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Self-consolidating concrete is being used more frequently in structures with high density of reinforcement bars or
prestressing strands therefore, it is important to carefully consider whether bond stress-slip relations defined for
normal strength concrete can be safely applied to high-strength and self-consolidating concrete. This paper aims
to investigate the bond behaviour between plain steel bars and high-performance self-consolidating concrete,
with a focus on studying the effect of embedment length and concrete compressive strength on bonding per-
formance. The main parameters that were tested are the active bonded length and the compressive strength of
the concrete. The value of adhesive bond stress is discussed, as a factor in determining whether the bar slips
against the adhering concrete. Based on the results, it can be observed that the maximum bond stress tends to
increase with higher concrete compressive strength, while it decreases with longer embedment length of plain
steel bar. Conversely, the adhesive bond tends to increase with longer embedment length and higher concrete
compressive strength. The experimental investigations indicate that the bond strength increases proportionally to
the square root of the compressive strength of concrete, regardless of the concrete compressive strength.
Furthermore, a new bond stress-slip model has been analyzed, which takes into account the initial bond strength
(adhesive bond) and the lower convex property to predict the post-peak branch. The model has been compared to
the test results, and good agreement has been achieved.

1. Introduction

Since 2000, high-strength concrete structures have often been rein-
forced with steel of higher tensile strength. Steel with a strength of
700-800 MPa has been used more frequently [1]. Prefabricated units
use high-performance concrete, with a compressive strength of 80-120
MPa [2,3], to manufacture pre-tensioned girders. For both applications,
it is essential to establish the bond stress-slip relationships between
high-strength concrete and reinforcement. In case of structures with
high density of reinforcement bars or prestressing strands
self-consolidating concrete is used more and more often [4,5].
Self-consolidating high-performance and high-strength concrete is
characterized with modified composition of cement concrete in com-
parison with the same high-strength concrete compacted mechanically
[6]. Thus, a question arises whether bond stress-slip relations defined for
normal strength concrete can be safely used in case of self-consolidating
concrete. The author of this paper is aware that, nowadays, plain bars
are no longer used to construct reinforced concrete structures. Conse-
quently, most research of concrete bond phenomenon focuses on
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elements comprising deformed reinforcement bars. As part of the
ongoing research program, it was considered for educational reasons to
determine the bond-slip relationships of high-performance concrete
(HPC) to plain bars, plain wires, indented wires, and seven-wire strands.
The results of experimental studies conducted on mechanically com-
pacted HPC in elements with plain bars and wires are presented in the
works [7,8]. The research objective of this paper was to ascertain the
impact of the method of placing high-performance self-consolidating
concrete on the values of the bond stress and the bond-slip relationship
to plain steel bar reinforcement.

Existing calculation models mention adhesion whose overcome
conditions bar slip against adhering concrete. However, the value of
adhesive stress is not widely discussed. Initial empirical research con-
ducted in the Institute of Building Materials and Structures of the Cra-
cow University of Technology showed that the adhesive bond-stress of
high-strength and high-performance concrete to plain steel bars is
high and its value depends on concrete compressive strength [7,9].

The mechanism of force transfer between reinforcement and sur-
rounding concrete is different in case of plain steel bars and different in
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case of deformed ones. Deformed bars transfer a big part of this force due
to the mechanical interlock between surface deformations of bars and
surrounding concrete [10-12]. In case of plain bars, force transfer
consists in adhesion between concrete and reinforcement, before a given
bar slips, and then it occurs as a result of wedging little particles of
crumbled concrete, as a result of slipping. It is so-called sliding friction.

2. Review of the state of the art

Abrams [13,14] was one of the first researchers who analyzed the
behaviour of bond stress-slip relations. His analyses allowed Abrams to
reach the conclusion that bond stress between concrete and plain steel
reinforcement bars depends on two main factors: adhesion and slip
resistance. Adhesion occurs till the time bar slip takes place, and slip
resistance begins when there is relative shift between two materials.
Moreover, Abrams stated that maximum bond stress occurs when the
slip value is about 0.25 mm and it can be presented as (1).

Thmax = 0.19 ¢ f; (€D)]

Moreover, he put forward relations between maximum bond stress
and adhesion 734 (2) and between maximum bond stress and residual
bond stress 75 ¢ (3). Residual bond stress occurring due to friction (fric-
tional bond stress).

Tha = 0.60 e Th,max (2)

Tpf = 0.50 e Th,max (3)

Feldman and Bartlett [15,16] conducted their research on bond with
the use of the pull-out method, testing 252 specimens with plain bars,
with circular and square cross sections. On the basis of the results ob-
tained they proposed empirical expressions serving to calculation the
maximum value of bond stress for bars with the diameter of 16 mm and
32 mm, depending on concrete compressive strength, the shape of the
cross section of a given reinforcement bars, its roughness and diameter.

According to Model Code 1990 [17], for monotonic loading the value
of bond stress 7, between concrete and reinforcement bars when the
specimens are damaged by pulling out or by concrete splitting can be
calculated as a function of relative displacement s, parallel to the cen-
treline of a bar according to Eqs. (4-7).

a
S
T = Thmax ® (S—> 0<s<s 4
1
T = Thmax  S1 <583 )
S$— 383
Tpb = Tbmax — (Tb.max - be) i ( ) Sy <$ <83 (6)
S3 — S2
Tp = Tbf §$ > S3 (7)

In case of using plain reinforcement bars, the parameters placed in
Table 3.1.2. [17] constitute the completion of given relations. It means
that s; =s2 =53 =0.10 mm, a = 0.5,

Tpmax = Tbf = 0.30 @ \/E for good bond conditions, and

Thmax = Thy = 0.15 e \/fy  for all other cases.

In the current version of Model Code 2010 [18], when it comes to
plain bars, the only difference is introducing to Table 6.1.2 [18] average
compressive strength f.,, instead of characteristic compressive strength
fck-

Verderame et al. [19,20], on the basis of the results obtained from
their empirical research, suggested the modification of the bond
stress-slip model, proposed beforehand by Eligehausen at al. [21] for
deformed bars. They introduced the following parameters into the
model: 750y = 0.31 @ \/fdz; Smax = 0.23 mm, a = 0.26, 755 = 0.43e 73,
max and p = 0.06. Slip syqy is defined as the slip value corresponding to
maximum bond stress 7jmqr, Whereas p represent the slope of the
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softening branch expressed as a function of the secant stiffness (zp,
max/Smax)- These average values were obtained from research conducted
with the help of the pull-out method, on specimens containing rein-
forcing bars with the diameter of 12 mm, with active length of adhesion
equal to 10 times of the bar diameter and average concrete compressive
strength (cylindrical samples) equal to 15.9 MPa.

Melo et al. [14] analyzing the results coming from the analysis of 27
specimens with the help of the pull-out method, proposed a new model
of bond stress-slip relation which keeps the shape of the ascending curve
(up to peak) till reaching the maximum value of bond stress according to
the model by Verderame et al. [19,20], but better describes the
descending branch expressed by the third-degree polynominal function.
The experimental research was performed on specimens made from
concrete class C12/15 and C16/20 with bars whose diameters equaled
10, 12 and 16 mm, with the following values of active bonded lengths
5¢, 30¢ and 45¢.

In both models (Verderame et. al and Melo at al.) the ascending
branch is defined by expressions (4—7), where a is computed in order
that the area underneath (A7 moq) of the bond-slip curve until s, equals
the corresponding area from experimental results. The Verderame et al.
[19,20], model for slip value larger than spg, is defined by two linear
branches, a softening branch (from spmgx to sy) followed by a plateau until
the ultimate slip (s,). In the Melo et al. [14] model, after s;qy, the
bond-slip relationship is defined by third-degree polynominal function
until the ultimate slip, s, and is followed by a plateau. A value of 10 mm
is assumed for s, which is based on experimental observations made by
Melo et al. [14], and Feldman and Bartlett [15].

The empirical expressions (8—16) were obtained based on statistical
analysis of all individual experimental results.

Thmax = ke \/fc ._6/ (8)

2
k= —3.63e107°e <li%”> +1.75010 3 @ <l%”> +0.0178 9
Tpf = 041 e Th.max (10)
4 lemb 2
a=19e¢107%e b +0.088 (1
Smax = 9.1 0107 @ Ly, +0.16 12)
p=270107 elm>—2.60107° o,y +0.027 13)
5 = Smax ® (Tb,max +pe Tbmax — Tb.f) (14)
D ® Tp max
T, =aes’+bes’+ces+d 15)
Asmod = 5.1 @ Ty nax +0.51 (16)

Expression (16) was found by fitting a curve to the relationship be-
tween the experimental area underneath the bond-slip curve between
Smax and s,, and the experimental 75 e Obtained in all specimen.

In 1997, Magnusson [22] conducted experimental research to
compare the behavior of bond stress-slip relations in well-confined high
strength concrete and normal strength concrete. Cylindrical specimens
with diameters of 300 mm and 350 mm were used, with deformed steel
bars of 16 and 20 mm diameter axially embedded. The predicted
compressive strength for normal strength concrete was approximately
25 MPa, while for high-strength concrete it was around 100 MPa.
Magnusson conducted a series of pull-out tests, which demonstrated that
the bond strength (maximum bond stress) increases proportionally with
the average compressive strength for both normal and high-strength
concrete. The evaluation of bond stress was based on the tests, which
involved dividing the tensile force by the interfacial area along the short
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embedment length. This was then related to the end slip at the unloaded
end. Huang, Engstrom, and Magnusson [23] proposed the following
relation (17) based on the results obtained.

Thmax = 0.45 ® fory a7)

According to the authors, maximum bond stress is achieved with
deformed bar slip s; = Spgx = 0.5 mm in the case of high-strength con-
crete. Their proposed model maintains the same relationship as Model
Code 1990 for the ascending branch (a = 0.3), but introduces modifi-
cations to the descending branch to account for the different behavior of
high-strength concrete. Additionally, they suggest adopting residual
bond stress in the form (18).

Tof = 0.40 e Th.max (18)

Tests on the bond between high-performance concrete and plain bars
were conducted at Cracow University of Technology by Dyba and Seruga
[7]. The study investigated the bond performance of mechanically
compacted high-performance concrete to 16 mm diameter bars. Pull-out
tests were conducted on specimens with a cross-section of
160 x 160 mm and active bond lengths of 2.5, 5, and 7.5 (40, 80, and
120 mm) bar diameters, respectively. The concrete used in the tests had
compressive strengths of 40, 60, 72 and 88 MPa. A total of 48 concrete
specimens were casted and tested under uniaxial load. The test results
indicate that the ratio of maximum bond stress to concrete compressive
strength ranges from 0.12 to 0.17. The maximum bond stress increases
with an increase in concrete compressive strength and decreases with a
longer embedment length of plain steel bars. The adhesive bond stress is
approximately 0.55 of the maximum bond stress. Finally, a new bond
stress-slip model was proposed, which achieved good agreement be-
tween the tests and the theoretical prediction.

Based on the most critical factor for bond strength under a certain bar
diameter, which is concrete compressive strength a bond stress-slip
model was proposed as follows (19):

S

fb.a + (fb,max _fb.a) ° <S ) 0<s< Smax
fo= ’ 19
fb,max - a'ln< s > Smax < § < 10mm

max

where: fp, = 0.58-(fc)'/2, fomax = 1.04-(fc)'/2; concrete compressive
strength f. = f. oy5; slip s, slip at maximum bond spax = 0.46 mm; co-
efficients: a = 0.85, « = 0.35.

The ascending branch of the model starts from the adhesive bond and
represents the contribution of mechanical micro-interlocking and fric-
tion on the bond strength. The descending branch represents progressive
friction degradation and second-order micro-interlocking. The proposed
model formulation is limited to high-performance concrete with a
compressive strength range of 40 to 90 MPa.

High-performance concrete is distinguished by its high early
strength. Concretes incorporating silica fume and plasticizers display
augmented properties. The use of silica fume as a pozzolan appears to be
more efficient than the use of fly ash, with the pozzolanic reactions
becoming evident at an earlier age than in fly-ash concrete [24]. In
examining the impact of silica fume, two factors warrant consideration:
the reduction in water demand by the system, which consequently re-
sults in a diminished effective water ratio (cement -+ silica fume), and
the pozzolanic reaction of the silica fume. The initial effect results in a
reduction in total porosity, while the subsequent effect leads to the
refinement of the pore structure without any further reduction in total
porosity [24,25].

The objective of the experimental investigation conducted by Gjgrv
et al. [26] was to examine the impact of silica fume on the mechanical
behavior of the steel-concrete bond. Pullout tests were conducted on
concrete compressive strength specimens with strengths of 35, 42, 63,
and 84 MPa and plain steel bars of 19-mm diameter. The results
demonstrated that an increasing addition of silica fume to 16 % by
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weight of cement resulted in an improvement in pullout strength,
particularly in the high-compressive strength range of concrete.

Currently, the work [7] is the only research that considers
high-performance concrete bond to plain steel reinforcing bars. There
are no public known reports from bond tests on specimens made of
self-compacted high-performance concrete. Such a data are crucial for
the proper analysis of bond in RC and PC elements made of
high-performance self compacted concrete. It is particularly important
to define adhesion and its relation to maximum and residual bond stress.
It allows specifying or correcting existing calculation models used for
both plain and ribbed bars, as well as for strands.

3. Experimental studies

Research pertaining to high-performance self consolidating concrete
bond stress to a steel plain bar was performed on concrete designed class
of 80/95 after 1, 3, 7 and 28 days of concrete curing. To define the bond
stress-slip relations of high-performance concrete and steel plain bars,
experimental research was conducted on pull-out specimens measuring
160 x 160 x 160 mm, reinforced with axially embedded plain bars
with a diameter of 16 mm. The experimental research program
considered the following factors that substantially impact the descrip-
tion of these relations:

- bond embedded length (l;mp = 40, 80 and 120 mm),

- and concrete compressive strength (f. = 41, 55, 68, and 87 MPa),

The program was similar to the one used for bond tests of conven-
tionally compacted high-performance concrete to plain steel bars,
described in the paper [7].

3.1. Concrete and concrete mixture

The specimens were casted from a specially prepared cement con-
crete composition, class C80/95, with ingredients listed in Table 1 per
1 m? of concrete. The concrete mixture has been designed to meet all the
requirements of self-consolidating concrete [27]. To determine the
compressive strength of the concrete and the modulus of elasticity under
compression, standard specimens of $150 x 300 mm and
150 x 150 x 150 mm were taken. All the specimens, and standard
samples were covered with 3 layers of polyethylene sheet after casting to
ensure stable concrete curing conditions [9].

Experimental research was conducted to analyze the mechanical
properties of concrete at different stages of curing (1, 3, 7, and 28 days).
After being removed from the mold, all specimens and samples for
testing were still stored under 3 layers of polyethylene sheet. At each
testing stage mechanical properties of concrete were defined. Table 2
contains the results of the mechanical properties of concrete from tests,
which were conducted over a period of 90 days. During strength tests,
particular samples were measured and weighed, which made it possible
to define volumetric concrete density.

Average volumetric density of concrete equals g = 2539 kg/m? with
the coefficient of variation v = 1,2 %.

The consistency of self-consolidating cement concrete composition
was defined by three methods [28,29]. Measured average final slump of
Abrams come with diameter of $100/200 mm and height of 300 mm
was 710 mm, and average final slump of the cone put upside down was

Table 1

High-performance self-consolidating concrete mix composition.
Composition [kg/ms]
cement CEM I 42,5 R 475
river sand 0/2 mm 660
basalt aggregate 2/8 mm 616
basalt aggregate 8/16 mm 546
water 168
silica fume (Sika Fume HR-TU) 48
superplasticizer (Sika ViscoCrete 5 —600) 7.8
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Table 2
Mechanical properties of HPSCC.
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Concrete age feoyt [MPa]

(4150 x300 mm)

fe,cube [MPa]

(150 x150 x150 mm)

24 h 41.1 46.9
2 days 51.4 57.4
3 days 55.4 65.3
7 days 67.7 77.4
28 days 87.4 90.2
90 days 91.3 94.6

fetair [MPa] E. [MPa]

($150 x300 mm) ($150 x300 mm)
- 35 840

2.79 38 020

3.06 40 640

4.19 44 370

5.17 47 570

6.37 50 130

680 mm. The dynamics of slump, that is time needed to reach the slump
of 500 mm in both cases was high and it equaled T5p9 = (3.0-3.5) s. The
measured values correspond to the consistency (fluidity) class SF2
(slump of the range 660 — 760 mm). Class SF2 is appropriate for typical
use — walls, columns, floors and beams. Additionally, average final cone
of spreading of cone with diameter of $130/200 mm and height
200 mm was defined and it was 520 mm (Fig. 1). The used cement
concrete composite met all criteria for self-consolidating cement con-
crete composites: the criteria of fluidity, workability and resistance to
segregation. While putting concrete in its moulds for concrete testing
there was not report of aggregate falling in the samples. The thickness of
mortar (without coarse aggregate) on top of the samples did not exceed
7 mm in any measured element. It was proven by observed plane of
shearing after tensile strength tests by sample splitting (cubic samples
with 150 mm sides).

3.2. Steel plain bars

St3Sx-b steel reinforcement bars with a diameter of 16 mm were
utilized in the study. Steel strength tests were conducted using the
Zwick-Roell Z1200 machine, which automatically measures tensile
strength through an in-built force gauge. Displacement and strains were
recorded by an incremental extensometer synchronized with the ma-
chine software.

The extensometer’s measuring base was 180 mm. Load steering was
performed at a speed of 20 MPa/s until the yield point was reached.
After that, it was automatically switched to displacement control at a
speed of 0.003 1/s within the flow range. The experimental research was
conducted on 9 bars. The test procedure is shown in Fig. 2, and Table 3
presents the average values of the tested mechanical properties of the
reinforcing steel.

Fig. 1. Self-consolidating mixture slump flow test.

3.3. Pull-out specimens

Based on performed studies for mechanically compacted high-
performance concrete [7], as well as taking into account research re-
sults obtained in various scientific centres [14, 15, 16, 19, 20, 26], it was
decided to adopt 3 active bond lengths equalling 2.5, 5, and 7.5 bar
diameter for experimental tests (40, 80, and 120 mm). These lengths can
be achieved by using a module mould that equips bars with protective
PVC tubes measuring 120, 80, and 40 mm long (as shown in Fig. 3). To
prevent cement paste leakage, the free space between the bar and its
PVC tube, as well as between the PVC tube and the front side of the
mould, was filled with silicon.

Two series of specimens (labelled I and II) were prepared, each with
24 specimens (8 for each embedment length). Four specimens, two from
series I and two from series II, with the same active bond length were
tested and analyzed at each stage (1, 3, 7, and 28 days of concrete
curing).

3.4. Pull-out test procedure

In order to assess the concrete-steel bond-slip, a pullout test method
was employed, based on based on direct pullout test [30-34]. The test
method developed at the Institute for Building Materials and Structures
of the Cracow University of Technology [9, 35-37] utilises a separate
measuring system from the pullout mechanism, enabling the precise
measurement of relative displacement of materials. Furthermore, it
accurately reproduces both the adhesion and frictional forces, as well as
the mechanical interlock effects.

The specimens for testing the bond stress-slip relation with axially
embedded steel reinforcing bars were placed in a specially designed and
constructed three-dimensional steel frame (see Fig. 4). The structure
comprises two rigid steel plates, an upper one and a bottom one, joined
by four steel hangers made of steel bars with a hexagonal cross-section.
The frame structure is attached to the strength measuring machine via a
hinge using a steel joint made of high-strength steel screwed to the upper
steel plate of the frame. The bottom steel plate has a centrally drilled
hole through which a bar from the concrete specimen can be inserted. To
ensure a better fit between the concrete specimen and the steel plate, a
hard fiberboard is placed between them. The Zwick-Roell Z1200 testing
machine grips a longer and lower bar section. The plain bar was sub-
jected to a jaw pressure of 250 bar. The frame structure is lifted by the
force from the steering mechanism, which transfers the load on the
concrete specimen by exerting pressure on the bottom surface. Placing
the reinforcement in the gripping jaws of the testing machine prevented
it from moving along with the concrete specimen, causing the plain bar
to slip toward the concrete. Load steering was controlled by displace-
ment at a rate of 0.01 mm/s, which is recommended for high-strength
concrete elements. The force value was continuously and automati-
cally registered by the recording system. The initial force value was
1 kN. The study measured the relative displacement for a given force
using a system of two arms of the incremental extensometer. The upper
arms recorded the displacement of a steel plain bar, while the lower
arms recorded the displacement of aluminium angles that were glued to
the concrete surface, relative to their original location. The spacing of
the aluminium angles was 50 mm, and the extensometer’s arm spacing



M. Dyba

Engineering Structures 319 (2024) 118854

Fig. 2. Tension test procedure for plain steel bars $16 mm: a) measurement, b) broken bar.

Table 3
Mechanical properties of reinforcing steel.
Ccross- tensile high high modulus of elongation of
section strength yield yield elasticity E measuring base
area fu [MPa] point point [MPa] Aizgo [%]
A, [mm?] Rery Rery
[MPa] [MPa]
201 465 318 304 207,260 29.65

was 40 mm. The extensometer reading was accurate to within 0.12 um.
The research was conducted until the displacement value of 10 mm was
reached, to observe changes in pull-out force to slip after the loss of
adherence.

4. Test results and analysis of the results

The failure mode was the same for all the test pull-out elements.
There was a slip of the bar at the free end, which gradually increased
with the pull-out force. Splitting cracks did not occur along the centre-
line of the bar in any specimen. After performing the tests, certain test

Lemp = 40 mm Lemp = 80 mm

elements were split along the axis of the reinforcement. Fig. 5 shows an
example of such a specimen.

Fig. 6a, 6b, 6¢, and 6d present the results of experimental research on
the pullout force-slip relationships for specimens with an embedment
length of 40, 80, and 120 mm. The specimens were made of self-
compacted high-performance concrete with compressive strengths of
41, 55, 68, and 87 MPa.

F

=¢0ﬂ015mb 20

o

where F is pullout force measured during the test, ¢ is the bar diameter
and Ly us the embedded bar length.

To analyze the results obtained, bond stress for a slip value of 10 was
calculated for each specimen, taking into account dependency from Eq.
20. The results for concrete compressive strengths of 41, 55, 68, and
87 MPa are displayed in Tables 4-7. The tables also include the
maximum values of bond stress and corresponding slip values, as well as
the bond stress values where adhesion loss was registered. In addition,
the tables present the calculated average bond stress values, standard
deviations, and coefficients of variation.

Based on the presented results, an average bond stress-slip relation

Lemp = 120 mm

N N N ]
) ) )
o o o
ok — ~— N
ﬁ\r 8 o
4 I
2 — .
Q
- © orN
N— N— N—
PVC tube
o o o
= S = (bond breaker)
N N N
S . . —

LF

Lr

Fig. 3. Test specimens with different active bond embedded lengths geometry [mm].
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Fig. 4. General view of testing setup: a) scheme (dimensions in mm), b) real setup.

Fig. 5. Specimen after splitting cut along reinforcement bar.

was calculated for each analyzed active bonded length of a plain 16 mm
diameter bar, depending on the compressive strength of the concrete.
Figs. 7, 8, and 9 show the obtained bond stress-slip relations. The bond
stress of HPSCC increases with the increase in concrete compressive
strength for each analyzed active bonded length of the plain bar.

Fig. 10a, 10b, 10c, and 10d show the distribution of average bond
stress-slip relations for three analyzed active bonded lengths, calculated
for concrete compressive strengths of 41, 55, 68, and 87 MPa, respec-
tively. The maximum bond stress was obtained for an active bonded
length of 40 mm in the case of concrete compressive strengths of 55, 68,
and 87 MPa.

Fig. 11 shows the distribution of average bond stress in the slip
function for a given concrete compressive strength, taking into account
the analyzed active bonded bar lengths. The falling branch of the chart

descends regularly after reaching the maximum bond stress for each
analyzed concrete compressive strength value.

Table 8 summarizes the average values of the adhesive bond,
maximum values of bond stress, and average values of bar slip corre-
sponding to the last one. Additionally, it includes the average values of
residual bond stress for a slip value of s = 10 mm. These values were
obtained for four analyzed concrete compressive strength values and
three active bonded lengths. In addition, the text presents a comparison
between the calculated values of adhesive bond, maximum bond stress,
and residual bond stress to the average concrete compressive strength.
The ratios of adhesive bond and residual bond stress to the maximum
bond stress, as well as the ratio of residual bond stress to adhesive bond,
are also included.
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Fig. 6. Tensile force-slip relationship of a plain steel bar of 16 mm dia. with effective bonded length of 40, 80 and 120 mm, in specimens of HPSCC: a) f. = 41 MPa,
b) f. =55 MPa, ¢) f, = 68 MPa, d) f, = 87 MPa.

Table 4

Bond strength of HPSCC to plain steel bars 16 mm dia. tested on specimens of concrete compressive strength of 41 MPa.
s [mm] fo (Uemp = 40 mm) [MPa] fb (emp = 80 mm) [MPa] fo Uemp = 120 mm) [MPa] Distribution parameters

2-11 1-11 2-1 1-I 2-11 1-11 2-1 1-I 2-11 1-I1 2-1 11 Sb,ave [MPa] CoV [MPa]

adhesion 1.75 2.78 2.25 1.21 3.11 3.07 2.07 1.77 2.50 3.09 3.07 2.44 2.43 26.07
0.01 2.05 3.70 2.40 1.54 3.31 3.47 2.45 2.03 2.64 3.32 3.48 2.69 2.76 25.19
0.025 2.56 4.05 2.82 2.49 3.92 3.67 3.72 3.48 3.22 3.88 4.18 3.18 3.43 16.82
0.1 4.11 5.13 4.13 5.15 5.67 5.02 6.32 5.20 4.86 5.30 5.69 4.65 5.10 12.39
0.254 5.19 5.69 5.23 6.36 6.73 5.92 7.34 6.33 5.77 6.14 6.42 5.47 6.05 10.48
1 4.81 4.93 5.14 5.73 5.93 5.64 6.28 5.52 5.19 5.49 5.69 5.09 5.45 7.97
2.54 3.77 3.84 4.61 4.48 4.51 4.73 4.71 4.30 4.07 4.30 4.56 4.19 4.34 7.38
4 3.17 3.32 4.17 3.97 3.85 4.30 3.97 3.50 3.55 3.71 4.08 3.71 3.78 9.13
6 2.75 2.92 3.91 3.48 3.31 4.00 3.37 2.92 3.11 3.18 3.60 3.34 3.32 11.56
8 2.43 2.80 3.66 3.10 2.94 3.78 2.97 2.61 2.85 2.83 3.33 3.15 3.04 13.13
10 217 2.70 3.48 2.70 2.65 3.59 2.60 2.33 2.65 2.67 3.15 2.98 2.81 15.05
Sb,max [MPa] 5.35 5.70 5.43 6.45 6.80 6.06 7.38 6.38 5.85 6.20 6.46 5.56 6.13 9.81
5(fp,max) [mm] 0.39 0.29 0.44 0.35 0.34 0.42 0.31 0.33 0.35 0.34 0.32 0.38 0.35 12.55

Table 5

Bond strength of HPSCC to plain steel bars 16 mm dia. tested on specimens of concrete compressive strength of 55 MPa.
s [mm] fo (Uemp = 40 mm) [MPa] fo (emp = 80 mm) [MPa] fo Uemp = 120 mm) [MPa] Distribution parameters

4-11 3-1I 4-1 31 4-11 3-1I 4-1 31 4-11 31 4-1 3-1 Sb,ave [MPa] CoV [MPa]

adhesion 2.36 2.65 3.03 2.38 3.06 2.93 2.47 3.81 3.25 3.40 2.88 3.10 2.94 14.76
0.01 2.36 2.65 3.42 2.87 3.08 3.04 2.86 4.82 3.27 3.46 3.21 3.40 3.20 18.95
0.025 2.52 3.29 3.89 3.67 3.76 3.38 4.07 5.53 3.92 4.14 4.00 3.84 3.83 18.18
0.1 5.20 5.97 5.91 6.74 5.77 5.52 7.07 7.37 6.23 6.54 6.08 5.77 6.18 10.36
0.254 7.31 7.65 7.33 8.08 6.86 7.69 8.42 8.18 7.74 7.89 7.39 6.84 7.62 6.48
1 7.10 6.82 7.17 7.45 6.34 6.86 7.62 7.17 7.51 7.64 7.12 6.38 7.10 6.14
2.54 5.82 5.37 6.10 6.03 5.27 5.81 5.94 5.34 6.17 6.36 5.93 5.13 5.77 6.92
4 5.22 4.68 5.60 5.31 4.40 5.25 5.04 4.48 5.58 5.69 5.26 4.51 5.08 9.03
6 4.78 4.06 5.03 4.80 3.76 4.78 4.45 3.68 5.05 5.12 4.70 4.02 4.52 11.36
8 4.32 3.66 4.74 4.44 3.36 4.43 4.08 3.13 4.72 4.70 4.32 3.72 4.14 13.20
10 4.06 3.29 4.53 4.15 3.14 4.07 3.80 2.76 4.46 4.42 4.03 3.48 3.85 14.69
fb,max [MPa] 7.65 7.78 7.60 8.21 6.99 7.70 8.53 8.21 7.99 8.12 7.61 6.97 7.78 6.07
$(fp,max) [mm] 0.45 0.36 0.47 0.40 0.40 0.27 0.36 0.32 0.44 0.43 0.44 0.40 0.39 15.29
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Table 6
Bond strength of HPSCC to plain steel bars 16 mm dia. tested on specimens of concrete compressive strength of 68 MPa.
s [mm] fb (emp = 40 mm) [MPa] fb (emp = 80 mm) [MPa] fb (emp = 120 mm) [MPa] Distribution parameters
6-11 5-11 6-1 5-1 6-11 5-11 6-1 5-1 6-11 5-11 6-1 5-1 fb,ave [MPa] CoV [MPa]
adhesion 3.23 4.64 2.11 3.76 4.22 4.82 4.42 3.23 3.51 6.54 3.60 3.66 3.98 27.39
0.01 3.72 5.10 2.34 4.25 4.28 4.95 4.77 3.28 3.86 6.68 3.64 3.78 4.22 25.75
0.025 5.47 6.02 3.25 4.61 5.41 5.32 5.68 5.12 4.54 7.17 4.66 5.31 5.21 18.14
0.1 7.65 8.63 6.64 7.49 8.35 6.85 8.00 6.89 6.88 8.47 7.19 7.99 7.59 9.22
0.254 9.79 9.98 8.93 10.28 9.78 7.99 9.54 9.21 8.28 9.10 8.45 10.03 9.28 8.05
1 9.16 9.23 8.44 10.37 9.13 7.89 9.27 8.93 7.80 8.36 8.05 9.40 8.84 8.48
2.54 7.42 7.49 7.13 9.02 7.38 6.92 7.84 7.46 6.71 6.99 6.80 7.68 7.40 8.36
4 6.53 6.79 6.45 8.34 6.50 6.61 7.24 6.81 6.20 6.30 6.19 6.85 6.73 8.74
6 5.88 6.29 5.89 7.84 5.93 6.33 6.92 6.29 5.78 5.74 5.75 6.16 6.23 9.77
8 5.38 5.95 5.44 7.62 5.42 6.14 6.73 5.96 5.52 5.37 5.34 5.68 5.88 11.67
10 4.80 5.59 5.10 7.00 4.94 6.01 6.49 5.59 5.26 5.07 4.96 5.34 5.51 12.25
fb,max [MPa] 10.00 10.07 9.24 10.83 9.95 8.21 9.81 9.51 8.44 9.13 8.63 10.20 9.50 8.32
$(fp,max) [mm] 0.38 0.33 0.40 0.44 0.39 0.44 0.43 0.42 0.39 0.33 0.40 0.40 0.40 9.15
Table 7
Bond strength of HPSCC to plain steel bars 16 mm dia. tested on specimens of concrete compressive strength of 87 MPa.
s [mm] fb (emp = 40 mm) [MPa] fb (emp = 80 mm) [MPa] fb (emp = 120 mm) [MPa] Distribution parameters
8-11 7-11 8-1 7-1 8-11 7-11 8-1 7-1 8-11 7-11 8-1 7-1 fb,ave [MPa] CoV [MPa]
adhesion 5.07 5.28 5.46 4.08 6.31 6.11 4.57 4.42 6.68 5.35 6.24 5.49 5.42 14.93
0.01 5.32 5.35 6.07 4.73 6.92 6.14 4.68 4.50 7.15 6.76 6.53 5.89 5.84 15.72
0.025 6.43 5.87 6.74 5.68 8.01 7.18 7.13 6.39 7.94 9.02 7.32 7.41 7.09 13.44
0.1 9.95 8.99 9.39 8.33 11.08 9.96 8.99 8.18 9.87 10.35 9.60 8.68 9.45 9.05
0.254 11.88 13.23 12.42 10.02 12.78 11.62 11.10 10.59 9.73 10.00 10.83 9.88 11.17 10.79
1 11.35 15.08 12.85 10.07 12.08 11.31 10.94 10.47 8.90 9.24 10.19 9.47 11.00 15.79
2.54 9.80 12.79 11.82 8.93 10.20 9.42 9.32 8.81 7.62 8.00 8.49 7.97 9.43 16.51
4 8.99 11.78 11.29 8.33 9.30 8.56 8.63 8.02 7.00 7.55 7.53 7.30 8.69 17.28
6 8.27 10.91 10.86 7.83 8.62 7.92 8.19 7.35 6.58 7.28 6.77 6.75 8.11 17.85
8 7.84 10.28 10.50 7.38 8.14 7.54 7.67 6.75 6.28 7.00 6.18 6.32 7.66 18.66
10 7.12 9.65 10.22 7.12 7.82 7.20 7.35 6.37 6.00 6.77 5.67 5.94 7.27 19.32
fb,max [MPa] 12.20 15.72 13.32 10.42 13.00 11.92 11.52 11.13 10.12 10.35 10.99 10.08 11.73 14.13
$(fo,max) [mm] 0.41 0.56 0.53 0.48 0.40 0.45 0.46 0.49 0.36 0.40 0.39 0.45 0.45 13.32
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Fig. 7. Average values of bond stress-slip relationship in HPSCC specimen with
plain steel bar (Imp = 40 mm).

5. Discussion of the results and bond-slip models considerations

To assess the suitability of the calculation bond models for concrete
and plain bars as described in MC 1990 [17], MC2010 [18], fip bulletin
10 [30], and recent scientific papers [14, 19, 20] to apply them to plain
hot-rolled bars embedded in high-performance concretes, a research
study was conducted to determine the characteristic slip values and
corresponding bond stresses. According to the experimental study and
analysis, there appear to be notable differences between the bond
stress-slip relationships for high-performance concrete and the models
proposed for normal-strength concrete. This conclusion is supported by
the bond distribution shape shown in Fig. 11, the numerical values, and
the calculated coefficients in Table 9. It is recommended that these
findings be considered when evaluating the performance of concrete in

Fig. 8. Average values of bond stress-slip relationship in HPSCC specimen with
plain steel bar (I;mp = 80 mm).

various applications.

First of all, the slippage value s; (slip at the maximum value of bond
stress) changes significantly, and must be distinguished from s (slip for
the start point of the descending branch of bond stress chart) and s3 (slip
for residual bond stress) slippages. Secondly, the adhesive bond has to be
considered a non-zero value.

For specimens made of HPSCC, the average value from tests is
0.40 mm, which is comparable to the value of 0.50 mm proposed by
Huang, Engstrom, and Magnusson [23] in their simplified model for
high-strength concrete, and 0.46 mm proposed by Dyba and Seruga [7]
for high-performance mechanically compacted concrete.

Other important parameters, calculated as average values for four
analyzed concrete compressive strength values (41, 55, 68, and 87 MPa)
are as follows:
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Fig. 9. Average values of bond stress-slip relationship in HPSCC specimen with
plain steel bar (Iomp = 120 mm).

- average adhesive stress fj, = 0.058-f¢ = 0.41-ft, max,

- average maximum bond stress fy,max = 0.14-f¢m,

- average residual bond stress f; res = 0.54-f, max = 0.076-fcm.

Bond parameters calculated as a function of concrete compressive
strength are comparable to those proposed by Abrams [13,15]. How-
ever, it should be noted that the coefficients are consistently lower, as
they apply to high-strength concrete, not ordinary concrete.

A better match is observed for the coefficients proposed by
contemporary researchers [7, 14, 19, 20] in reference to tests performed
on high-strength concretes. The bond-slip function models proposed by
Melo et al. [14], as well as Verderame et al. [19,20], although graphi-
cally represented by simple functions, are nevertheless too computa-
tionally complex for practical applications. The model proposed by Dyba
and Seruga [7] for high-strength concretes also describes well the
development of bond stress in self-compacting concretes as a function of
slip. In order to accurately represent the bond stress-slip model [7] for
the tested HSSCC concrete and plain bars, the average parameters of
function (19) fi,q = 3.69 MPa, f max = 8.79 MPa, and Spec = 0.4 mm,
were derived from the tests, while the coefficients a and a were modified
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(a = 1.25, a = 0.35). Fig. 12 illustrates the superimposed plots of the
average values of the bond-slip relationship for average strength of
HPSCC (f, = 62.8 MPa) and plain steel bar from tests and the model
considerations. The results demonstrate a high degree of agreement.
This model is straightforward and suitable for engineering applications,
as it does not require advanced calculations. In the case of the absence of
experimental data for HSSCC and plain steel bar, it is recommended that
the following function parameters be adopted: f,, = O.46~(fc)'/’, fo,max
= 1.11-(fc)'/2; concrete compressive strength f. = f ¢; slip at maximum
bond s;;0¢ = 0.40 mm; coefficients: a = 1.25, « = 0.35. In contrast, the
models described in MC1990 and MC2010 exhibited relatively poorly in
terms of test results. Although computationally simplest, these models
completely fail to reflect the development of the phenomenon and bond
stress as the plain bar progresses through the concrete [30].

The slip value s; was experimentally proven to substantially increase
due to high adhesion, ranging from 2.3 to 5.4 MPa, and sufficiently high
maximum bond stress, ranging from 6.1 to 11.7 MPa. It is worth noting
that the post-critical curve of bond stress-slip relations falls gently after
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Fig. 11. Average values of bond stress-slip relationship for HPSCC to plain steel
bar taking into consideration all tested specimens.
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Fig. 10. Average values of bond stress-slip relationship for HPSCC to plain steel bar with varied effective bonded length: a) f, = 41 MPa, b) f. = 55 MPa, c) f.

= 68 MPa, d) f, = 87 MPa.
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Table 8
Average values of HPSCC bond strength to a plain steel bar 16 mm dia.
fe [MPa] foa [MPa] fb,max [MPa] fo,res [MPa] Smax [mm] fo,a /fem So,max /fem So,res /fem fo,a /fo,max fo,res /fo,max So,res /f,a
41 2.34 6.13 2.81 0.35 0.059 0.150 0.069 0.396 0.458 1.156
55 2.94 7.78 3.85 0.39 0.053 0.141 0.070 0.378 0.495 1.310
68 3.98 9.50 5.51 0.40 0.059 0.140 0.081 0.419 0.580 1.384
87 5.42 11.73 7.27 0.45 0.062 0.135 0.084 0.462 0.620 1.341
average - - - 0.40 0.058 0.141 0.076 0.414 0.538 1.298
Table 9
Influence of the HPSCC compressive strength and the square root of the strength on the relative bond stress-slip relationship for a plain steel bar 16 mm dia.
s [mm] fo/fe CoV [%] fo/ )" CoV [%]
41 55 68 87 average 41 11 68 87 average
adhesion 0.059 0.053 0.059 0.062 0.058 6.29 0.380 0.396 0.483 0.581 0.460 20.12
0.01 0.067 0.058 0.062 0.067 0.064 6.90 0.431 0.431 0.512 0.626 0.500 18.43
0.025 0.084 0.070 0.077 0.081 0.078 7.99 0.536 0.516 0.632 0.760 0.611 18.25
0.1 0.124 0.112 0.112 0.109 0.114 6.09 0.796 0.833 0.920 1.013 0.891 10.85
0.254 0.148 0.139 0.136 0.128 0.138 5.72 0.945 1.027 1.125 1.198 1.074 10.31
1 0.133 0.129 0.130 0.126 0.130 2.07 0.851 0.957 1.072 1.179 1.015 13.98
2.54 0.106 0.105 0.109 0.108 0.107 1.79 0.678 0.778 0.897 1.011 0.841 17.19
4 0.092 0.092 0.099 0.100 0.096 4.32 0.590 0.685 0.816 0.932 0.756 19.77
6 0.081 0.082 0.092 0.093 0.087 7.25 0.518 0.609 0.755 0.869 0.688 22.57
8 0.074 0.075 0.086 0.088 0.081 9.00 0.475 0.558 0.713 0.821 0.642 24.16
10 0.069 0.070 0.081 0.084 0.076 10.05 0.439 0.519 0.668 0.779 0.601 25.28
- friction and mechanical locking action along the embedment length.
This distribution becomes increasingly non-uniform as the embedment
10 A length increases.
The study examined the dependency of the relative bond stress fp/fem
_ 3 and f,/(f.m)”* on the results of the bond stress-slip relationship obtained
o; 6 ] for specimens with embedded lengths of 40, 80, and 120 mm, for the
ey [ . analyzed concrete compressive strength. Table 9 presents the influence
4 = of HPSCC compressive strength and the square root of the strength on
the relative bond stress-slip relationship for 16 mm diameter steel plain
27 TEST MODEL bar. It can be concluded that the maximum bond strength increases
0 | | | | | | | | | | proportionally to the square root of the compressive strength of
0 1 2 3 4 5 6 7 8 9 10 concrete.

s [mm]

Fig. 12. Bond stress-slip relationship from tests and model considerations.

reaching fpmax, as evidenced by the value Of fires = 0.54:fpmax fOr
s = 10 mm. This value significantly exceeds the adhesive bond (1.3-f; o).

In the case of high-performance concrete, there is a significant ad-
hesive bond. The adopted test method allows for the evaluation of the
real adhesive bond. It is important to note that slip values were
measured at the free end of the steel plain bar. Therefore, it can be
concluded that the proposed relation (4) [14, 17-20] for the ascending
branch (based on the results obtained from the pull-out test method)
may not be reliable for high-performance concrete. The initial bond
strength f;, (adhesive bond) depends on two factors: concrete
compressive strength and embedment length. Tables 4 to 7 show that
chemical adhesion increases with bonding area, which is larger in
specimens with longer embedment lengths. The adhesion bond increases
with an increase in concrete strength. Of course, these are, not the only
factors influencing adhesion, but those which have been tested.

The length of embedment and concrete strength also affect the bond
after losing adhesion. The decrease in maximum bond stress with larger
embedment length is observed in the tables mentioned above, as well as
in Fig. 10c, and 10d. The maximum value of the bond stress-slip relation
is achieved for an embedment length of 40 mm for concrete strengths of
87 and 68 MPa. For a concrete strength of 41 MPa, the maximum value
of the bond stress-slip relation is achieved with an embedment length of
80 mm. Other researchers [38-40], have also reported a decrease in
ultimate bond strength with larger embedment lengths. This is mainly
due to the non-linear distribution of bond stress, which is carried by

10

6. Conclusions

The experimental program aimed to investigate the bond behavior
between steel plain bars and high-performance self-consolidating con-
crete, with a focus on studying the effect of embedment length and
concrete compressive strength on bonding performance. The main pa-
rameters that were tested are the active bonded length and the
compressive strength of the concrete. After conducting an experimental
study and analysis on the bond between high-performance self-consol-
idating concrete and steel plain bar, the following conclusions were
reached:

e It has been observed that the bond stress-slip relationship remains
stable for concrete compressive strength ranging from 40 to 90 MPa.
The maximum bond stress value, fi,max = 0.14-fcm, is predicted to
occur at a bar slip of 0.4 mm. The residual bond stress, fp res
= 0.08-f.n, is predicted for a bar slip of 10 mm.

e When considering the bond phenomenon to plain steel bars in high-
performance concrete, particularly self-consolidating concrete, it is
crucial to acknowledge the significant adhesive bond that exists and
cannot be disregarded. This bond is a fundamental aspect of the
concrete bond behavior and must be taken into account in an anal-
ysis of bond stress development. The initial bond strength (adhesive
bond) increases with longer embedment length and higher
compressive concrete strength. In practical application, the rela-
tionship fp, = 0.06-fcn, may be adopted in the case of high-
performance self-consolidating concrete.
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e The maximum bond stress decreases with the longer embedment
length of the steel plain bar. The experimental investigations
demonstrated that the maximum bond strength increases propor-
tionally to the square root of the compressive strength of concrete
independently of the concrete compressive strength.

e An analysis of the compatibility of the test results with known models
of the bond stress-slip relationship was performed. The model
described in the MC1990 and MC2010 standards cannot be applied
to consider the adhesion of bars embedded in high-performance
concrete, including self-compacting ones. A good representation of
the phenomenon could be obtained for the Melo et al. [14], Ver-
derame et al. [19,20], and Dyba and Seruga [7] models (Fig. 12). For
practical purposes, it is recommended to use the Dyba and Seruga
model. The relevant parameters of the function can be found in
Section 5 of the paper.
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