

Revised Rilem TC 162-TDF s-w desigh method

The ultimate shear load of a beam with shear reinforcement
and containing steel fibres according to the Rilem TC
162-TDF o-w design method is also given by Equation 17.
However, the difference of between the o—w design method and
the o— design method lies in the calculation of the contri-
bution of the steel fibre shear reinforcement. In the Rilem TC
162-TDF o-w design method, the fibre contribution Vi is
calculated from the design stress—crack opening relationship
owa (W) in the following way

22. Vfd = bWZO_'pvd(Wm)

with

1 W
23, Gpd(Wm) = FJ Ow,d(u)du

m JO

where the quantity ¢, q(wm) is called the mean design residual
stress at the crack width w,, and represents the mean value of
the post-cracking stress between zero and wy,.

The effective width b.s in Equation 9 can also replace the
width by, in Equation 18 for the ultimate shear load of a beam
without stirrups. Therefore, Equation 24, used to calculate the
ultimate shear load of T-beams, is derived and proposed

Vras = 0-12k(IOOpsffck)l/3+0-1560p] berd
24. )
+ byzGpa(Wm) + %0-9dfywd(l + cot a) sina
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Figure 19. Load-deflection curves of hybrid-fibre-reinforced SCC

When the Rilem TC 162-TDF o—¢ design method and the
Rilem TC 162-TDF o-w design method have been used to
calculate the ultimate shear load of T-beams, the load-
deflection curves of hybrid-fibre-reinforced SCC should be
tested. The load—deflection curves of hybrid-fibre-reinforced
SCC using the notched beam test in the present study can be
seen in Figure 19. The flexural strength and toughness of the
hybrid-fibre-reinforced SCC are shown in Table 6.

The tensile stress—crack opening relationship of hybrid-fibre-
reinforced SCC is determined by inverse analysis using the
load plotted against crack mouth opening displacement curve
from notched beam testing according to the Rilem TC
162-TDF o—w design method. Because the load-deflection
curves of a notched beam are proportional to the load plotted
against crack mouth opening displacement curve, the tensile
stress—crack opening relationship of hybrid-fibre-reinforced
SCC can be determined by inverse analysis using the load-
deflection curves of a notched beam. In this study, the bilinear
stress—crack opening relationship is used, which is illustrated in
Figure 20.

The parameters a; and a, are the slopes of the first and second
linear curves, respectively. The parameter b, is the Y-intercept
of the second linear curve. The material parameters a;, o,
and b, determined by inverse analysis are listed in Table 7.

o

WA
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0
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0 Wy w, w

C

Figure 20. Bilinear stress—crack opening relationship

Table 7. Material parameters of beams based on inverse analysis

Material parameters

Fibre type as az b,
SF20PFO 18 0-05 0-29
SF20PF6 13 0-03 0-45
SFA0PFO 63 0-19 0-5
SFA0PF4 18 0-09 0-59

Figure 21 shows a comparison of the load-deflection curves
between test and theory for beams SF20PF6 and SF40PF4. It
can be seen that theoretical and experimental curves fit well
based on the material parameters in Table 7.

The ultimate shear loads of T-beams containing hybrid fibres
and/or with stirrups according to the revised Rilem TC 162-
TDF o—¢ design method and the revised Rilem TC 162-TDF
o—w design method are calculated and listed in Table 8.

When the T-beams failed in flexure collapse, the shear load of
the shear span of the T-beam did not reach the maximum.
Therefore, the ultimate shear load of T-beams that failed in
flexure collapse was not studied. Table 8 also gives the pre-
dicted value of ultimate shear load of T-beams with steel fibres
using the effective width, form factor and shear-funnel
methods. The ratios of experimental ultimate shear load to the
predicted values (Vies! Vpredictea) are listed in Table 8 as well.

Table 6. Flexural strength and toughness of hybrid-fibre-reinforced SCC

Fibre type fi:MPa D:Nmm Dgp:Nmm Di:Nmm o fg: MPa  foqs: MPa  fgqi: MPa  fry: MPa  frs: MPa  fz4: MPa
SFOPFO 5-17 1-20 = = = = = = = =
SF20PFO 5-16 0-86 6-41 2198 4-10 2-81 3-00 2-82 2-69 2-56
SF20PF6 5-04 0-87 8:32 31:20 5-33 3-99 3-79 3-79 3-74 3-:66
SFA0PFO 5-46 1-01 8-83 34:21 5-65 4-38 395 410 410 4-01
SFA0PF4 5-14 0-90 10-06 37-01 6-44 4-74 4-53 4-57 4-47 4-33
935
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Figure 21. Comparison of load—deflection curves between test and theory of beams SF20PF6, SF40PF4: (a) comparison of
load—deflection curves between test and theory for beam SF20PF6; (b) tensile stress—crack opening relationship for beam SF20PF6;
(c) comparison of load-deflection curves between test and theory for beam SF40PF4; (d) tensile stress—crack opening relationship for

beam SFA0PF4

The average and coefficient of variation of hybrid-fibre-
reinforced SCC T-beams are calculated and listed in Table 8.

Research studies investigating the influence of hybrid fibres
on the shear behaviour of T-beams are few. Methods described
as the revised o—w design method and revised o—¢ design
method should be used based on the load-deflection curves
of fibre-reinforced SCC using the notched beam test. The
load—deflection curves from the notched beam test are not
usually given in the literature. Therefore, the proposed
methods for predicting ultimate shear load of fibre-reinforced
T-beams only were used for T-beams in this text. Although the
sample was small, some meaningful results can be obtained
from this study. From Table 8, the following points can be
observed.

(a) The ultimate shear load of T-beams containing hybrid
fibres and/or with stirrups (or steel fibres) can be
predicted by the revised o—w design method and the
revised o—¢ design method. The effective width, form
factor and shear-funnel methods can only predict the
ultimate shear load of T-beams with stirrups and/or
containing steel fibres.

(b) No matter whether the T-beam is without stirrups or
contains stirrups, the predicted values of ultimate shear
load of the T-beam are very conservative using the form
factor and shear-funnel methods.

(¢) For a T-beam without stirrups, the values predicted by
the effective width method are overestimated. The mean
ratio Vies/ Vpredicted for a steel-fibre-reinforced SCC
T-beam without stirrups is 0-9.
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Table 8. Ultimate shear load, average and coefficient of variation of T-beams

Predicted value: kN

Revised Revised
Test o-w o—¢

Fibre data: design design Effective Form

type kN method  method width factor

B1 41-95 45-6 45-60 61-63 43-03

B2 98-44 851 66-31 - —

B3 8875 759 63-18 79-42 64-55

Cc1 7512 5241 52-41 72:25 40-11

c2 97-63 72-84 67-65 85-53 53-66

C3 106-10 91-94 7526 - —

ca 7915 82:03 71-59 86-86 62:16

Cc5 99-26 88-86 74-21 - —

D1 60-05 81-40 81-40 118-20 32:94

D2 119-58 121-20 106-29 - —

D3 106-75 108-07 99-56 118-47 55-78

Average

Coefficient
of variation

B4 113-23 756 75-60 94-5 75-97

B6 12811 105-9 93-18 112-36 97-48

C6 127-50 8241 82-41 105-19 73-05

Cc7 130-29 102-84 97-65 118-47 86-59

c8 135-99 12194 105-26 — —

C11 135-80 97-42 95-24 121-66 89-52

D4 128-05 111-40 111-40 151-14 65-88

Average

Coefficient
of variation

(d) For a T-beam without stirrups, the mean ratio
Viest! Vpredictea Using the revised o—w design method is
1-09. The predicted ultimate shear load is safe and
acceptable in relation to the experimental values. The
coefficient of variability is 0-17. Thus the proposed
Equation 24 using the revised o—w design method shows
good applicability. The revised o—w design method is
better than the revised o—¢ design method for estimating
the ultimate shear load of T-beams without stirrups.
However, the revised o—w design method is more
complicated.

(e) For SCC T-beams with stirrups, the values predicted by
the effective width method are relatively close to the
experimental values. The mean ratio Vieg/Vpredicted USINE
the effective width method is 1-11. However, this
method can only predict the ultimate shear load of
steel-fibre-reinforced SCC T-beams.

(f) For hybrid-fibre-reinforced SCC T-beams with stirrups,
the values predicted by the revised o—w design method
are safe and relatively conservative. The revised o—w
design method is also better than the revised o—¢ design
method for estimating the ultimate shear load of
T-beams with stirrups.

Therefore, the revised o—w design method is more suitable for
predicting the ultimate shear load for beams containing hybrid
fibres and/or with stirrups than the other methods. However,

Test data/Predicted value

Revised Revised
o—-Ww o—¢€
Shear design design Effective  Form  Shear
funnel method  method width factor funnel
45-42 0-92 0-92 0-68 0-97 0-92
— 1-16 1-48 — — —
66-40 117 1-40 112 1-37 1-34
49-67 1-43 143 1-04 1-87 1-51
62-95 1-34 1-44 1-14 1-82 1-55
— 115 1-41 — — —
70-13 0-96 111 091 1-27 113
— 112 1-34 — — —
39-58 0-74 0-74 0-51 1-82 1-52
— 0-99 1-13 — — —
61-63 0-99 1-07 0-90 191 173
Average 1-09 1-22 0-9 1-58 1-39
Coefficient 017 0-19 0-24 0-22 0-19
of variation
78:36 1-69 1-69 1-36 1-69 1-63
99-34 1-07 122 1-01 1-16 114
82-61 1-55 1-55 1-21 1-75 1-54
95-89 127 11:33 1-10 1-50 1-36
— 112 1-29 — — —
99-08 1:3/9) 1-43 112 1-52 1-37
72-52 115 1-15 0-85 1-94 1-77
Average 1-32 1-38 111 1-59 1-47
Coefficient 016 013 0-14 0:-15 016
of variation

further experiments and research should be done in future to
verify the applicability of the revised o—w design method.

Conclusions

The shear behaviour of three series of hybrid-fibre-reinforced
SCC T-beams was studied. The influence of the fibre, the com-
posite effects of the steel bars and fibre, and the influence of
the flange size on the ultimate shear load of SCC T-beams
were ascertained. Based on the analysis of the test results
presented herein, the following conclusions can be drawn.

(a) Results showed that the mechanical behaviour of the
T-beam with hybrid fibres is much better than that of
a T-beam without stirrups and fibres or only with
mono-steel fibres.

(b) The addition of hybrid fibres in adequate amounts can
change the failure mode of a brittle shear failure into a
ductile flexural mechanism. The BS T-beam (with stirrup
ratio of 0-35% and hybrid fibres 20 + 6 kg/m?), the C10
T-beam (with stirrup ratio of 0-35% and hybrid fibres
40 +4 kg/m®) and the D5 T-beam (with stirrup ratio
of 0-35% and hybrid fibres 20 + 6 kg/m?) all failed in
flexural collapse.

(¢) Hybrid fibres can evidently enhance the ultimate shear
load for each stirrup ratio. Compared to mono-steel
fibres, the ultimate shear loads of T-beams with the

937
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addition of hybrid fibres 20 + 6 kg/m® are better than
those of T-beams with steel fibres 40 kg/m>.

(d) The influence of different flange sizes on the ultimate
shear load of T-beams should be considered. The
ultimate shear load increased with the increase of
flange size.

(e) Three methods were proposed — the effective width, form
factor and shear-funnel methods — for predicting the
ultimate shear load of steel-fibre-reinforced SCC
T-beams, and another two methods were proposed — the
revised o—w design method and the revised o—¢ design
method — for predicting the ultimate shear load of
hybrid-fibre- or steel-fibre-reinforced SCC T-beams.

The ultimate shear loads recorded experimentally were
compared with the values obtained from the proposed
equations. The revised o—w design method was found to
be more suitable for predicting the ultimate shear load
of T-beams containing hybrid fibres and/or with stirrups,
and the correlation was satisfactory.
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