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Abstract. The Self Compacting Concrete, SCC is the new generation type of concrete which is not
needed to be compacted by vibrator and it will be compacted by its own weight. Since SCC is a new
innovation and also the high strength self compacting concrete, HSSCC behavior is like a brittle material,
therefore, understanding the strength effect on the serviceability performance of reinforced self compacting
concretes is critical. For this aim, first the normal and high strength self compacting concrete, NSSCC and
HSSCC was designed. Then, the serviceability performance of reinforced connections consisting of
NSSCC and HSSCC were investigated. Twelve reinforced concrete connections (L = 3 m, b = 0.15 m,
h = 0.3 m) were simulated, by this concretes, the maximum and minimum reinforcement ratios ρ and ρ'
(percentage of tensile and compressive steel reinforcement) are in accordance with the provision of the
ACI-05 for conventional RC structures. This study was limited to the case of bending without axial load,
utilizing simple connections loaded at mid span through a stub (b = 0.15 m, h = 0.3 m, L = 0.3 m) to
simulate a beam-column connection. During the test, concrete and steel strains, deflections and crack
widths were measured at different locations along each member. Based on the experimental readings and
observations, the cracked moment of inertia (I

cr
) of members was determined and the results were

compared with some selective theoretical methods. Also, the flexural crack widths of the members were
measured and the applicability for conventional vibrated concrete, as for ACI, BS and CSA code, was
verified for SCCs members tested. A comparison between two Codes (ACI and CSA) for the theoretical
values cracking moment is indicate that, irrespective of the concrete strength, for the specimens reported,
the prediction values of two codes are almost equale. The experimental cracked moment of inertia (I

cr
)exp

is lower than its theoretical (I
cr

)th values, and therefore theoretically it is overestimated. Also, a general
conclusion is that, by increasing the percentage of ρ, the value of I

cr
 is increased. 
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1. Introduction

Self Compacting Concrete, SCC is a new type of concrete, which has generated tremendous

interest since initial development in Japan by Okamura in the 1980s in order to reach durable

concrete structures (Okamura 1997).

Since that time, Japanese contractors have used SCC in different applications. In contrast with the

Japan, research in Europe and American started latter (Skarendahl and Petersson 2001). SCC offers
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both cost and quality improvements over conventional concretes. The high fluidity of SCC certainly

contributes to good placement of concrete in all sections of the formwork but in cases of densely

reinforced cross sections the maximum aggregate grain size has the crucial impact.

Placement times are decreased and labor requirements are lowered (Khayat 1999, Saria et al.

1998). However, more theoretical and experimental research is required to understand the effect of

this type of concrete on structural elements.

The objective of this research study is to provide information on serviceability stage of the

important elements such as connections in reinforced concrete, RC structures made of NSSCC and

HSSCC. The literature review is indicating that no research report is available on this field.

However, the reports are available on conventional reinforced concrete connections (Burns and Siess

1962, Joint ACI-ASCE committee 352 2004, Ernst 1957, ACI 2005, Robertson et al. 2002).

The load-deformation behavior of RC members made of SCCs loaded to failure, particularly the,

cracks propagations, that develops at the connection of a beam to a column in a frame is

investigated and reported. Also the parameters contributing to the serviceability of beam-column

connections for this new type of concrete, which is important when a structure is under the service

loading, are investigated. This study was limited to the case of bending without axial load, utilizing

simple beams loaded at mid span through a stub to simulate a beam-column connection. The

dimensions and type of test selected here, are similar to the work reported by Burns and Siess

(1962) for normal concrete in RC structures. 

High strength concrete, HSC provides a better solution to reduce sizes and weights of concrete

structural elements (ACI committee 363 1992, Nilson 1987, Swamy 1987). The reduction in cross

sectional area of concrete members also reduces the moment of inertia, I, of the members. This

necessitates the investigation of the impact of reduction on deflection of beams under service load.

The effective value of I changes along the beam span from a maximum value of Ig for un-cracked

(gross) sections to a minimum value of Icr for the fully cracked (transformed) sections. The variation

of I along the beam span not only makes the deflection calculation lengthy and tedious but also, its

accuracy is questionable while considering HSSCC. Hence, in a cracked member, it is important to

provide a smooth continuous transition between Ig and Icr, over the entire length of a simply supported

member. For conventional concrete, the ACI 318-2004 (ACI 2005) since 1971 recommends the use of

the following expression for the calculation of the effective moment of inertia Ie 

(1)

A lack of information regarding the structural performance of SCC is one of the main barriers to

its acceptance in the construction industry. However, recently, SCC has gained wide use in many

countries for different applications and structural configurations (Skarendahl and Petersson 2001,

Khayat 1999, Saria et al. 1998, Khayat et al. 2001, Yurugi 1998, Sonebi and Bortos 2001,

Mohammad et al. 2006, Pateli et al. 2004). Limited published studies dealing with the structural

performance of SCC demand initiation of new research especially while considering the

serveciability of the SCC reinforced connections. 

When the strength of concrete gets higher, some of its characteristics and engineering properties

become different from those of normal-strength concrete (Carrasquillo et al. 1981, Mansur et al.

1994). These differences in material properties may have important consequences in terms of the

structural behavior and design of high strength concrete members. The design provisions contained

in the major building codes are, in reality, based on tests conducted on conventional NSC. While
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designing a structure using HSC, the designer particularly in the Southeast Asian region usually

ignores the enhanced properties of concrete and possible changes in the overall response of the

structure because of lack of adequate code guidance (Rashid et al. 2002).

A few limited studies have been made for conventional HSC (Bosco et al. 1990, Akbarzadeh

Bengar 2004, Leslie et al. 1976, Maghsoudi and Akbarzadeh Bengar 2005, Ashour 2000). A

dimensional analysis was proposed by Bosco et al. (1990) to compute the minimum amount of

reinforcement for HSC members in flexure. They tested thirty reinforced conventional high strength

concrete beams with the cross section thickness b = 150 mm, and depth h = 100, 200, and 400 mm,

respectively. They concluded that the minimum steel percentage tends to be inversely proportional

to the beam depth, whereas the current standard codes suggest, for direct loading, values in depend

of the beam depth. It follows that the formulas provided by the codes are inadequate, at least for

conventional HSC. Maghsoudi et al. (Akbarzadeh Bengar 2004, Maghsoudi and Akbarzadeh Bengar

2005) reported on ductility of conventional HSC rectangular beams. Leslie et al. (1976) reported on

12 flexural tests of under reinforced rectangular beams with fc'  ranging between 64 to 81 MPa. They

concluded that, the currently used rectangular stress block (from the ACI building code) does not

accurately predict the beam behavior when concrete strength exceeds 55 MPa. Pending further test

results, the use of a triangular stress block seems prudent. 

Ashour (2000), tested nine reinforced high-strength concrete beams to investigate the effect of

concrete compressive strength and flexural tensile reinforcement ratio on load-deflection behavior

and displacement ductility of cracked rectangular reinforced concrete beams. He concluded that the

utilization of HSC, impacts the parameters involved in the deflection calculations. This includes

concrete modulus of elasticity and cracked moment of inertia. He modified Eq. (1) for the effective

moment of inertia. Also, assuming the permissible flexural crack widths for three different

environmental conditions, the experimental values of strain and stress in steel and concrete are

measured and reported.

The objective of this research is to investigate the effect strength of concrete and the percentage

of tensile and compressive steel ratio (i.e., ρ and ρ') on the serviceability characteristics of SSC

connections. The structural response throughout the loading regime was primarily captured in terms

of the load deflection behavior. The serviceability characteristics of the test members were evaluated

in terms of the crack width, deflection and stress in steel and concrete. Based on the experimental

results, the cracked moment of inertia and crack width were compared with some selective

theoretical methods, and the crack patterns in the connections are also presented.

2. Experimental program 

2.1 Test specimens

In this investigation the results of twelve tested SCCs reinforced connections under three-point

loads are considered for their serviceability performance. However, the ultimate and ductility

considerations for some of such elements are reported by Mohamadi (2007), Gatteh (2006). Fig. 1

shows member dimensions, loading arrangements and reinforcement details, of the members. Eight

connections were consisting NSSCC while the other four were consisting of HSSCC. Shear

reinforcement was provided along the member length. Table 1 presents the detailed testing program.

The NSSCC members are designated as S1-S8 whereas the HSSCC member is designated as SH1-
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Fig. 1(a) Beam-column connection details for SH series 

Fig. 1(b) Beam-column connection details for S series
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SH4. The studied parameters include concrete strength and the flexural tensile and compressive

reinforcement ratio ρ and ρ'. 

2.2 Materials and mix design of SCCs

Locally available deformed bars were used as flexural and shear reinforcement rebar. The steel

yield stress obtained from tension tests are listed in Table 1. The concrete mixtures for the

specimens were mixed in 200 litter capacity batch mixer. The mix design of concrete used for

NSSCC and HSSCC members are shown in Table 2. The obtained range of results in fresh phase

presented in Table 3, it was found that the SCCs were consolidate exceptionally well under its own

weight. The compressive concrete strength fc'  for each beam is shown in Table 1. All beams and

control specimens were cast and cured under similar conditions. The beams and specimens were

kept covered under polyethylene sheets for 28 days.

The mix properties of SCCs and the range of fresh properties obtained are summarized in Tables

2 and 3 respectively. 

Table 1 Details of the experimental program parameters of tested members 

Member
no.

fc'
(MPa)

fy
(MPa)

d
(mm)

d'
(mm)

As ρ/ρb As' ρ
Stirrup in

Beam
Tie in

Column
As in

Column
C

(mm)
ρ'/ρ

S1 30.2 398.1 263 33 2Φ10 0.13 2Φ10 0.41 Φ10@15 ----- ----- 32 1.00
S2 29.7 373.6 260 34 2Φ16 0.27 2Φ12 1.03 Φ10@15 ----- ----- 32 0.56
S3 28.1 401.9 258 38 2Φ20 0.33 2Φ16 1.61 Φ10@10 ----- ----- 32 1.00
S4 30.8 401.9 258 36 2Φ20 0.38 2Φ20 1.61 Φ10@15 ----- ----- 32 0.64
S5 32.7 370.0 257 39 2Φ25 0.56 2Φ18 2.52 Φ10@10 ----- ----- 31 0.52
S6 30.7 400.0 256 39 2Φ28 0.66 2Φ20 3.16 Φ10@15 ----- ----- 30 0.45
S7 27.6 373.6 267 31 2Φ16 0.25 2Φ12 1.01 Φ10@15 4Φ8@10 4Φ12 25 0.56
S8 32.3 401.9 265 33 2Φ20 0.36 2Φ16 1.58 Φ10@15 4Φ8@10 ----- 25 0.64

SH1 64.6 398.0 269 30 2Φ12 0.10 2Φ10 0.56 Φ10@15 ----- ----- 25 0.70
SH2 52.7 400.0 261 29 2Φ28 0.66 2Φ8 3.15 Φ10@13 ----- ----- 25 0.08
SH3 73.5 400.0 261 35 2Φ28 0.41 2Φ20 3.15 Φ10@12 ----- ----- 25 0.51
SH4 61.1 370.0 263 35 2Φ25 0.37 2Φ20 2.49 Φ10@6.5 ----- ----- 25 0.64

Table 2 Mix design of NSSCC and HSSCC (1 m3)

Concrete type W/P
Cement

(kg)
Gravel

(kg)
Sand
(kg)

Limestone 
powder (kg)

Micro silica
(kg)

PCE
(Lit)

S 0.39 270 750 870 225 30 4
SH 0.31 450 800 830 100 50 5

Table 3 Fresh properties of SCCs

Concrete 
type 

V-funnel 
Flow time (s)

L-box
(h2 /h1)

Slump flow 
Diameter (mm)

S 5 0.80-0.82 70-72

SH 7.2-9.5 0.78-0.85 680-720
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2.3 Casting, instrumentation and testing of members 

Electrical resistance disposable strain gauges, manufactured by TML Measurements Group

(Japan), were pasted on the internal reinforcing bars at different locations. The demec points and

electrical gauges were also attached along the height of members to measure the concrete strains;

these values can be used to find out the strain distribution and the moving neutral axis depth of the

members tested. All connections were loaded in three-point bending to failure with a clear span of

2.7 m, and loading points were located on top surface of stub at mid-span location (Fig. 1). The

load was applied step-by-step up to failure in a load control manner of test beams. The experimental

values of steel tensile and compressive strain (εs, εs' ), the extreme layer of concrete compressive

strain (εc), and vertical deflections were also measured (using LVDTs) during the test. The strain

gauges, LVDTs, and the load cell were connected through a data acquisition system to a computer

and the data was recorded and stored in the computer (Fig. 2). The crack widths was measured by

crack detection microscope with an accuracy of 0.02 mm.

The experimental program was conducted by testing of 12 simulated beam-column connections in

reinforced NSSCC and HSSCC. The variables studied included concrete strength, tensile and

compressive steel ratio, ρ, ρ' and the ratio of ρ'/ρ. As yet there is no any available design code for

reinforced SCC; the maximum and minimum reinforcement ratios are in accordance with the

provision of the ACI-05 (2005) for conventional RC and only net tensile failure connections were

included. The details of specimens tested in the research program are presented in Table 1. 

The rebar were tested in tension and an average yield stress, (fy) values of 400 MPa was reported

(Mohamadi 2007). 

 

2.4 Test procedure 

The specimens were tested under simply supported conditions and were subjected under three-

point loading, as shown in Fig. 1(b). The crack widths was measured by crack detection microscope

with an accuracy of 0.02 mm, and deflections were measured at different points as shown in Fig. 2,

but only the results of the member midspan deflection are reported here. Strain in the tension (εs)

Fig. 2 Extent of crushing at ultimate and buckling of compression steel after failure
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and compression (εs' ) steel were measured by electrical strain gauges. In addition, concrete strains

(εc) using demec gauges fixed at different sections were measured (see Fig. 1), but again the results

of the member midspan concrete strain are reported. 

Increments of load were applied gradually. The first few load increments were between 500-1000 kg

and after the occurrence of a visible crack width of approximately 0.01 mm, then the load

increments was increased. Again near the steel yield strain, the load increments were reduced for a

better judgment of the behavior of the steel horizontal yield plateau. 

Each increment of load was applied over a time period of 1 minute and held constant for an

approximately additional 15 minute. The cracks were marked and the concrete strain measured

during the 15 minute interval between load applications. At the end of each load increment,

observations, measurements and cracks development and propagation on the beam surfaces were

recorded (Fig. 3). A complete test ideally required twenty increments and took about 5-6 hours.

3. Experimental results 

All members tested in flexure exhibited vertical flexural cracks in the maximum moment region

before final failure of the members due to crushing of concrete. Fig. 4 shows the crack propagation

and development pattern under the load for some typical member. 

The measured values of steel tensile strain (εs) and concrete compressive strain (εc) were then

converted to stresses at three different levels of flexural crack width (i.e., 0.1, 0.2, 0.3 mm) and

shown in Table 4. The ratios of fs/fy and fc/fc'  are also presented in Table 4. 

For conventional normal strength concrete (NSC), the analysis of section may be considered as

linear, when ratios of fc/fc'  and fs/fy does not exceed the values of 0.5 and 0.62 respectively. No

suggestion exists in literature for limiting values of fc/fc'  and fs/fy for conventional high strength

concrete (HSC) flexural members, the values suggested for NSC will be assumed for SCCs of this

study. Based on this assumption, it can be seen that irrespective of the amount of ρ, ρ ' , fy, fc' , for all

tested members, these two coefficients are equal to or less than 0.5 and 0.62 for permissible crack

widths of 0.1 and 0.2 mm respectively (except the connections S5, S6, SH2, SH3, SH4). However,

Fig. 3 Details of loading system and measurement schemes
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Fig. 4(a) Cracks development pattern of reinforced SCCs members under load (S series)
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a close observation results of Table 4 indicate that, often the coefficient fs/fy even for a crack width

of 0.3 mm is much lower than 0.62 (except the members S8, SH3). It seems it can be concluded

that, for such non vibrating concrete, the bound between reinforcing steels and surrounding concrete

is excellent. 

The flexural crack width of SCCs specimens was also investigated and the results are shown in

Table 5. The applicability of crack width Eqs. (2), (3) and (4) for conventional normal strength

concrete, as per ACI-318 (2005), BS-8110 (1985) and CSA (1994) code, was verified for members

tested.

Different parameters of Eqs. (2), (3) and (4) were either calculated or measured for crack widths

levels of 0.1, 0.2, 0.3 mm for (ACI-318 2005, BS-8110 1985) and the crack width limitation

specified in (CSA 1994) in terms of quantity “Z” for interior and exterior exposure, and the results

are presented in Table 5. 

(2)

(3)

(4)

ωcr Cβh fs dcA3=

ωcr

4.5acrεm

1 2.5
acr c–

h x–
--------------⎝ ⎠
⎛ ⎞+

------------------------------------=

Z fs dcA( )1/3=

Fig. 4(b) Cracks development pattern of reinforced SCCs members under load (HS series)
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Table 4 Experimental values of concrete and steel for different permissible flexural crack width for specimens
(at 15 cm from mid span)

Specimen
wcr

(mm)

Tensile Steel Concrete Compressive Steel

εs
fs

[MPa]
fs /fy εc

fc
[MPa]

fc /fc'
[MPa]

εs'
fs'

[MPa]

SH1

0.1 0.00069 138.69 0.347 0.00027 9.07 0.14 116 23.20
0.2 0.00076 152.76 0.382 0.00029 9.74 0.15 134 26.80
0.3 0.00104 209.04 0.523 0.00045 15.11 0.23 106 21.20

SH2

0.1 0.00048 96.48 0.241 0.00050 15.50 0.29 420 84.00
0.2 0.00085 170.85 0.427 0.00118 36.58 0.69 660 132.00
0.3 0.00115 231.15 0.578 0.00133 41.23 0.78 880 176.00

SH3

0.1 0.00086 172.86 0.432 0.00135 47.74 0.65 250 50.00
0.2 0.00118 237.18 0.593 0.00169 59.76 0.81 410 82.00
0.3 0.00168 337.68 0.844 0.00217 76.74 1.04 500 100.00

SH4

0.1 0.00063 126.63 0.317 0.00087 28.58 0.47 125 25.00
0.2 0.00069 138.69 0.347 0.00097 31.87 0.52 145 29.00
0.3 0.00094 188.94 0.472 0.00127 41.72 0.68 190 38.00

S1

0.1 0.00046 92.46 0.231 0.00008 2.10 0.07 400 80.00
0.2 0.00074 148.74 0.372 0.00012 3.15 0.10 740 148.00
0.3 0.00096 192.96 0.482 0.00022 5.77 0.19 1000 200.00

S2

0.1 0.00036 72.36 0.181 0.00021 5.46 0.18 330 66.00
0.2 0.00085 170.85 0.427 0.00039 10.15 0.34 860 172.00
0.3 0.00123 247.23 0.618 0.00075 19.52 0.66 1230 246.00

S3

0.1 0.00051 102.51 0.256 0.00026 6.57 0.23 540 108.00
0.2 0.00074 148.74 0.372 0.00043 10.86 0.39 700 140.00
0.3 0.00083 166.83 0.411 0.00058 14.65 0.52 830 166.00

S4

0.1 0.00053 106.53 0.266 0.00048 12.72 0.41 520 104.00
0.2 0.00094 188.94 0.472 0.00057 15.11 0.49 940 188.00
0.3 0.00118 237.18 0.593 0.00071 18.82 0.61 1150 230.00

S5

0.1 0.00048 96.48 0.241 0.00093 25.39 0.78 488 97.60
0.2 0.00087 174.87 0.437 0.00133 36.32 1.11 871 174.20
0.3 0.00122 245.22 0.613 0.00174 47.51 1.45 1200 240.00

S6

0.1 0.00026 52.26 0.132 0.00042 11.11 0.36 244 48.80
0.2 0.00057 114.57 0.286 0.00103 27.25 0.89 572 114.40
0.3 0.00112 225.12 0.563 0.00193 51.06 1.66 1104 220.80

S7

0.1 0.00045 90.45 0.226 0.00021 5.27 0.19 100 20.00
0.2 0.00069 138.69 0.347 0.00025 6.27 0.23 150 30.00
0.3 0.00111 223.11 0.558 0.00068 17.06 0.62 200 40.00

S8

0.1 0.00051 102.51 0.256 0.00036 9.77 0.30 125 25.00
0.2 0.00085 170.85 0.427 0.00055 14.93 0.46 183 36.60
0.3 0.00126 253.26 0.633 0.00089 24.15 0.75 237 47.40
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Table 5(a) Experimental and calculated crack width based on BS 8110

(ωcr)th Based on Eq. (3)
*(ωcr) = 0.1 (mm)

Member 
No.

acr

(mm)
(X)exp

(mm)
(fs)exp

(MPa)
ε1 × 10-3 εm ×10-3 (ωcr)th

(mm)
((ωcr)th/
(ωcr)exp)

SH1 37.8 64.2 138.69 0.80 0.50 0.07 0.75
SH2 41.2 109.7 96.48 0.61 0.56 0.09 0.85
SH3 41.2 160.5 172.86 1.20 1.16 0.17 1.67
SH4 39.8 142.4 126.63 0.83 0.77 0.11 1.12
S1 47.3 20.8 92.46 0.53 0.02 0.00 0.04
S2 48.6 170.6 72.36 0.52 0.41 0.07 0.67
S3 49.4 93.7 102.51 0.64 0.54 0.10 0.99
S4 49.4 49.3 106.53 0.64 0.52 0.10 0.99
S5 48.3 170.0 96.48 0.72 0.67 0.11 1.09
S6 48.2 171.6 52.26 0.40 0.36 0.06 0.57
S7 38.7 54.4 90.45 0.52 0.35 0.05 0.53
S8 39.5 75.1 102.51 0.61 0.50 0.08 0.77

**(ωcr) = 0.2 (mm)

Beam
No.

acr

(mm)
(X)exp

(mm)
(fs)exp

(MPa)
ε1 × 10-3 εm × 10-3 (ωcr)th

(mm)
((ωcr)th/
(ωcr)exp)

SH1 37.8 65.6 152.76 0.88 0.58 0.09 0.44
SH2 41.2 132.0 170.85 1.11 1.07 0.16 0.80
SH3 41.2 157.7 237.18 1.63 1.59 0.23 1.15
SH4 39.8 140.0 138.69 0.90 0.85 0.12 0.61
S1 47.3 35.5 148.74 0.86 0.38 0.07 0.35
S2 48.6 72.2 170.85 1.04 0.86 0.16 0.80
S3 49.4 98.7 148.74 0.94 0.84 0.15 0.77
S4 49.4 76.3 188.94 1.16 1.05 0.20 0.98
S5 48.3 162.0 174.87 1.27 1.22 0.20 1.00
S6 48.2 156.7 114.57 0.83 0.78 0.13 0.65
S7 38.7 71.4 138.69 0.81 0.64 0.10 0.49
S8 39.5 99.0 170.85 1.03 0.94 0.14 0.71

***(ωcr) = 0.3 (mm)

Beam
No.

acr

(mm)
(X)exp

(mm)
(fs)exp

(MPa)
ε1 × 10-3 εm ×10-3 (ωcr)th

(mm)
((ωcr)th/
(ωcr)exp)

SH1 37.8 73.5 209.04 1.21 0.92 0.14 0.46
SH2 41.2 134.6 231.15 1.51 1.47 0.22 0.73
SH3 41.2 154.9 337.68 2.31 2.27 0.33 1.10
SH4 39.8 135.0 188.94 1.22 1.16 0.17 0.56
S1 47.3 42.7 192.96 1.13 0.65 0.12 0.40
S2 48.6 77.1 247.23 1.51 1.34 0.25 0.82
S3 49.4 101.0 166.83 1.06 0.96 0.17 0.58
S4 49.4 94.0 237.18 1.49 1.39 0.25 0.85
S5 48.3 158.0 245.22 1.76 1.71 0.28 0.94
S6 48.2 156.3 225.12 1.62 1.58 0.26 0.87
S7 38.7 93.8 223.11 1.33 1.18 0.18 0.58
S8 39.5 108.9 253.26 1.55 1.46 0.22 0.73

*ωcr permissible = (ωcr)exp = 0.1 (mm), **ωcr permissible = (ωcr)exp = 0.2 (mm), ***ωcr permissible = (ωcr)exp = 0.3 (mm)
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Table 5(b) Experimental and calculated crack width based on ACI 318-04

(ωcr)th Based on Eq. (2)
*(ωcr) = 0.1 (mm)

Member
No.

βh
dc

(mm)
A

(mm)
(ωcr)th

(mm)
((ωcr)th/
(ωcr)exp)

SH1 1.15 31 4650 0.09 0.90
SH2 1.26 39 5850 0.08 0.80
SH3 1.39 39 5850 0.16 1.58
SH4 1.31 37 5550 0.11 1.05
S1 1.15 37 5550 0.07 0.68
S2 1.45 40 6000 0.07 0.70
S3 1.26 42 6300 0.09 0.89
S4 1.20 42 6300 0.09 0.89
S5 1.49 43 6450 0.10 1.02
S6 1.52 44 6600 0.06 0.57
S7 1.16 33 4950 0.06 0.62
S8 1.18 35 5250 0.07 0.75

**(ωcr) = 0.2 (mm)

SH1 1.15 31 4650 0.10 0.50
SH2 1.30 39 5850 0.15 0.73
SH3 1.38 39 5850 0.22 1.08
SH4 1.30 37 5550 0.11 0.57
S1 1.16 37 5550 0.11 0.55
S2 1.21 40 6000 0.14 0.70
S3 1.26 42 6300 0.13 0.65
S4 1.23 42 6300 0.16 0.81
S5 1.45 43 6450 0.18 0.89
S6 1.44 44 6600 0.12 0.59
S7 1.17 33 4950 0.10 0.48
S8 1.21 35 5250 0.13 0.64

***(ωcr) = 0.3 (mm)

SH1 1.16 31 4650 0.14 0.46
SH2 1.31 39 5850 0.20 0.67
SH3 1.37 39 5850 0.30 1.02
SH4 1.29 37 5550 0.16 0.52
S1 1.17 37 5550 0.14 0.48
S2 1.22 40 6000 0.20 0.67
S3 1.27 42 6300 0.15 0.49
S4 1.26 42 6300 0.21 0.69
S5 1.43 43 6450 0.25 0.83
S6 1.44 44 6600 0.23 0.77
S7 1.19 33 4950 0.16 0.52
S8 1.22 35 5250 0.19 0.63

*ωcr permissible = (ωcr)exp = 0.1 (mm), **ωcr permissible = (ωcr)exp = 0.2 (mm), ***ωcr permissible = (ωcr)exp = 0.3 (mm)
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Z ≤ 30000 N/mm for interior exposure (i.e., ωcr = 0.40 mm) and 25000 N/mm for exterior

exposure (i.e., ωcr = 0.33 mm)

where

C = 108 × 10-7 (mm2/N), 

, ,

The parameters of Eqs. (2) and (3) are shown in Figs. 5 and 6 respectively.

It can be seen from Table 5 that for a crack width 0.1 mm, the measured experimental crack

width (ωcr)exp were very close to the predictions by Eqs. (3) and (2) which are suggested by British

standard and ACI code respectively (except member, SH3). 

Considering crack width of 0.2 mm; comparison of the experimental results indicated that, the

predictions of Eq. (3) were close to the values of (ωcr)exp for connections (S4, S5, SH3), and for

other 9 members the values of (ωcr)th were smaller than (ωcr)exp. For Eq. (2) the calculated values of

(ωcr)th are smaller than the measured values of (ωcr)exp (except SH3).

Assuming crack width 0.3 mm; again, the obtained theoretical values are smaller than

experimental values as estimated after Eqs. (2) and (3), respectively. 

In general, for almost all HSSCC members tested at the three levels of crack width (0.1, 0.2,

0.3 mm); the use of ACI Eq. (2) led to predict 33% of the results conservative (the ratio of ((ωcr)th/

(ωcr)exp) is greater than unity). However, considering Eq. (2) for the same levels of crack widths for

NSSCC members, led to predict the unconservative results (the ratio of ((ωcr)th/(ωcr)exp) is smaller

than unity (except for S5 for crack width of 0.1 mm)). The results of the BS Eq. (3) were noted to

be conservative while compare to the ACI Eq. (2).

βh

h2

h1

-----=

A
2ybw

Number of tensile bar
----------------------------------------------------= εm ε1

bt h x–( ) a′ x–( )
3EsAs d x–( )

-------------------------------------–= ε1
h x–

d x–
----------

fs

Es

-----=

Table 5(c) Experimental and calculated crack width based on CSA

Member 
No.

Interior exposure
(ωcr = 0.33 mm)

Interior exposure
(ωcr = 0.40 mm) w(cr)

(0.6fy)(fs)exp

(MPa)
Z

(N/mm)
Z/25000

(fs)exp

(MPa)
Z

(N/mm)
Z/30000

S1 220 11535 0.46 552 28943 0.96 0.33

S2 276 16865 0.67 316 19309 0.64 0.27

S3 170 10388 0.42 200 12221 0.41 0.41

S4 252 14867 0.59 294 17345 0.58 0.31

S5 256 15103 0.60 280 16519 0.55 0.26

S6 238 14766 0.59 252 15648 0.52 0.39

S7 264 16949 0.68 308 19773 0.66 0.28

S8 270 17334 0.69 294 18875 0.63 0.28

SH1 226 14738 0.59 278 18130 0.60 0.34

SH2 262 17350 0.69 282 18674 0.62 0.31

SH3 356 19461 0.78 414 22631 0.75 0.21

SH4 220 12507 0.50 260 14781 0.49 0.34
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Two crack width limitation specified in CSA based on Eq. (4), are calculated and their

comparison with the experimental results are shown in Table 5(c).

Considering CSA method; the quantity of “Z” for NSC members predicted for both interior and

exterior exposure is applicable in SCCs members also. By use of a higher reinforcement ratio, the

quantity of “Z” obtained is more conservative, and for the case of a lower reinforcement ratio, the

obtained “Z” is closer to limiting values of CSA. It is clear from Table 5(c) that, although for

interior exposure of S1 and SH3 members, the tensile steels reached the yield stress, but the crack

widths were never increased more than limiting value of 0.4 mm even for the S1 specimen

consisting of ρmin value. For crack control, it is a usual practice to limit the value of tensile steel to

0.6fy. For this limiting value, the average crack width of tested members is 0.31 mm which is lower

than the suggested values for exterior and interior exposure for NSC members.

It seems that, the obtained results are indicating that a very good bond is available between the

bars and the surrounding concrete area in both type of SCCs tested specimens.

The load versus deflection relationships for the different reinforcement ratios are shown in Fig. 7.

Table 6 presents the experimentally and theoretically (ACI & CSA) obtained cracking and yielding

moments for the tested members. The experimental cracking moment, Mcr(exp), corresponds to the

Fig. 5 Parameters identification of Eq. (2)

Fig. 6 Parameters identification of Eq. (3)
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Fig. 7(a) Load-deflection curves of tested connections
(S1, SH1)

Fig. 7(b) Load-deflection curves of tested connections
(S5, SH4)

Fig. 7(c) Load-deflection curves of tested connections
(S6, SH2, SH3)

Fig. 7(d) Load-deflection curves of tested connections
(S2, S7)

Fig. 7(e) Load-deflection curves of tested connections (S3, S4, S8)
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moment at which initial slope of the load-deflection curve deviates. The experimental yielding

moment, My(exp), corresponds to the moment at which, yielding flat plateau is observed in the load-

deflection curve. A comparison between two Codes (ACI and CSA) for the theoretical values is

also shown in this Table. It is obvious that, irrespective of the concrete strength, for the specimens

reported, the prediction values of two codes are almost equaled.

In general, for all HSSCC members tested the use of two codes led to predict 50% of the results

conservative (the ratio of (the ratio of Mcr)th/(Mcr)exp) is greater than unity), and for NSSCC, it led to

predict unconservative results for 37.5% and 62.5% of the results (the ratio of Mcr)th/(Mcr)exp) is

respectively greater and smaller than unity). 

3.1 Cracking moment 

The analytical evaluation of deflection depends greatly on the cracking moment of the members.

Cracking moment is usually estimated using the modulus of rupture as 

(5)

MPa (ACI) (6)

MP (CSA) (7)

The experimental cracking moment, Mcr(exp), is used to determine the experimental cracking stress,

fr(exp). The variation of ratio of fr(exp) and fr(th) as a function of reinforcement ratio is shown in Fig. 8.

The figure indicates that, for SCCs, the experimental cracking stresses are close to theoretical values

of ACI and less than the values predicted by CSA for lower ρ values. However, for a higher

percentages of ρ, some irregularities are occurred and therefore more research work is suggested for

Mcr

fr Ig⋅
yt

----------=

fr 0.62 fc′=

fr 0.6 fc′=

Table 6 Experimental and theoretical values of cracking moment of tested members

Member
No.

Mcr(exp)

ton.m
My(exp)

ton.m
Mcr(th-ACI)

ton.m
Mcr(th-CSA)

ton.m
Mcr(exp) /
Mcr(th-ACI)

Mcr(exp) /
Mcr(th-CSA)

SH1 0.827 2.370 1.121 1.085 0.738 0.762

SH2 1.151 9.072 1.013 0.981 1.136 1.173

SH3 2.014 12.706 1.196 1.157 1.684 1.741

SH4 0.619 8.160 1.090 1.055 0.568 0.587

S1 0.763 1.753 0.742 0.765 1.028 0.997

S2 0.715 3.821 0.735 0.762 0.973 0.938

S3 1.208 5.439 0.749 0.774 1.613 1.561

S4 1.573 5.701 0.714 0.738 2.203 2.131

S5 0.898 8.721 0.772 0.798 1.163 1.125

S6 2.206 11.733 0.748 0.773 2.949 2.854

S7 0.937 3.726 0.733 0.710 1.278 1.320

S8 0.721 5.226 0.793 0.767 0.909 0.940
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a better understanding effects. It also shows that the suggested values of CSA are always higher

than the ACI values.

3.2 Neutral axis depth

The experimental variation of depth of the neutral axis, N.A., in the maximum moment section at

the yield and ultimate load is shown in Fig. 9 and Table 7. This N.A. depth is obtained from the

strain distribution, which was measured experimentally in the compression steel and concrete and

the tension reinforcement. The figure shows that the depth of N.A. usually does not vary between

cracking and yielding levels. It is clear from the Fig. 9 that, by increasing the amount of ρ, the N.A.

depth is increased for yield condition.

 

Fig. 8(b) Comparison between experimental and theoretical values of fr for tested specimens (HS series)

Fig. 8(a) Comparison between experimental and theoretical values of fr for tested specimens (S series)
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3.3 Cracked moment of inertia

The calculation of deflection depends basically on the cracked moment of inertia, Icr. The

experimental cracked moment of inertia based on the elastic deformation theory is obtained by

considering

(8)

icr can also be defined as the slope of the line connecting the origin and point of initial yielding of

tensile reinforcement in moment curvature curve (Ghali 1993, MacGregor and Wight 2005). This is

given as

(9)

Where 

The difference in values of Icr(exp1) and Icr(exp2) is expected due to the great variation in curvature

icr exp1( )

Py l
3⋅

48Ec exp∆
---------------------=

icr exp2( )

My

Ec φy⋅
--------------=

φy

εcy εsy+

d
------------------

εcy
x

------= =

Fig. 9(a) Movement of neutral axis under service load increments (HS series)
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Fig. 9(b) Movement of neutral axis under service load increments (S series)
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distribution along the member especially due to the peaks in curvature at the cracks location.

The traditional theoretical definition of Icr based on the cracked transformed section for

conventional reinforced concrete members can be given as:

Beams with doubly reinforcement

(10)

(11)

where  and  (MPa)

Note: In Eqs. (10) and (11) the term As'  and d' will be ignored when ρ ' is not available.

The theoretical and experimental cracked moment of inertia of mentioned equations of

conventional reinforced concretes are applied for SCCs and the results are presented in Table 8. It is

clear that, for all cases, the values of Icr(exp) are lower than the values of Icr(th), and the values of

Icr(exp1) are closer to the Icr(th) and higher than the values of Icr(exp2), except the specimens S4, S6, SH2.

Also, the graphical presentation of the values of Icr/Ig for both theoretical and experimental versus

ρ/ρb are shown in Fig. 10. Referring to Fig. 10, a general conclusion is that, by increasing the

bx
2

2
------- As As′+( )nx Asd As′d ′+( )n– As′ x d′–( )–+ 0=

Icr
bx

3

3
------- nAs d x–( )2 n 1–( )As′ x d′–( )2+ +=

n Es/Ec= Ec 3200 fc′ 6900+=

Table 7 Yield and ultimate loads and the ratio of Xy/d and Xu/d for test members

Member
No.

SH1 SH2 SH3 SH4 S1 S2 S3 S4 S5 S6 S7 S8

Pu 4.06 15.52 22.34 16.98 3.84 8.39 11.62 13.34 15.96 21.28 7.53 10.07

Xu/d 0.083 0.045 0.403 0.106 0.179 0.123 0.231 0.301 0.566 0.661 0.087 0.246

Py 3.95 15.12 21.18 13.61 2.92 6.37 9.07 9.50 14.54 19.56 6.21 8.71

Xy/d 0.081 0.530 0.258 0.539 0.156 0.101 0.398 0.629 0.683 0.636 0.392 0.441

Table 8 Theoretical and experimental cracked moment of inertia

Member
No.

Icr(th) × 106 
(mm4)

Icr(exp1) × 106 
(mm4)

Icr(exp2) × 106 
(mm4)

Icr(th)/Icr(exp1) Icr(th)/Icr(exp2)

S1 60.62 46.32 33.12 1.31 1.83
S2 128.93 108.79 100.03 1.19 1.29
S3 184.01 164.08 157.98 1.12 1.16
S4 182.23 129.58 139.45 1.41 1.31
S5 237.93 169.60 157.88 1.40 1.51
S6 284.30 185.48 201.30 1.53 1.41
S7 141.39 119.42 136.51 1.18 1.04
S8 186.42 124.16 176.76 1.50 1.05

SH1 72.10 60.67 54.33 1.19 1.33
SH2 253.59 179.72 225.43 1.41 1.12
SH3 247.06 166.56 145.22 1.48 1.70
SH4 227.39 166.43 120.93 1.37 1.88
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Fig. 10(a) Effect of ρ on the Icr for tested members (S series)

Fig. 10(b) Effect of ρ on the Icr for tested members (HS series)
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percentage of ρ, the value of Icr is increased. Also, (except for specimen S8(th)), by comparing the

results of the S(exp) with the S(th) it is obvious that, the values of Icr are higher than the obtained

values of SH(th). 

4. Beams behavior at initial and final horizontal plateau of yield stress 

For the tested members the experimental values of deflection, concrete compressive strain and

cracks width at initial (“i”) and final (“f ”) yield plateau load are measured and shown in Table 9. At

service conditions for NSC and HSC members, the allowable values of force in tensile bars,

according to the Codes (ACI-318 2005, BS-8110 1985, CSA 1994), are lower than the yield values.

To show the effect of high strength of concrete (in SCC) on deflection, compressive strain, and the

width of crack of members, the rebar are tested in tension and the values at the beginning and final

horizontal plateau of the steel stress-strain diagrams are determined and used here.

From the Table following important results can be drawn;

i) For all cases (except S6 and SH3), the deflection at initial yield plateau is less than 12 mm.

ii) Except for specimens S5 and S6, SH2-SH4, the values of εcyi is approximately half the value of

εcu ≈ 0.0035 (suggested by CSA). As expected, the effect of ρ' is to reduce the value of εcyi. Except

for member S7, the values of εcyf are higher than the values of 0.0035 and 0.003 recommended by

CSA and ACI codes. In other words, the average value of εcyf for tested members is 0.0088 which

is 2.5 and 2.9 times the predicted codes values respectively, which is a good sign for ductility

considerations in seismic regions. 

5. Conclusions

Self-compacting concrete was developed and to be used mainly for highly congested reinforced

concrete structures. The serviceability of reinforced concrete connections consisting of two types of

Table 9 The Experimental values of deflection, concrete compressive strain and crack width of tested members

Member 
No.

∆yi 
(mm)

∆yf 
(mm)

εcyi εcyf
wcri 

(mm)
wcri 

(mm)

S1 8.66 106.96 0.00084 0.01113 0.52 7.6
S2 8.21 90.94 0.00099 0.01222 0.5 7.5
S3 11.06 99.06 0.00101 0.01234 0.53 9.1
S4 9.18 103.61 0.00182 0.01115 0.45 8.2
S5 10.06 101.42 0.00291 0.01028 0.44 6.1
S6 15.75 54.55 0.00341 0.00441 0.52 3.6
S7 9.21 15.51 0.00125 0.00317 0.52 5.2
S8 12.82 16.98 0.00163 0.00630 0.63 3.2

SH1 5.52 33.63 0.00096 0.00437 0.64 2.5
SH2 11.45 28.39 0.00451 0.00536 0.63 6.5
SH3 14.01 15.14 0.00368 0.00911 0.58 4.2
SH4 11.31 58.83 0.00536 0.01534 0.64 5.1
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SCC were investigated, and the applicability for conventional vibrated concrete, as for ACI, BS and

CSA code, was verified for SCCs members tested. The major conclusions derived from this

experimental and theoretical study are given as follows:

1. Significant stages in load-deflection behavior of this type of concretes are their similarity in

behavior with conventional concrete.

2. The applicability of crack width Equations for conventional normal strength concrete, as per

ACI-318, BS-8110 and CSA code, was verified for SCCs members tested and it was found that; for

a crack width 0.1 mm, the measured experimental crack width were very close to the predictions by

British standard and ACI code respectively (except member, SH3). Considering crack width of

0.2 mm; comparison of the experimental results indicated that, the predictions of Eq. (3) were close

to the values of (ωcr)exp for connections (S4, S5, SH3), and for other 9 members the values of (ωcr)th

were smaller than (ωcr)exp. For Eq. (2) the calculated values of (ωcr)th are smaller than the measured

values of (ωcr)exp (except SH3).

3. Assuming crack width 0.3 mm; again, the obtained theoretical values are smaller than

experimental values as estimated after Eqs. (2) and (3), respectively. 

4. In general, for almost all HSSCC members tested at the three levels of crack width (0.1, 0.2,

0.3 mm); the use of ACI Eq. (2) led to predict 33% of the results conservative (the ratio of ((ωcr)th/

(ωcr)exp) is greater than unity). However, considering Eq. (2) for the same levels of crack widths for

NSSCC members, led to predict the unconservative results (the ratio of ((ωcr)th/(ωcr)exp) is smaller

than unity (except for S5 for crack width of 0.1 mm)).

5. The results of the BS Eq. (3) were noted to be conservative while compare to the ACI Eq. (2).

6. Considering CSA method; the quantity of “Z” for NSC members predicted for both interior and

exterior exposure is applicable in SCCs members also. By use of a higher reinforcement ratio, the

quantity of “Z” obtained is more conservative, and for the case of a lower reinforcement ratio, the

obtained “Z” is closer to limiting values of CSA. The results are indicate that, although for interior

exposure of S1 and SH3 members, the tensile steels reached the yield stress, but the crack widths

were never increased more than limiting value of 0.4 mm even for the S1 specimen consisting of

ρmin value. 

7. For crack control, it is a usual practice to limit the value of tensile steel to 0.6fy. For this

limiting value, the average crack width of tested members is 0.31mm which is lower than the

suggested values for exterior and interior exposure of CSA method, for NSC members.

8. With SCCs, a very good bond is available between the bars and the surrounding concrete area

of tested specimens.

9. A comparison between two Codes (ACI and CSA) for the theoretical values cracking moment

is indicate that, irrespective of the concrete strength, for the specimens reported, the prediction

values of two codes are almost equal.

In general, for all HSSCC members tested the use of two codes led to predict 50% of the results

conservative (the ratio of (the ratio of Mcr)th/(Mcr)exp) is greater than unity), and for NSSCC, it led to

predict unconservative results for 37.5% and 62.5% of the results (the ratio of Mcr)th/(Mcr)exp) is

respectively greater and smaller than unity). 

10. For all the cases, the values of Icr(exp) are lower than the values of Icr(th), and the values of

Icr(exp1) are closer to the Icr(th) and higher than the values of Icr(exp2), except the specimens S4, S6, SH2.

Also, a general conclusion is that, by increasing the percentage of ρ, the value of Icr is increased.

Except for specimen S8(th), by comparing the results of the S(exp) with the S(th) it is obvious that, the

values of Icr are higher than the obtained values of SH(th). 
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Notations

a : shear span
a' : distance from extreme concrete compressive fiber to point that calculate crack width
As : area of logitudinal tension reinfocement 
As' : area of logitudinal compresion reinfocement
b : width of beam
c : concrete cover
C : experimental constant 
d : effective depth
dc : distance from extreme tensile concrete fiber to the center of the nearest tension bars 
h : height of beam
Ec : modulus of elasticity of concrete
Es : modulus of elasticity of steel reinforcement
fc : concrete compressive stress
fc' : concrete compressive strength
fr : modulus of rupture for concrete
fy : steel yielding stress
h1 : distance from neutral axis to area center of tension reinforcement
h2 : distance from neutral axis to extreme concrete tensile fiber
Icr : moment of inertia of cracked transformed section
Ie : effective moment of inertia
εcy : the measured compression strain in the concrete at yielding of steel reinforcement.
εsy : the measured tensile strain in steel reinforcement at yielding stage
x : neutral axis depth
Py : the load that causes yielding in the steel reinforcement
l : the clear span of the member
icr : can also be defined as the slope of the line connecting the origin and point of initial yielding of

tensile reinforcement in moment curvature curve
yt : the neutral axis depth measured from bottom side of the member
fs : tensile reinforced stress under service load
Ma : maximum moment in the beam at a stage at which deflection is computed
Mcr : cracking moment of beam




