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Abstract

Self-compacting concrete (SCC) is a highly workable concrete that flows through complex
structural elements under its own weight. It is cohesive enough to fill the spaces of almost any
size and shape without segregation or bleeding. This makes SCC become more practical
wherever concrete placing is difficult, such as in heavily-reinforced concrete members or in
complicated formworks. Bond behaviour between concrete and reinforcement is a primary
factor in design of reinforced concrete structures. This study presents a comparison between
code provisions and empirical equations with the experimental results from the recent studies
on the bond strength of SCC and conventional concrete (CC). The comparison is based on the
measured bond between reinforcing steel and concrete by utilizing the pullout test on the
embedded bars at various heights in mock-up structural elements to assess the top-bar effect
and on single bars in small prismatic specimens; and conducting the beam tests. The
investigated varying parameters on bond strength are: the steel bar diameter, concrete
compressive strength, concrete type, curing age of concrete and height of the embedded bar
along the formwork.



1. INTRODUCTION

Self-compacting concrete (also known as self-consolidating concrete) is a highly flowable,
non-segregating concrete that can spread into place, fill the formwork, and encapsulate the
reinforcement without any mechanical compaction [1]. While being highly flowable, SCC
needs to be sufficiently cohesive to prevent segregation or blockage of aggregates during
flowing. The enhanced cohesiveness can ensure better suspension of solid particles in the
fresh concrete and therefore, good deformability and filling capability during the spread of
fresh concrete through various obstacles [2-3].

However, the modified composition of SCC in comparison with CC may have some
consequences on the properties of the hardened concrete. It is therefore important to ensure
that all the assumptions and test results on which the structural design models are based for
CC construction are also valid for SCC construction. One of the important properties of the
hardened concrete is its bond capacity with the reinforcing steel. The bond strength between
reinforcement and concrete is a basic phenomenon which allows reinforced concrete to
behave as a structural material. Forces are transferred between the two materials by two types
of actions, those that are physicochemical (adhesion) and those that are mechanical (friction
and bearing action), which are activated by various states of stress. To a large extent, the
relative importance of those actions depends on the surface texture and the geometry of the
bars [4]. In addition, there are other factors that may influence the bond behaviour of the
reinforcement. For instance those that have to do with the quality of the concrete. So, change
in the mix design or the placing of the material can lead to change in the physical and
mechanical properties of the material [5-6] and hence affect the steel-to-concrete bond. It has
been discovered that in CC, when its fluidity is increased or sand-rich mixes are used, its bond
deteriorates [7].

This study presents a comparison between code provisions and developed empirical
equations with the experimental results from the recent studies on the bond strength of SCC
and conventional concrete (CC). The comparison is based on the measured bond between
reinforcing steel and concrete by utilizing the pullout test on the embedded bars at various
heights in mock-up structural elements to assess the top-bar effect and on single bars in small
prismatic specimens; and conducting the beam tests.

2. DATABASE FOR BOND CHARACTERISTICS MODELS

In the literature there are several analytical and numerical models which try to represent
the bond stress response in the steel-concrete interface. These models that most of them based
on experimental results have investigated the concrete compressive strength, concrete cover,
steel bar diameter and embedment length have provided equations to calculate the average
bond strength by means of linear or non-linear regressions. Table 1 shows some of the
empirical equations that try to represent the bond behaviour and the code provisions used for
evaluating the bond strength without transverse reinforcement. The influence of the transverse
reinforcement is considered as a sum with the bond strength without reinforcement with the
increase of the bond strength by the amount of stirrups in the bonded zone.
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Table 1: Analytical bond models

Reference Bond strength equation Units
d A
Orangun et al. [8] 7, = {1,22 + 3,23di + 53|_b}/f—cf Psi units
b d
f -
Kemp and Wilhelm [9] T, = {0.55 + 0.24%} fo+ 0.191% Sl units
b b
e —
Kemp [10] 1, =2322+ 2.716d—b £ Psi units
q A
Chapman and Shah [11] 7, = {3.5 + 3.4[(%} +57 [I_bﬂ Ji Psi units
b d
Tonax (575 ) 0<s<s,
CEB-FIP [12] and - .
Huang et al. [13] * = Tmax R Sl units
. 2-max7(z'ma><7‘L'u)(5752/53752) S, <S<S;
7, S3<S
- d .
Harajli [14] 7= {1-2 +3 [diJ +50 (I—bﬂ fe Pst units
b d
; -
Pillai et al. [15] 7 ={0.1+ o.25di+4.2?—b+o.024 A"d y‘}/f_c St units
d S dp
Barbosa [16] 7, =19.36 s*%! (f/ <50MPa), 7, =32.58 "% (f/>50MPa) St units
ana 2/3 -
Harajli et al. [17] — :0.75\/](—6,[%] Sl units
b
B 0.58 Deformed Rebar
T =A[di] <(f(f'y «=1021  Plain Rebar |, embedment | g inits
Bae [18] ** b 045 GFRP Rebar
length <154, in mm
*
) . . High strength Normal strength
CEB-FIP [12] Confined concrete Unconfined concrete Huang et al. [13] concrete concrete
s; (mm) 1.0 0.6 s, (mm) 0.5 1
s, (mm) 3.0 0.6 s, (mm) 15 3
55 (mm) Dlstancr(iebt;etween 10 55 (mm) Dlstancr(iebt;etween Dlstancr(iebt;etween
a 0.4 0.4 a 0.3 0.4
T 25 J1/ 20 J1/ Timax 0.4 fom 0.4 fo
7, 0.4 7. 0.15 70 7y 0.4 7.« 0.4 7.
**
LWSCC NWSCC
Constant | Deformed | GFRP | Plain | Deformed
A 0.85 0.48 0.3 0.74
B 0.17 0.68 | 0.88 0.52
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3. RESULTS AND DISCUSSIONS

Table 2 summarizes comparison of the bond strength experimental results of the Zhu et al.

[19], Almeida Filho et al. [20], Hossain and Lachemi [21] and Lachemi et al. [22] with
predicted bond strength by using Orangun et al. [8], Kemp and Wilhelm [9], Kemp [10],
Chapman and Shah [11], Harajli [14], Pillai et al. [15] and Bae [18] models.
The comparison between Zhu et al. [19] bond stress from experimental results with predicted
bond stress by using available models show that, for d,=12 mm, 1;=120 mm the Bae model
[18] shows good agreement with the experimental results although the Chapman and Shah
[11] have been predicted good results too. Also, for d,=20 mm, 13=120 mm the Chapman and
Shah [11] predicted bond stress is more accurate comparing with the experimental results.
The predicted results of other models are underestimated bond stress.

Comparison of the pullout tests for dp=10mm, 1;=50 mm and d,=16mm, [;=80 mm
experimental results of Almeida Filho et al. [20] with bond stress models are shown that the
Orangun et al. [8], Chapman and Shah [11] and Bae [18] models have more accurate
predictions while the predictions of Chapman and Shah [11] overestimate the results. The
other models underestimate the bond stress mostly. Also, comparison of the beam tests for
d,=10mm, 14=100 mm and dp,=16mm, 13=160 mm with experimental results of Almeida Filho
et al. [20] are shown that the Orangun et al. [8], Chapman and Shah [11] and Bae [18] models
have good results but the predictions of Orangun et al. [8] model underestimates and the
predictions of Bae [18] model overestimates. Comparison of the bond stress at the bottom
(left, right and middle) of the Hossain and Lachemi [21] horizontal specimens with the bond
stress models are shown that Orangun et al. [8], Chapman and Shah [11], Harajli [14], Pillai et
al. [15] and Bae [18] models have been predicted the good results but the Chapman and Shah
[11] model overestimate and the Bae [18] is underestimation. For the horizontal specimens
bond stress at the top (left, right and middle) experimental result and vertical specimens (top,
middle and bottom) bond stress with comparing with models, the comparisons show that
Orangun et al. [8], Chapman and Shah [11], Harajli [14], Pillai et al. [15] and Bae [18] models
predict good results but the Orangun et al. [8] and Chapman and Shah [11] models are
overestimation and the Bae [18] underestimates the results.

Figure 1 to 3 show the comparison of the bond-slip models between the Valcuende and
Parra [4], Hassan et al. [23] and Desnerck et al. [24] experimental results.

CC32, wie=0.55 SCC32, wie=0.55
15

© Experimental results of Valenende and Paves [4]
i oBarbesapiel g
1 1 .
ACEB-FIP[12]

@ Experimental results of Valcuende and Parra [4]
OBartosa [16]

i
© o Sl

acEBFPRZ = -1 PP g
ol

-1

°
*Huang et al. [13] 000? @
80®

.....
] 5
sHuangetsl (i3] g see0ee || TTHEERUS LeeT g
B 3 . P e o
.......
..............
..........

.....

nd Stress (MPa)

Ban

o 02 04 0.6 08 1 1.2 1.4 1.6 o 0.2 04 06 08 1 12 14 L&
Slip (mm) Slip (mm)

Figure 1: Comparison of the bond-slip models with VValcuende and Parra [4] results
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Table 2: Comparison of experimented bond stress with predicted bond stress by using models

Bond Stress (MPa)

dy=12 mm, 1;=120 mm 11.18 13.73 | 2341 34.08
9 Orangun et al. [8] 8.05 9.07 10.38 11.8
% Kemp and Wilhelm [9] 7.6 8.56 9.8 11.14
o Kemp [10] 5.6 1.6 6.75 7.46
8 g Chapman and Shah [11] 9.65 10.88 12.44 14.15
E ~ Harajli [14] 7.55 8.51 9.73 11.06
b Pillai et al. [15] 7.59 8.56 9.79 11.13
a Bae [18] 10.48 12.04 | 14.07 16.33

ds=20 mm, 1;=120 mm 8.98 2441 | 10.55 32.52
9 Orangun et al. [8] 7.52 8.48 9.7 11.03
% Kemp and Wilhelm [9] 5.53 6.23 7.13 8.11
o _ Kemp [10] 3.65 3.92 4.25 461
8 g Chapman and Shah [11] 9.14 10.3 11.78 13.4
o< -
£ Harajli [14] 7.08 7.98 9.13 10.38
S Pillai et al. [15] 7.14 8.05 9.21 10.47
a Bae [18] 7.41 8.52 9.96 11.56

Pullout test, dy=10mm, 1;=50 mm 11.56 14.34 17.05 18.11
@ Orangun et al. [8] 12.29 12.66 16.2 17.28
% Kemp and Wilhelm [9] 9.03 9.3 1191 12.7
'g - Kemp [10] 6.99 7.16 8.71 9.18
_cg % Chapman and Shah [11] 14.15 14.58 18.67 19.9
£ ~ Harajli [14] 11.52 11.87 | 15.19 16.2
3 Pillai et al. [15] 11.6 11.95 15.3 16.31
o Bae [18] 12.12 1254 | 167 17.99

Pullout test, dy=16mm, 1;=80 mm 10.75 12.93 21.94 19.23
9 Orangun et al. [8] 11.89 12.24 15.67 16.71
% Kemp and Wilhelm [9] 8.67 8.93 11.44 12.19
= _ Kemp [10] 6.66 6.81 8.27 8.71
8 g Chapman and Shah [11] 13.73 14.15 18.11 19.31
E ~ Harajli [14] 11.15 1149 | 147 15.68
3 Pillai et al. [15] 11.23 103.48 | 16.15 15.79
a Bae [18] 11.72 12.13 16.15 17.4

Beam test, d,=10mm, 15=100 mm 13.44 1145 | 16.55 16.86

Beam test, dy=16mm, [:=160 mm 13.2 11.58 16.95 17.25
@ Orangun et al. [8] 11.26 11.6 14.85 15.83
% Kemp and Wilhelm [9] 10.47 10.78 | 138 14.72
'g - Kemp [10] 8.34 855 | 10.49 11.08
_cg % Chapman and Shah [11] 13.01 13.41 17.16 18.29
£ ~ Harajli [14] 10.53 10.85 | 13.88 14.8
3 Pillai et al. [15] 10.59 10.91 13.96 14.88
o Bae [18] 13.61 14.09 18.76 19.62
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Table 2: Comparison of experimented bond stress with predicted bond stress by using models

‘ Bond Stress (MPa) \

Bottom Left 11.33 11.65 45 7.54

Bottom Middle 12.06 14.09 6.87 8.91

Bottom Right 9.62 9.61 5 7.61

Top Left 5.47 9.06 4.18 7.61

Top Middle 8.8 11.89 5.81 9.32

Top Right 2.52 8.9 4.68 8.09

Top 24 12.75 5.93 9.8

Middle 6.1 13.46 6.56 10.58

Bottom 8.2 13.78 7.68 11.24

» Orangun et al. [8] 11.09 11.99 9.51 10.44

g Kemp and Wilhelm [9] 6.1 6.59 5.23 5.74

T Kemp [10] 3.57 3.73 3.29 345

aoa § Chapman and Shah [11] 13.19 14.27 11.31 12.42

E ~ Harajli [14] 10.45 11.31 8.97 9.84

E Pillai et al. [15] 10.55 11.41 9.05 9.94

& Bae [18] 8.13 8.91 6.81 7.58
[ ememetaa | nows | eses [ esws | esws |

dp=15 mm, 15=100 mm 9.88 5.56 6.48 9.02

@ Orangun et al. [8] 9.66 10.65 11.94 18.16

% Kemp and Wilhelm [9] 9.4 9.08 9.92 9.97

-g - Kemp [10] 6.35 6.84 7.47 8.38

g % Chapman and Shah [11] 11.21 12.37 15.4 12.91

£ ~ Harajli [14] 9.05 9.98 11.19 12.91

g Pillai et al. [15] 10.77 10.4 11.37 11.42

o Bae [18] 12.19 3.21 331 3.32

dp=15 mm, 15=200 mm 12.41 7.34 8.47 10.59

2 Orangun et al. [8] 9.36 9.04 9.88 9.93

% Kemp and Wilhelm [9] 10.9 9.08 9.92 9.97

o _ Kemp [10] 7.21 7.02 7.53 7.55

aoa § Chapman and Shah [11] 11.05 10.67 11.66 11.71

E ~ Harajli [14] 8.76 8.461 9.25 9.29

3 Pillai et al. [15] 8.81 8.51 9.3 9.34

& Bae [18] 12.7 321 331 3.32

Figure 1 shows that CEB-FIP [12] model has slightly good prediction but none of the other
bond-slip models have good prediction. Figure 2 shows the Huang et al. [13] model has good
prediction for CC experimental results but for the SCC, it underestimates and other models
have not good predictions. In addition, Figure 3 shows that overall trend of the Huang et al.
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[13] model is good but it is overestimate and the CEB-FIP [12] model overestimates and
underestimates results for CC and SCC, respectively.
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Figure 2: Comparison of the bond-slip models with Hassan et al. [23] results
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Figure 3: Comparison of the bond-slip models with Desnerck et al. | 24] results

CONCLUSIONS

Based on the presented results, the following conclusions can be made:

By comparison of the Code provisions and equations can be concluded that the same
procedures adopted for CC can be used for SCC, which means that bond properties of
SCC are similar to the CC.

In most comparisons the Chapman and Shah [11] and Bae [18] models are more
appropriate for prediction of the bond strength when using the various experimental
conditions (e.g. casting direction, d,, lg, pullout and beam test). Other existing
equations underestimate the bond stress of both SCC and CC mixtures.

Available bond-slip models are not appropriate for both CC and SCC bond strength
prediction. However, the Huang et al. model [13] has good trend for prediction of
bond strength and this model should be modified based on the experimental
conditions.
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