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Abstract. Fibre-reinforced self-compacting concrete (FRSCC) is a high-performance building material
that combines positive aspects of fresh properties of self-compacting concrete (SCC) with improved
characteristics of hardened concrete as a result of fibre addition. To produce SCC, either the constituent
materials or the corresponding mix proportions may notably differ from the conventional concrete (CC).
These modifications besides enhance the concrete fresh properties affect the hardened properties of the
concrete. Therefore, it is vital to investigate whether all the assumed hypotheses about CC are also valid for
SCC structures. In the present paper, the experimental results of short-term flexural load tests on eight
reinforced SCC and FRSCC specimens slabs are presented. For this purpose, four SCC mixes — two plain
SCC, two steel, two polypropylene, and two hybrid FRSCC slab specimens — are considered in the test
program. The tests are conducted to study the development of SCC and FRSCC flexural cracking under
increasing short-term loads from first cracking through to flexural failure. The achieved experimental results
give the SCC and FRSCC slabs bond shear stresses for short-term crack width calculation. Therefore, the
adopted bond shear stress for each mix slab is presented in this study. Crack width, crack patterns,
deflections at mid-span, steel strains and concrete surface strains at the steel levels were recorded at each
load increment in the post-cracking range.

Keywords: fibre-reinforced self-compacting concrete; self-compacting concrete; crack control; flexural
cracking; bond shear stress

1. Introduction

Self-compacting concrete (SCC) can be placed and compacted under its own weight with little
or no vibration and without segregation or bleeding. SCC is used to facilitate and ensure proper
filling and good structural performance of restricted areas and heavily reinforced structural
members. It has gained significant importance in recent years because of its advantages (Aslani
and Nejadi, 2012a,b,c). Recently, this concrete has gained wider use in many countries for
different applications and structural configurations. SCC can also provide a better working
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environment by eliminating the vibration noise. Such concrete requires a high slump that can be
achieved by superplasticizer addition to a concrete mix and special attention to the mix
proportions. SCC often contains a large quantity of powder materials that are required to maintain
sufficient yield value and viscosity of the fresh mix, thus reducing bleeding, segregation, and
settlement. As the use of a large quantity of cement increases costs and results in higher
temperatures, the use of mineral admixtures such as fly ash, blast furnace slag, or limestone filler
could increase the slump of the concrete mix without increasing its cost (Aslani and Nejadi
2013a,b).

Fibre-reinforced self-compacting concrete (FRSCC) is a relatively recent composite material
that combines the benefits of the SCC technology with the advantages of the fibre addition to a
brittle cementitious matrix. It is a ductile material that in its fresh state flows into the interior of the
formwork, filling it in a natural manner, passing through the obstacles, and flowing and
consolidating under the action of its own weight. FRSCC can mitigate two opposing weaknesses:
poor workability in Fibre-reinforced concrete (FRC) and cracking resistance in plain concrete
(Aslani 2013; Aslani and Natoori 2013).

To control the crack width at the flexural member tension surface, designers can use the
guidelines prescribed in various design codes. These guidelines are based on certain analytical
solutions to crack width for conventional concrete (CC) that were developed by various
researchers. There is no study about short term flexural cracking control of reinforced SCC and
FRSCC one way slabs.

2. Research significance

2.1 Materials and mix proportions

In this study, the experimental results of short-term flexural load tests on eight reinforced SCC
and FRSCC specimens slabs are presented. For this purpose, four SCC mixes — two plain SCC,
two steel, two polypropylene, and two hybrid FRSCC slab specimens — are considered in the test
program. In this study, all testing and measurement requirements are based on the Nejadi (2005)
research study and we aimed to compare SCC and FRSCC slab series experimental results with
CC (Nejadi 2005) slab series experimental results. The tests were conducted to study the
development of SCC and FRSCC flexural cracking under increasing short-term loads from first
cracking through to flexural failure. Crack width, crack patterns, deflections at mid-span, steel
strains and concrete surface strains at the steel levels were recorded at each load increment in the
post-cracking range.

The major objectives of the experimental program were:

() To gain a better understanding of the mechanisms associated with SCC and FRSCC flexural
cracking of slab, and the influence of those factors that affect the spacing and width of flexural
cracks under short-term loading.

(b) To obtain bond shear stresses for SCC and FRSCC slabs crack width calculation.

3. Experimental Study

3.1 Materials

In this experimental study, shrinkage limited cement (SLC) corresponding to the ASTM C183-
08 (2000) (AS 3972 2010) standard was used. SLC is manufactured from specially prepared
portland cement clinker and gypsum. It may contain up to 5% of AS 3972 approved additions. The
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chemical, physical, and mechanical properties of the cement used in the experiments are shown in
Table 1. The chemical, physical, and mechanical properties adhere to the limiting value or
permissible limits specified in AS 2350.2, 3, 4, 5, 8, and 11 (2006).

Table 1 Properties of cement, fly ash, and ground granulated blast furnace slag (GGBFS)

Cement Fly ash GGBFS
Chemical properties Chemical properties Chemical properties
Ca0O 64.5% Al,O4 26.40% Al,O; 14.30%
SiO; 19.3% CaO 2.40% Fe,0s3 1.20%
Al,Os 5.2% Fe,0;3 3.20% MgO 5.40%
Fe203 2.9% Kzo 1.55% Mn203 1.50%
MgO 1.1% MgO 0.60% SO; 0.20%
SO; 2.9% Mn,03 <0.1% Cl 0.01%
K,O 0.56% Na,0 0.47% Insoluble 0.50%
Residue
Na,O <0.01% P,Os 0.20% LOI -1.10%
Cl 0.02% SiO, 61.40% Physical properties
Lol 2.8% SO, 0.20% F'I”e“ess 435 mP/kg
ndex
Physical properties Sro <0.1%
Autoclave Tio, Tio, 1.00%
expansion
Fineness index 405 m?/kg Physical properties
Mechanical properties Moisture <0.1%
Initial setting time 90 mins Fineness 45 micron  78% passed
Final setting time 135 mins Loss on ignition 2.30%
Soundness 1.0 mm Sulfuric anhydride 0.20%
Drying shrinkage 590 wstrain Alkali content 0.50 %
f'. (3 Days) 37.2 MPa Chloride ion <0.001%
' (7 Days) 47.3 MPa Relative density 2.02 %
', (28 Days) 60.8Mpa  Hclative water 97%

requirement
Relative strength

0,
28 days 88%

Table 2 Properties of crushed latite volcanic rock coarse aggregate, Nepean river gravel fine aggregate, and
Kurnell natural river sand fine aggregate

Crushed latite volcanic rock coarse . . Kurnell natural river sand
Nepean river gravel fine aggregate .
aggregate fine aggregate
Characteristics Results Characteristics Results Characteristics Results
. . Passing . . Passing . . Passing
Sieve size (%) Sieve size (%) Sieve size (%)
13.2 mm 100 6.7 mm 100 1.18 mm 100
9.5 mm 89 4,75 mm 99 600 micron 98
6.7 mm 40 2.36 mm 83 425 micron 87

4,75 mm 7 1.18 mm 64 300 micron 46
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2.36 mm 1 600 micron 42 150 micron 1
1.18 mm 1 425 micron 28 Mat%ar'n‘;::r:z;tha” Nil
Mate;'ﬁ:):(‘)mez(;)h)a” 7 1 300 micron 19 buﬁ“gggﬁ;"(tfﬁng) 139
Mis-shapen particles . Compacted bulk
%) 150 micron 8 Density (t/m?) 1.54
. Material finer than 75 Particle density
Ratio 2:1 13 micron ((;A))b § 3 (Dr;:) ((;/mg) 2.58
. Uncompacted bu Particle density
Ratio 3:1 1 Density (t/m?) 1.52 (SSD) (t/m?) 2.59
Flakiness index (%) 20 CompaCti?/rgé‘)'k density 4 g4 Aggﬁ;?t”; g?rrrf'g‘)"e 2.62
Uncompacted bulk Particle density (Dr Water absorption
densiF')[y (t/m3) 1.3 (t/m3) y ) 2.:58 (%) P 0.6
Compacte?/nkzglk density 154 Particle ((dte/zrr:]s;)ty (SSD) 2 60 Silt content (%) 4
Moisture condition of 13 Apparent particle 263
the aggregate (%) ' density (/m°) '
Particle (?fnqg;ty (Dry) 2.65 Water absorption (%) 0.7
Particle ?tjg?;y SSD) 579 Silt content (%) 7
Apparent particle 279 Degradation factor of 90
density (t/m°) ' fine aggregate
Water absorption (%) 1.9 Moisture content (%) 55
Method of determining
Ave. dry strength (kN) 391 voids content
Ave. wet strength (kN) 293 % Voids 41.7
Wet/dry strength 25 The mean flow time 26.5
variation (%) (Sec.) '
Test fraction (mm) -9.5+6.7
The amount of
significant breakdown <0.2
(%)
Los angeles value grd. 13
‘K’ (%L0ss)
Table 3 The physical and mechanical properties of fibres
. Modulus
Fi . Density  Length  Diameter Aspect Tensile of Cross- Surface
ibretype  Fibre name 3 ratio strength . section
(kg/m”) 0] (d) (Iid) (MPa) elasticity form structure
. (GPa)
Dramix : Hooked
Steel RC-80/60- 7850 60 0.75 80.0 1050 200 Circular end
BN
Polipropyl o 1ixes 905 65 08 765 250 3 Square  Rough

ene (PP)
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Table 4 The proportions of the concrete mixtures (based on SSD condition)

Constituents N-SCC D-SCC S-SCC DS-SCC
Cement (kg/m®) 160 160 160 160
Fly Ash (kg/m?) 130 130 130 130
GGBFS (kg/m®) 110 110 110 110
Cementitious content (kg/m°) 400 400 400 400
Water (lit/m?) 208 208 208 208
Water cementitious ratio 0.52 0.52 0.52 0.52
Fine aggregate (kg/m°)
Coarse sand 660 660 660 660
Fine sand 221 221 221 221
Coarse aggregate (kg/m®) 820 820 820 820
Admixtures (lit/m°)
Superplasticiser 4 4.86 4.73 45
VMA 1.3 1.3 1.3 1.3
High range water reducing agent 1.6 1.6 1.6 1.6
Fibre content (kg/m°)
Steel - 30 - 15
PP - - 5 3
3.1.2 Fly ash

It is important to increase the amount of paste in SCC because fly ash is an agent to carry the
aggregates. Eraring fly ash (EFA) is a natural pozzolan. It is a fine cream/grey powder that is low
in lime content. The chemical and physical properties of EFA used in the experimental study are
given in Table 1. The chemical, physical, and mechanical properties of the EFA used adhere to the
limiting value or permissible limits specified in ASTM C311-11b (2000) (ACI 232.2R-03, 2004;
AS 2350.2, 2006; AS 3583.1, 2, 3, 5, 6, 12, and 13, 1998).

3.1.3 Ground granulated blast furnace slag

Granulated blast furnace slag (GGBFS) is another supplementary cementitious material that is
used in combination with SLC. GGBFS used in the experiment originated in Boral, Sydney, and it
conformed to ASTM C989-06 (2000) (ACI 233R-95, 2000; and AS 3582.2, 2001) specifications.
The chemical and physical properties of GGBFS are given in Table 1.

3.1.4 Aggregate

In this study, crushed volcanic rock (i.e., latite) coarse aggregate was used with a maximum
aggregate size of 10 mm. Nepean river gravel with a maximum size of 5 mm and Kurnell natural
river sand fine aggregates were also used. The sampling and testing of aggregates were carried out
in accordance with ASTM C1077-13 (2000) (AS 1141, 2011; RTA, 2006) and the results for
coarse and fine aggregates are shown in Tables 2, respectively.

3.1.5 Admixtures

The superplasticiser, viscosity-modifying admixture, and high-range water-reducing agent were
used in this study. The new superplasticiser generation Glenium 27 complies with AS 1478.1
(2000) type High Range Water Reducer (HRWR) and ASTM C494 (2000) types A and F are used.
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The Rheomac VMA 362 viscosity modifying admixture that used in this study is a ready-to-use,
liquid admixture that is specially developed for producing concrete with enhanced viscosity and
controlled rheological properties. Pozzolith 80 was used as a high-range water-reducing agent in
the mixes. It meets AS 1478 (2000) Type WRRe, requirements for admixtures.

3.1.6 Fibres

In this study, two commercially available fibres, Dramix RC-80/60-BN type steel fibres and
Synmix 65 type polypropylene (PP) fibres, were used. The mechanical, elastic and surface
structure properties of the steel and PP fibres are summarized in Table 3.

3.2 Mixture proportions

One control SCC mixture (N-SCC) and three fibre-reinforced SCC mixtures were used in this
study. Fibre-reinforced SCC mixtures contain steel (D-SCC), PP (S-SCC), and hybrid (steel + PP)
(DS-SCC) fibres. The content proportions of these mixtures are given in Table 4. These contents
were chosen to attempt to keep compressive strength to a level applicable to construction. As
shown in Table 4, cement, fly ash, GGBFS, water, fine and coarse aggregates, VMA, and high
range water reducing agent constituents amount are same for four mixes. But, fibre amount and
superplasticiser that are used in the mixes are different.

A forced pan type of mixer with a maximum capacity of 150 liters was used. The volume of a
batch with fibres was kept constant at 50 liters. First, powders and sand are mixed for 10 s and
water and superplasticiser are added and mixed for 110 s and the coarse aggregate is added and at
the end fibres are added to the pan and mixed for 90 s.

3.3 Mechanical properties samples’ preparation and curing conditions

We used six 150 mm x 300 mm cylindrical moulds for the determination of compressive and
splitting tensile strengths per each age, and three cylindrical moulds 150 mm x 300 mm are used
for the determination of the modulus of elasticity per each age. Meanwhile, three 100 mm x 100
mm x 350 mm beam moulds are used for the determination of modulus of rupture per each age.
Specimens for testing the hardened properties are prepared by direct pouring of concrete into
moulds without compaction. The specimens are kept covered in a controlled chamber at 20 + 2°C
for 24 h until demoulding. Thereafter, the specimens are placed in water presaturated with lime at
20°C. These compressive and tensile strengths, modulus of elasticity and modulus of rupture
specimens are tested at 3, 7, 14, 28, 56, and 91 days. For each test, separated specimens are used
and surface of specimens are smoothed.

3.4 Mechanical properties samples’ test methods

The compressive strength test, performed on 150 mm x 300 mm cylinders, followed AS
1012.14 (1991) and ASTM C39 (2000) tests for compressive strength of cylindrical concrete
specimens. The cylinders were loaded in a testing machine under load control at the rate of 0.3
MPa/s until failure. The splitting tensile test, run on 150 mm x 300 mm cylinders, was in
accordance with the AS 1012.10 (2000) and ASTM C496 (2000) tests for splitting tensile strength
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of cylindrical concrete specimens, although ACI committee 544.2R (1999) hardly recommends the
use of the test on fibre-reinforced concrete. The running arose because the ratio of fibre length to
cylinder diameter took a low value of 0.23 in the work and because some investigators have shown
that the ASTM C496 test is applicable to fibre-reinforced concrete specimens.

The modulus of elasticity test that followed the AS 1012.17 (1997) and ASTM C469 was done
to 150 mm x 300 mm cylinders. The flexural strength (modulus of rupture, MOR) test, conducted
using 100 mm x 100 mm x 350 mm test beams under third-point loading, followed the AS
1012.11 (2000) and ASTM C1018 (2000) test for flexural toughness and first-crack strength of
fibre-reinforced concrete. The mid-span deflection was the average of the ones detected by the
transducers through contact with brackets attached to the beam specimen.

3.5 Properties of fresh concrete

The experiments required for the SCC are generally carried out worldwide under laboratory
conditions. These experiments test the liquidity, segregation, placement, and compacting of fresh
concrete. Conventional workability experiments are not sufficient for the evaluation of SCC. Some
of the experiment methods developed to measure the liquidity, segregation, placement, and
compaction of SCC are defined in the European guidelines (2005) and ACI 237R-07 (2007) for
SCC, including specification, production and use as slump—flow, V-funnel, U-box, L-box and fill-
box tests.

This study performed slump flow, Tsoem time, J-ring flow, V-funnel flow time, and L-box
blocking ratio tests. In order to reduce the effect of loss of workability on the variability of test
results, the fresh properties of the mixes were determined within 30 min after mixing. The order of
testing is as follows: 1. Slump flow test and measurement of Tso, time; 2. J-ring flow test,
measurement of difference in height of concrete inside and outside the J-ring and measurement of
Tsoem time; 3. V-funnel flow tests at 10 s T1os and 5 min Tsyin; and 4. L-box test.

3.6 Slab specimens preparation and test set up

Eight singly reinforced SCC and FRSCC slab specimens were cast and moist cured for 28 days.
All the specimens were simply supported on a 3500 mm span and tested to failure to investigate
the distribution and extent of primary and secondary cracking under short-term loading using two
equal point loads applied at the third points on the span, at ages greater than 28 days. Crack widths
were monitored on the side face of the specimens from initial cracking up to a load sufficient to
cause the tensile steel to yield. The schematic diagram of the test set-up is shown in Fig. 1.
Deflections at mid-span, crack widths, crack patterns, steel strains within the high moment region,
and concrete surface strains at the steel level were recorded at each load increment in the post-
cracking range and development of the primary crack pattern was monitored throughout the test.
The parameter is varied in the tests, including the four SCC mixes — plain SCC, steel,
polypropylene, and hybrid FRSCC. Details of the slab specimens are given in Table 5. Two
identical specimen “a” and “b” were constructed for each SCC mix.

The slab specimens were each nominally 3500 mm long by 400 mm wide. In all slabs the
nominal distance from the soffit to the centroid of the main reinforcement was 25 mm. Slabs series
were each reinforced with 4N12. Details of the cross-sections and reinforcement layouts for slab
specimens are shown in Fig. 2.
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Fig. 2 Dimensions and reinforcement details for slab specimens

All specimens were constructed in 3800 mm long formwork and were simply supported over a
3500 mm span. Eight electric resistance concrete strain gauges (60 mm) targets were glued on the
side face of each specimen at the steel level to measure the concrete surface strains and eight
electric resistance steel strain gauges (5 mm) targets were glued on middle rebar in the slab
specimens for measuring the steel strains in the high moment region (as shown in Fig. 2). A
microscope with a magnification factor of 50 was used to measure the crack widths. Deflection at
mid-span was measured using a MTS-Temposonics R-Series position sensor. The position sensor
and resistance strain gauge measurements were retrieved through a data acquisition system
connected to a computer, while load was supplied by a hydraulic jack connected to an electrically
powered pressure pump. Before casting each specimen, the inside surface of the mould was
cleaned and coated with a thin layer of concrete release agent to prevent adhesion of the concrete.
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The SCC was placed into the mould in equal layers until each surface layer became smooth.
Sufficient concrete was placed into the top layer to overfill the mould, after which the surface was
stripped off and finished with a steel trowel. The companion specimens were also cast at the same
time as the test specimens. Within two hours of casting the specimens were covered with wet
hessian and plastic sheets and left in their moulds for 3 days. After 3 days they were removed and
kept moist continuously by a thick covering of wet hessian. After 28 days the wet hessian was
removed and the specimens were identified and tested at different ages. Each specimen was slowly
and gradually loaded to failure over a period of approximately four hours. Fig. 3 shows views of
the experimental set-up. Each specimen was simply supported at each end before testing, and then
one Temposonics R-Series position sensor was attached at the mid-span and linked to a computer.
Electric resistance concrete strain gauges targets were glued to the concrete surface and initial
strain measurements were recorded (see Fig. 3).

f; 4' '

Fig. 3 General view of loading cIIs,"concrete strain gauges, and position sensor'testmst-up

Table 6 The SCC mixes workability characteristics

Workability characteristics N-SCC D-SCC S-SCC DS-SCC
Average spreading diameter (mm) 680 670 700 650
Flow time Tsocm (S) 2.7 3.8 25 3.2
Average J-Ring diameter (mm) 655 580 570 560
Flow time Tsgem J-Ring (S) 3.2 5 6 5
L-box test 0.87 Blocked* Blocked Blocked
Flow time V-funnel (s) 6 7 Blocked Blocked
V-funnel at Tsminutes (S) 4 5 Blocked Blocked
Entrapped air (%) 13 1.2 1.2 1.0
Specific gravity (kg/m®) 2340 2274 2330 2385

* Fibres are the main reason for blockage.
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Table 7 Compressive strength, tensile strength, modulus of elasticity, and modulus of rupture of SCC
mixtures at different ages

Compressive strength (MPa) Tensile strength (MPa)

Age DS A DS-
( da?/s) N-SCC D-SCC S$SCC oo ( da?/es) N-SCC DSCC SSCC oo
3 1245 1850 1365 1430 3 165 232 116 176
7 2180 2530 2250  26.30 7 226 338 193 251
14 2005 3430 3245 3810 14 280 387 305 354
28 3330 3800 3810 4500 28 360 454 356 409
56 4060 5050 4290 5075 56 417 535 402 433
01 4640 5115 4765 5200 91 457 544 441 480

Modulus of elasticity (GPa) Modulus of rupture (MPa)
(s NSCC DSCC sscc gol @ N-SCC D-SCC SSCC oo
3 2523 2445 2536 26.78 3 250 335 313 247
7 2784 2657 2787 3013 7 335 410 426 381
14 3224 2914 2968 3126 14 466 540 460 480
28 3539 3576 3576 3610 28 500 637 500 540
56 3558 3644 3632 3703 56 587 672 650 652
o1 3779 3758 3747 3812 91 713 723 676 721

4. Experimental results
4.1 Properties of fresh concrete

The results of various fresh properties tested by the slump flow test (slump flow diameter and
Tsoem); J-ring test (flow diameter); L-box test (time taken to reach 400 mm distance Tomm, time
taken to reach 600 mm distance Tggomm, time taken to reach 800 mm distance T, and ratio of
heights at the two edges of L-box [H»/H:]); V-funnel test (time taken by concrete to flow through
V-funnel after 10 s Tyqs); the amount of entrapped air; and the specific gravity of mixes are given
in Table 6. The slump flow test judges the capability of concrete to deform under its own weight
against the friction of the surface with no restraint present. A slump flow value ranging from 500
to 700 mm for self-compacting concrete was suggested (European guidelines, 2005). At a slump
flow > 700 mm the concrete might segregate, and at < 500 mm, the concrete might have
insufficient flow to pass through highly congested reinforcements. All the mixes in the present
study conform to the above range, because the slump flow of SCC is in the range of 600—700 mm.
The slump flow time for the concrete to reach a diameter of 500 mm for all mixes was less than
4.5 s. The J-ring diameters were in the range of 560-655 mm. In addition to the slump flow test, a
V-funnel test was also performed to assess the flow ability and stability of SCC. V-funnel flow
time is the elapsed time in seconds between the opening of the bottom outlet, depending when it is
opened (T and Tsmin), and the time when light becomes visible at the bottom when observed
from the top.

According to the European guidelines (2005), a period ranging from 6 to 12 s is considered
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adequate for SCC. The V-funnel flow times in the experiment were in the range of 7-11 s. The test
results of this investigation indicated that all mixes met the requirements of allowable flow time.
About V-funnel flow time test results for the N-SCC mix was 6 s and for the D-SCC was 7 s and
for other fibre reinforced SCC mixes are blocked, obviously. The maximum size of coarse
aggregate was restricted to 10 mm to avoid a blocking effect in the L-box for N-SCC mix. The gap
between rebars in the L-box test was 35 mm. The L-box ratio H,/H; for the N-SCC mix was above
0.8 which is, according to the European guidelines and, obviously, for other mixes is blocked. A
total spread over 700 mm was measured and no sign of segregation or considerable bleeding in
any of the mixtures was detected as the mixtures showed good homogeneity and cohesion.

4.2 Compressive and tensile strengths, modulus of elasticity, and modulus of rupture

Table 7 presents the compressive and tensile strengths, modulus of elasticity, and modulus of
rupture of the N-SCC, D-SCC, S-SCC, and DS-SCC mixes achieved at different ages.
Compressive strength samples with fibre mixes are higher than N-SCC mix. The results indicate
that the compressive strength of the DS-SCC mix at 91 days is 11%, 1%, and 8% higher than the
N-SCC, D-SCC, and S-SCC mixes, respectively. Moreover, the results indicate that the tensile
strength of the D-SCC mix at 91 days is 16%, 19%, and 12% higher than that of the N-SCC, S-
SCC, and DS-SCC mixes, respectively. Additionally, the results indicate that the tensile strength of
the DS-SCC mix at 91 days is 0.8%, 1%, and 1% higher than that of the N-SCC, D-SCC, and S-
SCC mixes, respectively. Also, the results indicate that modulus of rupture of D-SCC mix at 91
days is 1%, 6%, and 0.2% higher than that of the N-SCC, S-SCC, and DS-SCC mixes,
respectively.

4.3 Short term flexural cracking control test result of slabs

4.3.1 N-SCC slab series

Slabs N-SCC-a and N-SCC-b containing the 4N12 longitudinal tensile reinforcing bars, with 25
mm clear bottom cover were tested at ages 62 and 63 days respectively. Cracking first occurred
approximately at load of P = 8 kN in both N-SCC-a and N-SCC-b. The number of cracks increased
as the applied load increased and at approximately 70% of the ultimate load, 14 cracks were
located inside the high moment region (H.M.R) for N-SCC-a, and 13 cracks for N-SCC-b
respectively. The measured final average crack spacings at this load stage were 95 mm for N-SCC-
a and 94 mm for N-SCC-b. The ratio of maximum crack width to average crack width at load stage
P = 26 kN was 1.29 for N-SCC-a and 1.17 for N-SCC-b. The measured maximum and average
crack widths within the high moment region at the bottom fibre of the slabs versus applied load are
illustrated in Fig. 4.

The measured mid-span deflections of slabs N-SCC-a and N-SCC-b are plotted against load in
Fig. 5, respectively. As shown, slab series N-SCC illustrated good ductile behaviour with an
extended flat plateau in the load-deflection curve. The ultimate strength was reached when P = 49
kN for N-SCC-a and P = 48.5 kN for N-SCC-b when crushing the top compressive fibre occurred
and corresponding deflections were 180 mm and 163 mm. Slab series N-SCC failed in flexure in
the pure moment zone, with the compressive concrete crushing above a crack (see Fig. 6).
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4.3.2 D-SCC slab series

Slabs D-SCC-a and D-SCC-b containing the 4N12 longitudinal tensile reinforcing bars and
steel fibres, with 25 mm clear bottom cover were tested at ages 65 and 66 days respectively.
Cracking first occurred approximately at load of P = 8 kN in both D-SCC-a and D-SCC-b same as
N-SCC series. The number of cracks increased as the applied load increased and at approximately
70% of the ultimate load, 11 cracks were located inside the high moment region (H.M.R) for D-
SCC-a, and 13 cracks for D-SCC-b respectively. The measured final average crack spacings at this
load stage were 106 mm for D-SCC-a and 96 mm for D-SCC-b. The ratio of maximum crack
width to average crack width at load stage P = 26 kN was 1.10 for D-SCC-a and 1.33 for D-SCC-b.
The measured maximum and average crack widths within the high moment region at the bottom
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fibre of the slabs versus applied load are illustrated in Fig. 7.

The measured mid-span deflections of slabs D-SCC-a and D-SCC-b are plotted against load in
Fig. 8, respectively. Maximum deflection at failure loading of D-SCC slab series is 25 and 14 mm
higher than N-SCC slab series. It shows that D-SCC slab series are more ductile than N-SCC slab
series. The ultimate strength was reached when P = 53 kN for D-SCC-a and P = 52 kN for D-SCC-
b when crushing the top compressive fibre occurred and corresponding deflections were 205 mm
and 177 mm.

4.3.3 S-SCC slab series

Slabs S-SCC-a and S-SCC-b containing the 4N12 longitudinal tensile reinforcing bars and PP
fibres, with 25 mm clear bottom cover were tested at ages 67 and 69 days respectively. Cracking
first occurred approximately at load of P = 5 kN in both S-SCC-a and S-SCC-b. The number of
cracks increased as the applied load increased and at approximately 70% of the ultimate load, 12
cracks were located inside the high moment region (H.M.R) for S-SCC-a, and 12 cracks for S-
SCC-b respectively. The measured final average crack spacings at this load stage were 102 mm for
S-SCC-a and 100 mm for S-SCC-b. The ratio of maximum crack width to average crack width at
load stage P = 26 kN was 1.36 for S-SCC-a and 1.21 for S-SCC-b. The measured maximum and
average crack widths within the high moment region at the bottom fibre of the slabs versus applied
load are illustrated in Fig. 9.

The measured mid-span deflections of slabs S-SCC-a and S-SCC-b are plotted against load in
Fig. 10, respectively. Maximum deflection at failure loading of S-SCC slab series is 25 and 14 mm
higher than N-SCC slab series. It shows that S-SCC slab series are more ductile than N-SCC slab
series. The ultimate strength was reached when P = 50 kN for S-SCC-a and P = 48 kN for S-SCC-
b when crushing the top compressive fibre occurred and corresponding deflections were 185 mm
and 167 mm.

4.3.4 DS-SCC slab series

Slabs DS-SCC-a and DS-SCC-b containing the 4N12 longitudinal tensile reinforcing bars and
steel + PP fibres, with 25 mm clear bottom cover were tested at ages 71 and 72 days respectively.
Cracking first occurred approximately at load of P = 8 kN in both DS-SCC-a and DS-SCC-b. The
number of cracks increased as the applied load increased and at approximately 70% of the ultimate
load, 13 cracks were located inside the high moment region (H.M.R) for DS-SCC-a, and 12 cracks
for DS-SCC-b respectively. The measured final average crack spacings at this load stage were 95
mm for DS-SCC-a and 98 mm for DS-SCC-b. The ratio of maximum crack width to average crack
width at load stage P = 26 kN was 1.24 for DS-SCC-a and 1.15 for DS-SCC-b. The measured
maximum and average crack widths within the high moment region at the bottom fibre of the slabs
versus applied load are illustrated in Fig. 11.

The measured mid-span deflections of slabs DS-SCC-a and DS-SCC-b are plotted against load
in Fig. 12, respectively. Maximum deflection at failure loading of DS-SCC slab series is 40 and 19
mm higher than N-SCC slab series. It shows that DS-SCC slab series are more ductile than N-SCC
slab series. The ultimate strength was reached when P = 56 kN for DS-SCC-a and P = 54 kN for
DS-SCC-b when crushing the top compressive fibre occurred and corresponding deflections were
220 mm and 182 mm.
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4.3.5 N-CC slab series (Nejadi 2005)

Slabs N-CC-a and N-CC-b containing the most longitudinal tensile reinforcing bars 4N12, with
25 mm clear bottom cover were tested at ages 62 and 63 days respectively. Cracking first occurred
approximately at load of P = 8 kN in both N-CC-a and N-CC-b. The number of cracks increased as
the applied load increased and at approximately 70% of the ultimate load, 14 cracks were located
inside the high moment region for N-CC-a, and 12 cracks for N-CC-b respectively. The measured
final average crack spacings at this load stage were 90 mm for N-CC-a and 117 mm for N-CC-b.
The ratio of maximum crack width to average crack width at load stage P = 26 kN was 1.38 for N-
CC-a and 1.28 for N-CC-b. The measured maximum and average crack widths within the high
moment region at the bottom fibre of the slabs versus applied load are illustrated in Fig. 13. The
crack patterns at approximately 70% of the ultimate load for both slabs are illustrated in Fig. 14.
The failure loads were P = 50 kN and P = 47 kN and corresponding deflections were 136 mm and
156 mm for N-CC-a and N-CC-b, respectively.

5. Discussion on the experimental results

The development and width of flexural cracks in each specimen were carefully monitored
under gradually increasing loads up to failure. The first crack appeared in the pure flexure zone
within the high moment region. Subsequent cracks appeared with the basic primary crack pattern
establishing itself quite rapidly. Secondary cracks appeared between the primary cracks, as the
load increased, and a few new cracks occurred at high overload stages. From a comparison of the
results it was also observed that crack widths were directly proportional to applied load and
consequently to stress in the steel. In addition to the above, the average of all observed crack
widths at approximately 70% of the ultimate load was taken and compared with the maximum
observed crack width at that load stage. The results are summarised in Table 8. General
comparisons of the cracking behaviour test results are summarized as follow:

° Final maximum and average crack widths for N-SCC slab series are slightly more than
N-CC slab series and final average spacing of N-SCC-a slab is 5 mm higher than N-CC-a but final
average spacing of N-SCC-b slab is 23 mm less than N-CC-b.

. About D-SCC slab series compare to N-SCC and N-CC slab series, final maximum crack
widths for D-SCC slab series are slightly less than N-SCC slab series and equal to N-CC slab
series. Final average crack widths for D-SCC slab series are less than N-SCC and N-CC slab
series. Final average spacing of D-SCC-a slab is 11 mm higher than N-SCC-a and final average
spacing of D-SCC-b slab is 2 mm higher than N-SCC-b. Final average spacing of D-SCC-a slab is
16 mm higher than N-CC-a but final average spacing of D-SCC-b slab is 21 mm less than N-CC-b.

. About S-SCC slab series compare to N-SCC and N-CC slab series, final maximum crack
widths for S-SCC slab series are slightly less than N-SCC slab series and equal to N-CC slab
series. Final average crack widths for S-SCC slab series are less than N-SCC and N-CC slab
series. Final average spacing of S-SCC-a slab is 7 mm higher than N-SCC-a and final average
spacing of S-SCC-b slab is 6 mm higher than N-SCC-b. Final average spacing of S-SCC-a slab is
12 mm higher than N-CC-a but final average spacing of S-SCC-b slab is 17 mm less than N-CC-b.

. About DS-SCC slab series compare to N-SCC and N-CC slab series, final maximum
crack widths for DS-SCC slab series are less than N-SCC and N-CC slab series. Final average
crack widths for DS-SCC slab series are less than N-SCC and N-CC slab series. Final average
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spacing of DS-SCC-a slab is equal to N-SCC-a and final average spacing of DS-SCC-b slab is 4
mm higher than N-SCC-b. Final average spacing of DS-SCC-a slab is 5 mm higher than N-CC-a
but final average spacing of DS-SCC-b slab is 19 mm less than N-CC-b.

6. Short term bond shear stress

The SFRC experimental results included in the database were gathered mainly from papers pres
ented at various published articles. The database includes information regarding the composition o
f the mixtures, fresh properties of SFRC, testing methodology, and conditions. Thermal characteris
tics have not been investigated as much as the other aspects of SFRCC. The force in the bar is t
ransmitted to the surrounding concrete by bond shear stress z,, Due to this transfer, the fo
rce in a reinforcing bar changes along its length. The transfer of forces across the interfac
e by bond between concrete and steel is of fundamental importance to many aspects of re
inforced concrete behaviour. Under service conditions o5 < fg, and according to Marti et al.

(1998), 7, = 2 fy. To investigate the influence of the assumed bond shear stress on the p

redicted crack width, five different values for bond shear stress (=, = fy, ™ = 1.5 fy, 7, =
2 f4, m = 3 fy, and EQ.(5)) have been considered. For each assumed bond shear stress, t
he crack widths were calculated and compared with the measured crack widths for each lo
ad increment. Instantaneous crack width calculations for concrete reinforced with bars are
different from concrete reinforced with bars and fibres, following sections 6.1 and 6.2 desc
ribed crack width calculations in both conditions.

6.1 Crack width calculations of steel bar reinforcement concrete

Gilbert (2008) proposed a model for predicting the maximum final crack width in reinforced
concrete flexural members based on the Tension Chord Model of Marti et al. (1998). The model
was shown to provide good agreement with the measured final spacing and width of cracks in a
range of reinforced concrete beams and slabs tested in the laboratory under sustained service loads
for periods in excess of 400 days (Gilbert and Nejadi 2004). Consider a segment of a singly
reinforced beam of rectangular section subjected to an in-service bending moment, M;, greater
than the cracking moment, M. The spacing between the primary cracks is s. The cracked beam is
idealised as a compression chord of depth kd and width b and a cracked tension chord consisting
of the tensile reinforcement of area Ay surrounded by an area of tensile concrete (Ay). The
centroids of Ay and A are assumed to coincide at a depth d below the top fibre of the section.

For the sections containing a primary crack, A = 0 and the depth of the compressive zone, kd,
and the second moment of area about the centroidal axis () may be determined from a cracked
section analysis using modular ratio theory. Away from the crack, the area of the concrete in the
tension chord (A) is assumed to carry a uniform tensile stress (o) that develops due to the bond
stress (z,) that exists between the tensile steel and the surrounding concrete. For the tension chord,
the area of concrete between the cracks, Ay, may be taken as:

A, =05(D—kd)b* 1)

where b~ is the width of the section at the level of the centroid of the tensile steel (i.e. at the depth
d) but not greater than the number of bars in the tension zone multiplied by 12d.
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At each crack, the concrete carries no tension and the tensile steel stress is o4 = T/ Ay, Where:

nM, (d —kd)
|

cr

k=ﬂ(np)2+2np—np @A)

where p is the tensile reinforcement ratio, A/ bd. It should be noted that k (and hence the depth to
the neutral axis kd) depends only on the modular ratio n and the reinforcement ratio p and is
independent of the applied moment M. The depth to the neutral axis remains constant after
cracking as the moment increases, until either the concrete compressive stress distribution
becomes curvilinear or the reinforcing steel yields.

The second moment of area of the cracked section is:

T= A )

Icr

=%bd3k2(1—k/3) (4)

As the distance z from the crack in the direction of the tension chord increases, the stress in the
steel reduces due to the bond shear stress 7, between the steel and the surrounding tensile concrete.
For reinforced concrete under service loads, where oy is less than the yield stress f,, Marti et al.
[28] assumed a rigid-plastic bond shear stress-slip relationship, with 7, = 2.0 f, at all values of slip,
where f is the direct tensile strength of the concrete. To account for the reduction in bond stress
with time due to tensile creep and shrinkage, Gilbert (2008) took the bond stress to be 7, = 2.0 f
for short-term calculations and 7, = 1.0 f; when the final long-term crack width was to be
determined. Experimental observations (Gilbert and Nejadi 2004; Wu and Gilbert 2009).
indicate that 7, reduces as the stress in the reinforcement increases and, consequently, the tensile
stresses in the concrete between the cracks reduces (i.e. tension stiffening reduces with increasing
steel stress). In reality, the magnitude of 7, is affected by many factors, including steel stress,
concrete cover, bar spacing, transverse reinforcement (stirrups), lateral pressure, compaction of the
concrete, size of bar deformations, tensile creep and shrinkage. It is recommended here that in
situations where the concrete cover and the clear spacing between the bars are greater than the bar
diameter, the bond stress z, may be taken as:

Table 8 Summary of the results from short-term flexural test

Testing (Wi (Waue)s (Sae)i Failure  Deflection /
Specimen age (“r‘naxm“)"a' (?T\/]erT:I)I]aI (arﬁ”’]';a' load at failure w
(days) (kN) load (mm) ave
N-SCC-a 62 0.20 0.154 95 49.0 180 1.29
N-SCC-b 63 0.25 0.195 94 48.5 163 1.17
D-SCC-a 65 0.18 0.138 106 53.0 205 1.10
D-SCC-b 66 0.23 0.172 96 52.0 177 1.33
S-SCC-a 67 0.18 0.132 102 50.0 185 1.36
S-SCC-b 69 0.23 0.189 100 48.0 167 1.21
DS-SCC-a 71 0.15 0.120 95 56.0 220 1.24
DS-SCC-b 72 0.20 0.156 98 54.0 182 1.15
N-CC-a 62 0.18 0.130 90 50.0 136 1.38

N-CC-b 63 0.23 0.180 117 47.0 156 1.28
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5)
Ty :Z*l /12 ’13 fct
where 2; accounts for the load duration with 1; =1.0 for short-term calculations and 1, = 0.7 for
long-term calculations; A, is a factor that accounts for the reduction in bond stress as the steel
stress oy increases and is given by (Wu and Gilbert, 2009):

4, =1.66—0.003c,, >0.0 (6)

and /s is a factor that accounts for the very significant increase in bond stress that has been
observed in laboratory tests for small diameter bars (Gilbert and Nejadi 2004) and may be taken as:

A,=7.0-0.3d, >2.0 @

Following the approach of Marti et al. (1998), the concrete and steel tensile stresses, where 0 <
z < /2, may be expressed as:

4
0= -t ©
A d,
o, = 4 deptc z (9)
b

where py is the reinforcement ratio of the tension chord (= Ag/A«) and dy is the reinforcing bar
diameter. Mid-way between the cracks, at z = s/2, the stresses are:

o, =1 2% (10)

Ao 4,

_ 22.b ptc S
602_ d
b

(11)
The maximum crack spacing immediately after loading, s = Smax, OCCUrs when o, = f, and from
Eq. (11):

_ fct db
2Tb ptc

(12)

max

with A; = 1.0 in Eq. (5). If the spacing between two adjacent cracks just exceeds Smax, the concrete
stress mid-way between the cracks will exceed f, and another crack will form between the two
existing cracks. It follows that the minimum crack spacing is half the maximum value, that is, Sy
= Spaxl 2.

The short term crack width (w;) in the fictitious tension chord is the difference between the
elongation of the tensile steel over the length s and the elongation of the concrete between the
cracks and is given by:
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T 13
)= | -2t -

6.2 Crack width calculations of steel bar reinforcement concrete with fibres

Leutbecher and Fehling (2008) have derived a cracking behaviour model based on the
assumptions of constant bond stress and a parabolic development of concrete and steel strains
between the cracks. To calculate crack widths, the assumption of parabolic strain development is
used to determine a mean steel strain and a mean concrete strain. The maximum crack width is
calculated as twice the transfer length multiplied by the difference between the concrete and steel
mean strains:

Wiax = 2 Ies (gsm - gcm) (14)
where Wy is the maximum crack width, mm; | is the transfer length, mm; &g, is the mean steel
strain; e, is the mean concrete strain.

The above equation can be re-written for the initial crack as:

i d .
Woax = % [(1+ O Ps ) Ocrer — O ] (15)

where o is the stress in the fibre reinforced concrete; o', is the imaginary cracking stress of the
fibre reinforced concrete; g, is the average bond stress over load transmission length; d, is the
reinforcing bar diameter, mm; E; is the modulus of elasticity of reinforcing bar; ps is the
reinforcing ratio of steel reinforcement; a, is the shape coefficient of strain courses (a, = 0.6 for
short term loading, a, = 0.4 for long term or repeated loading), ac is the ratio of the modulus of
elasticity of steel to the modulus of elasticity of concrete, a: = EJ/E..

A similar equation can be used for stabilized cracking:

L— d ; _
Wmax — (O-cf,cr O-cf )2 b I:O_S _ 06 O-cf,cr (1+aE ps)O'éf N —06 O-cf (16)
SE, 7, p; Ps ' s

where o5 is the stress in the reinforcing bar at a crack. This can be calculated from the following
equation:

_i_o-cf
A p

where F is the applied load; A is the cross-sectional area of the steel bars.

(o}

17)

The maximum crack spacing during the progressive cracking phase can also be determined,
using the following equation:
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db

_— 18
2/Z-SI'T] pS ( )

—(~ _
Sr,max - (O-cf cr Gcfo)

where S; max IS the maximum crack spacing.

o, =f, 1 Wia voy, 2 X W (19)
2G; W, W,

where w is the crack width; f is the concrete matrix tensile strength; Gs is the fracture energy of
the concrete matrix; o is the maximum post-cracking stress; wy is the crack width corresponding
to maximum post-cracking stress.

During the fibre pullout phase, the fibre stress can be calculated from the following equation:

O¢ = Ogo (1_ﬂ] (20)

Iy

where o is the maximum post-cracking stress and for fibres with a random orientation, it can be
calculated as:

T |y

Oco =13 Pt a4 (22)
f

where # is the coefficient of fibre orientation; g is the coefficient of fibre efficiency (i.e., — damage
factor); ps is the volume fraction of fibres; I; is the fibre length; d; is the fibre diameter, mm; z;, is
the mean fibre-matrix bond stress. The mean fibre-matrix bond stress can be approximated as:

Tfm :13 fctm (22)

where fyn is the mean tensile strength of the plain concrete matrix.

The fibre orientation and efficiency coefficients, # and g, are more difficult to define and must
be determined experimentally. o can easily be determined from direct tension tests, and the
coefficient of fibre efficiency can be determined from these as follows:

Oeo s

=40 T (23)
77Pf Tfm If

However, the fibre orientation coefficient, n, must be derived from a large number of tests for a
variety of fibre types. More study is required to create an adequate formulation. As stated above,
W, is the crack width corresponding to o, the maximum post-cracking stress. It can be calculated
from the following equation:

2
_Tfmlf

W, =
’ E, d,

(24)
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where E; is the modulus of elasticity of the fibres.

The imaginary cracking stress, o'« is the maximum stress of the ascending fibre phase. It can
be calculated by substituting the crack width corresponding to the maximum stress of the
ascending fibre activation phase into the equation for the fibre reinforced concrete stress:

W= Wo (25)

l+ WO fct2 g
204, Gy
This equation was determined by taking the derivative of oy and setting it to zero. The
imaginary cracking stress is then calculated using the following equation:

G(i:fcrzfct 1_W fCt + 040 2 ﬂ_ﬂ (26)
' 2G; W, W,

Eq. (13) is used for N-SCC slab series crack width calculations and Eq.(16) is used for D-SCC,
S-SCC, and DS-SCC slab series crack width calculations. The results are presented in Tables 9-12.
Measured and calculated maximum crack widths versus steel stress and different bond shear
stresses are illustrated in Figs. 15-18. Also, the results of Nejadi (2005) are presented for
comparison with SCC slab series in Fig. 19 and Table 13.

The comparisons show that the proposed bond shear stress for CC (Eq.(5)) is not suitable for
SCC slab series. Also, the calculated crack width by using the CC bond shear stress is
underestimated for all of SCC slab series. As Figs. 15-19 show 7, = f, is made crack width
calculation overestimated for all SCC slab series. The crack width calculation is underestimated by
using o, = 2 fy and 7, = 3 f; bond shear stresses (see Figs. 15-19). About 7, = 1.5 fbond shear
stress is roughly suitable for most of the SCC slab series but it is not the adopted bond shear stress
in this study for the SCC slabs because it makes crack calculation underestimating for D-SCC slab
series and overestimating for N-CC slab series (see Figs. 15-19).

6.3 Adopted bond shear stress for crack width calculation of SCC slabs

Five different values for bond shear stress (=, = fo, 7, = 1.5 fy, 7 = 2 fo, 7o = 3 o, and Eq.(5))
have been considered and the corresponding crack widths were calculated and compared with the
experimental results for each load increment. It should be mentioned that throughout the test, crack
widths were monitored at two levels on the side of each specimens, i.e., the steel level and bottom
fibre. In general, cracking in reinforced concrete is a random phenomenon with every experimental
result subjected to both systematic and random errors. For example, repeated measurements of the
crack widths during each load increment differed, even when the measurements were performed
by the same microscope, under the same conditions. The measurements varied according to the
exact location of the measurement on the crack, as the crack side faces are irregular and not
parallel. Considering this and comparing the best fit between the calculated values and measured
crack widths, the expressions for the bond shear stress =, for SCC slab series are presented in Table
14 and Fig. 20, under short-term loading and for the different in-service steel stress ranges have
been adopted for the analytical model.
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Fig. 15 Comparison of different bond stresses for slab N-SCC series
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Fig. 16 Comparison of different bond stresses for slab D-SCC series
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Fig. 17 Comparison of different bond stresses for slab S-SCC series
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Table 9 Measured and calculated maximum crack width for slab N-SCC series
Maximum crack width (mm)
(N-SCC)
Measured Calculated
M =
(kNm) (IVTISDta) N-SCC-a  N-SCC-b  7,=T4 1’_% pow=2fa w=3% nohik
7.00 60 0.05 0.08 0.034 0.022 0.017 0.011 0.008
8.80 84 0.08 0.13 0.090 0.060 0.045 0.030 0.022
10.5 93 0.10 0.15 0.143 0.095 0.072 0.048 0.039
12.3 142 0.13 0.18 0.199 0.133 0.099 0.066 0.060
14.0 201 0.13 0.20 0.252 0.168 0.126 0.084 0.085
15.8 262 0.18 0.23 0.309 0.206 0.154 0.103 0.117
17.5 337 0.20 0.25 0.362 0.241 0.181 0.121 0.157
Table 10 Measured and calculated maximum crack width for slab D-SCC series
Maximum crack width (mm)
(D-SCC)
Measured Calculated
M =
(kNm) (A/T;a) D-SCC-a  D-SCC-h =Ty f_g pow=2fe w=3% nohik iy
7.00 60 0.05 0.05 0.027 0.018 0.013 0.009 0.006
8.80 85 0.08 0.08 0.071  0.047 0.036 0.024 0.018
10.5 111 0.10 0.13 0.113 0.075 0.057 0.038 0.032
12.3 139 0.13 0.15 0.158 0.105 0.079 0.053 0.048
14.0 186 0.15 0.18 0.200 0.133 0.100 0.067 0.067
15.8 253 0.18 0.20 0.245 0.163 0.122 0.082 0.093
17.5 323 0.18 0.23 0.287 0.191 0.143 0.096 0.124
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Table 11 Measured and calculated maximum crack width for slab S-SCC series
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Maximum crack width (mm)

i easure alculate
(8-CC) Measured Calculated
M S =
Ost s-scC-a  S-SCC-h  g=f, O =2y w=3fx =M Asfq
(kKNm)  (MPa) 1.5 14
7.00 62 0.05 0.08 0.034 0.022 0.017 0.011 0.008
8.80 100 0.08 0.08 0.091 0.060 0.045 0.030 0.023
10.5 137 0.10 0.10 0.145 0.096 0.072 0.048 0.040
12.3 178 0.13 0.15 0.202 0.134 0.101 0.067 0.061
14.0 218 0.13 0.18 0.255 0.170 0.128 0.085 0.085
15.8 289 0.15 0.20 0.312 0.208 0.156 0.104 0.118
17.5 344 0.18 0.23 0.366 0.244 0.183 0.122 0.158
Table 12 Measured and calculated maximum crack width for slab DS-SCC series
i Maximum crack width (mm)
(bS-SCC) Measured Calculated
(kkl”m) (|v(|7|§>ta) DS-SCC-a DS-SCC-b = fy 1’%1 =2f¢ =3¢ =M A3y
7.00 108 0.05 0.05 0.029 0.020 0.015 0.010 0.007
8.80 138 0.08 0.08 0.079  0.053 0.039 0.026 0.020
10.5 168 0.10 0.10 0.126  0.084 0.063 0.042 0.034
12.3 203 0.13 0.13 0.176  0.117 0.088 0.058 0.053
14.0 232 0.13 0.15 0.222 0.148 0.111 0.074 0.074
15.8 276 0.15 0.18 0.272 0.181 0.136 0.090 0.103
17.5 320 0.15 0.20 0.319 0.212 0.159 0.106 0.167
Table 13 Measured and calculated maximum crack width for slab N-CC series
i Maximum crack width (mm)
(N-CC) Measured Calculated
M =
Ost N-CC-a N-CC-h  g=fy 0 5=2fy 1,=3fq =M sy
(kNm)  (MPa) 1.5f4
7.00 133 0.05 0.05 0.070 0.033 0.040 0.030 0.013
8.80 166 0.08 0.08 0.120 0.084 0.060 0.040 0.036
10.5 199 0.10 0.10 0.170 0.132 0.080 0.060 0.062
12.3 232 0.13 0.13 0.220 0.182 0.110 0.070 0.096
14.0 265 0.15 0.18 0.270 0.230 0.130 0.090 0.138
15.8 298 0.15 0.20 0.320 0.281 0.160 0.110 0.195
17.5 331 0.18 0.23 0.370 0.329 0.190 0.120 0.269

Table 14 Adopted bond shear stresses for SCC slab series

%

Slab series foy > Oomax > 180 MPa Osmax < 180 MPa
N-SCC 1.50 fy 1.50
D-sCC 1.30 fy 1.25 1y
S-SCC 1.70 fy 1.50 fy

DS-SCC 1.60 fy 1.50 fy
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7. Conclusions

The following conclusions can be drawn from this experimental study:

1. The DS-SCC slab series are shown the lowest maximum and average final crack widths
compare to the other mixtures slab series. The DS-SCC slab series are bearded maximum failure
load and deflection compare to the other mixtures slab series.

2. The S-SCC slab series are decreased maximum and average final crack widths compared to
N-SCC slab series but not much changed compared to N-CC slab series. Using PP fibres in SCC
did not change failure loading much but it is increased the ductility of slab specimens compared to
N-SCC and N-CC slab series.

3. Using steel fibres in SCC are decreased maximum and average final crack widths compare
to N-SCC and N-CC slab series. The D-SCC slab series are decreased final average spacings
compared to the other mixtures slab series.

4. The 7, = 1.5 f, bond shear stress is roughly suitable for most of the SCC slab series but it is
not the adopted bond shear stress in this study for the SCC slabs because it makes crack
calculation underestimating for D-SCC slab series and overestimating for N-CC slab series.

5. The crack widths calculated by using adopted bond shear stresses for SCC and FRSCC slabs
are in good agreement with experimental results.
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