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Abstract

The interaction between reinforcing steel and its surrounding concrete plays a decisive role in the strength, safety, and service life of
reinforced concrete structures. In this study, the bond—slip behavior of steel bars manufactured in Ghana was examined when embedded in
self-compacting concrete (SCC) and normal concrete (NC). Controlled pull-out tests were carried out using 12 mm, 16 mm, and 20 mm
diameter bars to evaluate stress—slip responses, bond efficiency, and bond energy absorption. The results demonstrated that SCC consistently
outperformed NC, achieving peak bond stresses that were 12—28% higher, depending on bar size and mix proportions. In addition, SCC
specimens exhibited up to 35% greater bond energy absorption, reflecting improved toughness and enhanced slip mobilization. The findings
also confirmed that compressive strength alone cannot reliably predict bond capacity; instead, factors such as bar diameter, rib geometry, and
concrete rheology exert a more significant influence. Overall, the study provides the first detailed evidence of how reinforcing steel bars
recycled from scrap metals interacts with SCC, highlighting its potential for durable and resilient construction.

Keywords: Local bond, slip, self-compacting concrete (SCC), recycled scrap metal, reinforcing steel bar, reinforced concrete durability,
sustainable construction

1. Introduction
The bond between reinforcing steel and surrounding

to bond development, particularly in deformed bars.
However, subsequent research has demonstrated that

concrete is a central mechanism that governs the composite
action of reinforced concrete members. Effective bond
ensures stress transfer across the steel-concrete interface,
contributing to load resistance, crack control, ductility, and
long-term durability. Traditionally, bond performance has
been studied through pull-out or beam-end tests, with earlier
works by Tepfers (1979) ¥, Orangun et al. (1977) 3, and
Darwin et al. (1996) U6 establishing fundamental
relationships between concrete strength, bar geometry, and
anchorage capacity. These studies highlighted the
contribution of adhesion, friction, and mechanical interlock
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compressive strength alone is not a reliable predictor of
bond, as microcracking, stiffness, and concrete
heterogeneity often alter local bond-slip responses (Esfahani
& Rangan, 1998) 21,

The advent of self-compacting concrete (SCC) has further
reshaped the discourse on bond behavior. Owing to its
superior flowability and self-consolidation, SCC often
enhances the interfacial contact between concrete and
reinforcement, leading to higher peak bond stresses. Yet,
findings remain mixed regarding post-peak behavior.
Several recent studies confirm that SCC can produce either
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brittle, stiff bond-slip responses with limited deformation
capacity or, under optimized conditions, highly ductile
behavior with significant bond energy absorption
(Shunmuga Vembu et al., 2023) B7. This duality
underscores the importance of mix design and rheological
balance in determining bond performance.

Recent research has also placed stronger emphasis on the
role of bar size, rib geometry, and surface characteristics in
shaping local bond mechanisms. Large-diameter bars often
demonstrate reduced bond efficiency due to lower surface-
to-volume ratios and higher splitting stresses, whereas
smaller diameters promote uniform stress distribution and
stable post-peak slip (Harajli et al., 1995; Biscaia et al.,
2023) 2% 81, The influence of rib geometry is particularly
critical in contexts such as Ghana, where locally milled
reinforcement from scrap metals may deviate significantly
from international production standards (Kankam, 2004) 121,
Surface irregularities and rib variability as found in some
locally manufactured bars from scrap metal in Ghana
directly affect mechanical interlock, necessitating empirical
bond-slip data for regionally manufactured steels. (Kankam
et al., 2023; Quarm Junior ef al., 2024; Banini et al. 2022)
30, 34, 7]

Methodologically, the field of bond tests in reinforced
concrete has advanced with the introduction of cyclic and
push-off bond tests, which better simulate in-service and
seismic loading conditions (Domingues et al., 2010; Biscaia
et al., 2023)[17:13.8] Finite-element and discrete models now
embed calibrated bond-slip laws, improving translation of
pull-out data into member-level predictions (Corres, 2024)
151 Another significant trend is the use of bond energy
absorption metrics derived from the area under bond stress—
slip curves, a measure that reflects bond toughness and
provides deeper insight into ductility and fracture bond
energy at the interface (Biscaia et al., 2023) 18,

Despite these advances, most international bond models are
calibrated using commercially standardized reinforcing steel
bars and may not be directly applicable to locally produced
bars in developing economies. Furthermore, comparative
studies of SCC and normal concrete (NC) under identical
conditions remain limited, especially with multiple bar

https://researchtrendsjournal.com

diameters and locally sourced steel. Finally, while
compressive strength continues to dominate design practice,
there is increasing recognition that deformation capacity,
slip mobilization, and bond energy absorption provide more
reliable measures of structural resilience, particularly under
seismic or cyclic loading.

Against this backdrop, the present study investigates the
local bond-slip behavior of Ghanaian-manufactured steel
bars from scrap metal that are embedded in SCC and NC.
By combining double pull-out testing with detailed analysis
of bar size, concrete strength, and bond energy absorption,
this work contributes context-specific evidence to guide
both structural design codes and sustainable material on the
strength and deformation of concrete members.

2. Materials and Methods

2.1 Materials: The concrete mix comprised ordinary
Portland cement which satisfied the requirement of BS
12:1991; river sand as fine aggregate; crushed granite as
coarse aggregate (12mm); and potable water. In addition, a
superplasticizer (MC-Power flow 6425) was added to the
concrete to produce self-compacting concrete.

2.1.1 Superplasticizer

Superplasticizers are an essential component of modern
concrete since they improve workability at low water-to-
cement levels, allowing the production of long-lasting and
environmentally friendly concrete. Superplasticizers are
high-range water reducers that comply with ASTM C 1017
and are used in concrete to provide high-slump streaming
concrete with a low-to-normal slump and water-cement
ratio. Flowing concrete is a fluid and workable concrete that
requires minimal to no vibration to compress and is
generally free of bleeding and segregation. The type of
superplasticizer used for this research was MC-Power flow
6425.

2.2 Sieve Analysis

Tests of particle size distribution of the aggregates and silt
content in fine aggregates were conducted per BS 812 Part
103 (1985) and the results are shown in Figure 1a and 1b;

100%

90%

80%

70%

69%5

50%

Percentage Passing

6.3mm

14mm 20mm 28mm

10mm

Sieve Size

37.50mm

https://researchtrendsjournal.com

Fig 1a: Particle size distribution curve of coarse aggregate (virgin)
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Fig 1b: Particle size distribution curve of sieve fine aggregates.

2.3 Design of test specimens

Tables 1 present the details of test specimens for different
mixes as outlined in the following:

NC1 /NC2 — cement, sand, gravel with 0.55 water cement

ratio

SCC1 / SCC2 — cement, sand, gravel 0.28 water cement
ratio and 1.4% superplasticizer.

Test results of the concrete mixes are shown in table 1;

Table 1: Details of Concrete Mixes.

Compressive Strength Test Results

Type of concrete

| Age [Density (Kg/m® | Compressive strength (N'mm?) | Tensile Strength (N/mm?)

(MIX 1-1:2:4, w/c ratio 0.55 & 1:3.5:2.5 w/c ratio=0.28 with 1.4% Superplasticizer)

Normal Concrete Mix 1- (NC1) 7 days 2075.36 15.59 1.89
SCC Mix 1- (SCCI1) 2424.9 30.00 3.25
(MIX 2 —1:1.5:3, w/c ratio=0.55 & 1:2.75:1.75, w/c ratio=0.28 with 1.4 Suplasticizer)
Normal Concrete Mix 2- (NC2) 7 davs 2902.97 19.1 3.33
SCC Mix 2 (SCC 2) Y 3012.54 33.21 5.96
MIX 1 —1:2:4, w/c ratio 0.55 & 1:3.5:2.5 wic ratio=0.28 with 1.4% Superplasticizer)
Normal Concrete- Type 1 (NC1) 21 Days 2255.86 17.02 2.16
SCC Mix 1 (SCC 1) 2187.73 33.84 3.9
(MIX 2 —1:1.5:3, w/c ratio=0.55 & 1:2.75:1.75, w/c ratio=0.28 with 1.4 Suplasticizer)
Normal Concrete- Type 2 (NC2) 21 Days 2349.82 22.97 5.24
SCC Mix 2 (SCC2) 2495.82 36.79 7.88
(MIX 1 —1:2:4, w/c ratio 0.55 & 1:3.5:2.5 w/c ratio=0.28 with 1.4% Superplasticizer)
Normal Concrete - (NC1) 28 Days 2319.18 24.28 2.97
SCC Mix 1 —(SCC1) 2380.68 34.93 5.91
(MIX 2 —1:1.5:3, w/c ratio=0.55 & 1:2.75:1.75, w/c ratio=0.28 with 1.4 Suplasticizer)
Normal Concrete- Type 2 (NC2) 28 Days 2372.05 28.15 6.11
SCC Mix 2 — (SCC2) 2854.35 38.88 9.21

2.4 Slip Measuring Instrument

The slip of the bar was measured by means of a device that
consisted of a cylindrical steel tube to which a pair of dial
gauges were attached on opposite sides by a steel stud on
the back of each gauge (Fig.2a and 2b). The steel stud fitted
into a hole drilled in the wall of the tube and was secured by
a set-screw. The tube fitted over the end of the reinforcing
bar where the latter projected from the concrete and was
secured to it approximately 12mm from the face of the
concrete by means of three screws through the tube wall,
which gripped the bar by bearing on it in a radial direction.
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The plungers of the dial gauges were then in contact with
the face of the concrete 27mm from the center of the bar.
The internal diameter of the tube was 28mm. The same tube
was used on the 20mm test bars, but a second tube 18mm in
internal diameter was used for the 16mm bars where the
plungers of the dial gauges were in contact with the face of
the concrete 24mm from the center of the bar relative to the
surrounding concrete. The latter, measured by means of dial
gauges was corrected for the extension of the small length
of free bar between the concrete face and the reference point
in the bar.
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Fig 2a: Picture of slip measuring Device
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2.5 Mixing

2.5.1 Batching of the Materials

Weight-based batches were prepared for fine and coarse
aggregates, cement, and water in accordance with ASTM
C192/C192M-19; SCC fresh-state targets and procedures
followed EFNARC (2002) 2%, The superplasticizer was
measured by volume with respect to the cement.

2.5.2 Concrete mix design

Two different mixes with equal cement to aggregate ratios
were deployed for both the self-compacting concrete and
normal control concrete with the objective of studying the
local bond stress of the reinforcing steel bars embedded in
the concrete mixes. The concrete mixes were 1: 2: 4 (1:6)
and 1: 1.5: 3 (1:4.5) with 0.55 water cement ratio for the
Normal Conventional concrete and its SCC counterparts
with low water cement ratio of 0.28 and 1.4% added
superplasticizer being 1:3.5:2.5 (1:6) and 1:2.75:1.75 (1:4.5)
as shown in table 1. The low water cement ratio aided the
SCC to achieve higher compressive strength and the added
1.4% superplasticizer with the flow and other matching
properties.

2.5.3 Mixing and curing of specimens

Mixing of the concrete was done mechanically in a concrete
mixer. The proportions of fine aggregates and cement were
first batched into the concrete mixer, followed by the coarse
aggregates. Mixing of the constituent materials was done in
the dry state for about two minutes, and then batched water
was progressively added to the dry mixed materials in the
mixer. Mixing was standardized and had a consistent hue in
a plastic mix. For thorough mixing, the time for blending
was 1.5 to 2 minutes per rotation. A slump test was
conducted to determine the workability of the concrete. 24
concrete cubes measuring 150mm x 150mm x 150mm, and
24 cylinders measuring 150mm diameter by 300mm height,
were cast to study the compressive strength, split tensile.
The bond specimen consisted of 42 double pull-out
specimens of both SCC and NC concrete mixes. Concrete
for each test specimen was cast in three layers and each
layer was compacted by tampering 25 strokes using a rod.
Curing of the local bond specimen, cubes, and cylinders was
by fully covering the specimens with wet sacks to obtain a
temperature equivalent to ambient average laboratory
temperature of 28 °C and 100 percent relative humidity to
avoid micro—cracking of the test specimens. The cube
specimens that were designated were tested at seven,
fourteen, and twenty-eight days of age; the Local Bond
specimens were tested at age twenty-eight days.

2.5.4 Test procedure

The pull-out tests were carried out in an Avery Denison
universal testing machine with a cross-head speed of
0:51mm per min in a room controlled at 19 °C and 65%
relative humidity. The load was applied incrementally to
each free end of the bar to the maximum corresponding to
the maximum working stress of therein forcing bar (service
strength  140N/mm? and 250N/mm? yield strength
250N/mm? and 420N/mm? respectively), Each load
increment was followed by measurement of the overall
elongation of the bar relative to the surrounding concrete.
The latter, measured by means of dial gauges was corrected
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for the extension of the small length of free bar between the
concrete face and the reference point in the bar.

2.6 Bond Energy

Bond energy is the work done to break bond between
reinforcing steel bar and concrete through slip. To calculate
the bond energy absorbed by the bond between steel and
concrete in the specimen, the bond stress-slip curve is
integrated numerically. This bond energy represents the area
under the bond stress vs slip curve, which is crucial in bond
behavior because it characterizes the toughness or ductility
of the bond interface. To determine the bond energy per unit
bonded area (N/mm?) absorbed during the pull-out test, the
area under the bond stress-slip curve is calculated.

2.6.1 Computation of Bond Energy absorbed by
Trapezoidal Integration
The trapezoidal numerical integration of bond stress (1) over

slip (s):

n—1

E = f’rd.&' a2 Z —(Ti +2Ti_l) - (8i21 — 8i)
i1

Where:

Bond Energy absorbed (N/mm)

Ti = Bond stress at point i (Nmm?)
Si = slip at point i (mm)

The bond energy per unit bonded area gives a quantifiable
measure of the bond toughness or fracture bond energy of
the steel-concrete interface for this specimen. High bond
energy values reflect strong mechanical interlock, effective
stress transfer, and more ductile behavior before failure
compared to other specimen, this value can show how local
materials and mix designs affect bond performance.

2.7 Experimental Methods

2.7.1 Preparation of double pull-out bond specimen

The steel bars were cut into 120 pieces of length 620mm,
and pretreated in conformity with ASTM A 775/A 775M —
01, by cleaning with metal brush and thinner to remove dirt,
grease/oil substance and metal oxide from the surface of the
steel bar. They were then cleaned with potable water, wiped
with cotton rag and dried. The centers were drilled to
receive tight transverse 75mm anchor bars to serve as the
reference point of the stress and slip that would occur during
the double pull-out test and represent point midway between
two adjacent cracks in a beam.

This stage was followed by fixing the rebars in pre-
lubricated mold box in order to cast the bond prism
specimens. Concrete mix ratios: (NC: 1:2:4 1:1.5:3 with
water cement ratio 0.55 and SCC: 1:2.75:1.75/1:3.5:2.5 w/c
ratio=0.28 with 1.4% Superplasticizer) was prepared from
the above materials using a mechanical concrete mixer for
consistency. They were then cleaned and sent to the
laboratory after 28 days for various tests.

2.8 Double pull-out Test
The double pull-out test was conducted on the bond
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specimens using a universal machine (Avery-Denison’s
classic S00kN T-series - T42B/C model). Other tools and
instruments involved were 4 dial-gauges, camera, slip
measuring instrument which comprised dial gauge to the
rebar before testing. Each specimen had two projected
rebars fit into the upper and lower grip of the universal
machine after fixing the dial gauges. Loading was done
incrementally at 2kN intervals to measure the local bond at
each load increment. The 16mm high yield specimens were
loaded at 5kN interval due to the high service stress at the
rebar. The loading was done such that both the rebar and the
concrete were in tension. The loading, irrespective of
interval was at the rate of Imm/min or 0.5kN/s (ASTM
A944). A pair of two dial gauge readings were taken at the
top while another pair at the bottom. The average reading of
the two readings in each case was used for analysis of slip.
This was meant to reduce error level if just one gauge is
used.

The specimens were tested within the service limit of the
particular rebar-12mm or 16mm, high yield steel or mild
steel rebar. The service limit was calculated based on the
strength (140N/mm? and 250N/mm? for mild and high yield
steel respectively) and the actual cross-sectional area of the
rebars. Hence, the local bond maximum pull-out load for the
various rebars were 15kN, 26kN, 36kN and 65kN for 12mm
mild steel, 16mm mild steel, 12mm high yield steel and
16mm high steel respectively. Fig.6 shows the set-up for the
bond test.

3. Analysis of Results

The results were illustrated graphically by presenting the
bond stress—slip relationship curves and statistically
analyzed using Microsoft Excel on the computed bond
stress and slip values of the test specimens.

3.1 Local Bond Test

A prismatic double pull-out specimen (150mm X 150mm X
200 mm) that had a transverse anchor bar at the center of the
reinforcement to predetermine the point which is not zero
but slip halfway between two cracks was selected to
simulate the actual loading of reinforcement between cracks
in a structural concrete member. A 200 mm length of
embedment was chosen to represent a crack spacing that
was long enough to allow a satisfactory variation of stress in
the reinforcing bar and short enough to avoid the formation
of a transverse crack in the concrete. The test specimen is
shown in Fig. 3;

CONCRETE
/

Steel bar

i

Centered anchored bar

Fig 3: Double pull-out bond specimen.

4. Results and Discussion

4.1 Bond Stress

Bond Stress in reinforced concrete refers to the interactive
mechanism that enables the effective transfer of stress
between reinforcing steel bars and the surrounding concrete
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matrix. This interaction is fundamental to the composite
action of reinforced concrete members and is essential for
ensuring the structural integrity, crack control, and load-
carrying capacity of reinforced concrete elements. The bond
stress mechanism is governed by a combination of adhesion,
friction, and mechanical interlock, particularly in deformed
bars, which are standard in modern construction.

Bond stress behavior is typically categorized into two
interrelated but distinct components: local bond and
anchorage bond. Each plays a specific role in structural
performance and is influenced by various factors such as bar
diameter, surface texture, concrete strength, and
confinement conditions.

4.2 Analysis of Local Bond Stress

The local bond was determined using the bar slip data and
the position along the reinforcement bar, applying the three-
dimensional equations (bond stress — steel stress — slip)
developed by Kankam (1997, 2003) 2% 271, These equations
were used to calculate the average bond stress along the
embedded length of the rebar in concrete for each slip value,
starting from the transverse anchor point (representing the
midpoint between two adjacent cracks in a beam) to the
loaded end of the concrete (representing the crack face). The
three equations presented as Equations 1 to 3 were
specifically formulated for plain mild steel, cold-worked
steel, and hot-rolled steel rebars, respectively (Kankam,
1997, 2008) 126: 28],

1. Plain round bar: f, = (41.7 — 0.2f)) A°C .. ....... Eq. (1)
2. Cold worked bar: f, = (55 - 0.5x) A% ......... Eq. (2)
3. Hotrolled bar: f, =(35-0.3x) A% .............. Eq. (3)
Where,

b represents the bond stress (in N/mm?),

x is the distance from the center of the embedded length (in
mm),

fs is the steel stress, and

A is the total slip of the embedded bar.

The constant 35 and the coefficient 0.3 are influenced by
factors such as the diameter of the rebar, the strength of the
concrete, the type of loading applied, and the surface
characteristics of the reinforcement bars (Kankam, 1997,
2003) 12627,

The calculation of average bond stress was carried out by
selecting two specific points along the embedded length of
the rebar. In this study, the formula developed for hot-rolled
steel bars was used, as the test specimens were reinforced
with hot-rolled deformed rebars. This specific formula, with
defined parameters, is presented in Equation 3.

To determine the average bond stress between the start of
the embedment (x = x2 = 100 mm) and the central
(anchored) point of the embedment (x = x1 = 0 mm) for a
given total measured slip, Equation 4 derived from Equation
3 was used.

fo =[(35-0.3x1) A%+ (35-0.3x2) A®)/2 ............ Eq. (4)
X1 =0 (from centre of embedment)

X, =100 (from centre of embedment to face where the rebar
enters the specimen [crack face])

A = slip (mm).

The graphs and pictures of local bond-stress and Slip shown
below;
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Fig 4: Rebar preparation, coating and geometry information processes.

c: Dial gauges ﬁxe-tﬁe specimen

Fig 5: Bond specimen testing setup.

4.3 Relationship of local bond stress versus Slip

4.3.1 Influence of bar size in NC and SCC Mixes

4.3.1.1 R12 Bar Series

For the smallest diameter bars (R12), the NC mixes revealed
two contrasting behaviors. At the lower concrete strength
R12-NCI1, bond strength was moderate (3.12 N/mm?) but
the slip was minimal (0.08 mm), and 0.13 N/mm bond
energy, resulting in a stiff bond-slip response that failed
abruptly. Conversely, at higher strength R12-NC2, bond
strength reduced slightly to 2.62 N/mm?, but slip increased
dramatically to 2.23 mm, and 3.09 N/mm bond energy
producing a markedly post-peak performance and the
highest bond energy absorption in the R12 set (3.09 N/mm).
When SCC was introduced, the R12-SCC1 specimen
attained the highest bond stress in the series (3.836 N/mm?)
with very low slip (0.14 mm), and 0.38 N/mm bond energy
indicating a strong but brittle anchorage. However, at the
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highest SCC strength R12-SCC2, bond capacity reduced to
2.99 N/mm? with only 0.11 mm slip, and a bond energy of
0.252 N/mm showing both strength and deformation losses,
possibly due to reduced mechanical interlock from the
smooth SCC matrix.

4.3.1.2 T12 Bar Series

The T12 bars displayed more consistent performance in NC
mixes. Both TI12-NC1 and TI2-NC2 recorded bond
strengths above 3.60 N/mm? with slips in the range of
0.816-0.857 mm, and bond energy range of 2.60 N/mm —
2.54 N/mm, resulting in balanced strength—deformation
profiles and stable post-peak behavior.

In SCC mixes, performance shifted. While the T12-SCClI
specimen retained high peak bond (3.607 N/mm?), its slip
reduced to 0.402 mm, halving the bond energy absorbed
compared to NCC, signaling a stiffer and more abrupt
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failure. SCC2 achieved the highest bond in the T12 set
(3.909 N/mm?) but again showed limited slip (0.47 mm) and
bond energy (1.08 N/mm), indicating that stiffness, rather
than deformation, dominating its behavior.

4.3.1.3 T16 Bar Series

The T16 series provided the most outstanding deformational
differences. In NC mixes, bond strength improved from
3.596 N/mm? at T16-NC1 to 3.95 N/mm? at T16-NC2,
accompanied by a near doubling of slip (0.53 mm to 1.00
mm). This produced a desirable combination of high
strength and good bond-slip strength within the concrete.
SCC mixes introduced a dramatic shift. At T16-SCCI
having a bond strength of 3.60 N/mm?, slip increased to
4.77 mm with an energy absorption of 13.14 N-mm which is
the highest in the entire dataset clearly indicating an
exceptionally bond-slip relationship. However, at T16-
SCC2 recording a bond strength of 3.49 N/mm?, despite a

Table 2: Details o
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reasonable slip (1.75 mm), the bond energy dropped sharply
to 0.65 N/mm, suggesting a premature bond decrease and
reduced post-peak load retention.

4.3.1.4 T20 Bar Series

For the largest bars, NC mixes at both T20-NC1 and T20-
NC2 showed moderate bond strengths (3.33-3.422 N/mm?)
and slips of 0.742—1.00 mm, and bond energy of 2.09 N/mm
— 1.87 N/mm producing stable bond—slip responses with
good bond strength.

In SCC mixes, bond capacity dropped slightly (3.120
N/mm? at T20-SCC1) and having producing a bond energy
of 1.67 N.mm but bond-slip strength remained moderate
(0.808 mm slip). The T20-SCC2 specimen recorded the
lowest bond in the series (2.69 N/mm?) despite reasonable
slip (0.902 mm) and 1.82 N/mm bond energy, suggesting
that the SCC’s smooth paste may not provide sufficient
local bond strength for large-diameter bars.

f Local Bond Specimen

0.000 0.100 0.200 0.300

Specimen | Local bond (Maximum| Bond Energy Remarks
Id Stress (N/Mm?) |Slip (Mm)|Absorbed (N/mm)
R12-NCl1 3.12 0.08 0.13 Very stiff response with minimal slip before peak; brittle bond failure
R12-NC2 2.62 2.23 3.09 Moderate bond strength but large slip; ductile post-peak behavior.
R12-SCC1 3.836 0.14 0.38 High bond strength with limited slip
R12-SCC2 2.99 0.11 0.252 Lower bond with minimal slip
T12-NCl1 3.607 0.857 2.60 Strong bond with moderate slip; balanced strength—ductility profile.
T12-NC2 3.685 0.816 2.54 Similar to previous, consistent mechanical performance.
T12-SCC1 3.607 0.402 1.08 Strong initial bond but lower bond energy; abrupt post-peak decay.
T12--SCC2 3.909 0.47 1.08 High peak bond, limited energy; stiffness dominates behavior
T16-NCl1 3.596 0.53 1.26 Good strength with moderate slip; cohesive bond characteristics.
T16-NC2 3.95 1 2.86 High bond with good slip capacity; favorable ductile performance.
T16-SCC1 3.60 4.77 13.14 Exceptional slip and bond energy absorption; highly ductile anchorage.
T16-SCC2 3.49 1.75 0.65 Moderate slip but low bond energy; suggests early bond degradation.
T20-NCl1 3.33 0.742 2.09 Balanced bond and slip and stable bond—slip response.
T20-NC2 3.422 1 1.87 Good ductility with steady bond retention.
T20-SCC1 3.120 0.808 1.67 Lower bond but moderate ductility retained.
T20-SCC2 2.69 0.902 1.82 Lowest bond
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Fig 6: Local bond-stress/slip of bar sizes (R12, T12, T16, T20) in concrete mix (NC1)
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Fig 7: Local bond-stress/Slip of bars (R12 T12, T16, T20) in concrete mix (NC2).
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Fig 8: Local bond-stress/Slip of bar sizes (R12, T12, T16, T20) in Concrete mix (SCC1).
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Fig 9: Local bond-stress/Slip of bar sizes (R12, T12, T16, T20) in concrete mixes (R12, T12, T16, T20) in concrete mix (SCC2).
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Fig 10: Local bond-stress/Slip of bar size (R12mm) in concrete mixes (NC1, NC2, SCC1, SCC2).
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Fig 11: Local bond-stress/Slip of bar size (T12mm) in concrete mixes (NC1, NC2, SCC1, SCC2).
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Fig 12: Local bond-stress/Slip of bar size (T16mm) in concrete mixes (NC1, NC2, SCC1, SCC2).
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Fig 13: Local bond-stress/Slip of bar size (T20mm) of bars in concrete mixes (NC1, NC2, SCC1, SCC2).
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Fig 14: Local bond-stress/Slip of bar sizes (R12, T12, T16, T20) in concrete mixes (NC1, NC2).
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Fig 15: Local bond-stress/Slip of bar sizes (R12, T12, T16, T20) in concrete mixes (SCC1 SCC2).
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Fig 16: Local bond-stress/Slip of bar sizes (R12, T12, T16, T20) in concrete mixes (NC1, NC2, SCC1, SCC2).

4.3.2 Influence of Concrete Strength

The R12-NC1 specimen recorded a peak bond of 3.12
N/mm? with minimal slip (0.08 mm) and (0.13 N/mm) bond
energy, resulting in a brittle bond failure, whereas the
higher-strength R12- NC2 achieved only 2.62 N/mm? but
exhibited far greater slip (2.23 mm) and significantly higher
bond energy absorption (3.09 N/mm). A consistent trend
emerges in which increases in concrete compressive
strength do not always lead to proportional gains in bond
strength, a finding consistent with earlier observations by
Tepfers (1979) B8 and Orangun et al. (1977) B3 This
suggests that, beyond a certain strength level, microcracking
at the steel-concrete interface and the brittleness of the

https://researchtrendsjournal.com

matrix may offset the expected increases in peak bond.

SCC specimens displayed a slightly different response. R12-
SCC1 achieved the highest bond strength in the R12 series
(3.836 N/mm?) with low slip (0.14 mm), indicating strong
interfacial adhesion. However, the R12-SCC2 showed
reduced bond strength (2.99 N/mm?) despite higher
compressive strength, reinforcing the idea that excessive
stiffness in high-strength SCC can lead to premature bond
deterioration, in line with findings by Esfahani and Rangan
(1998) 21,

SCC specimens exhibited steeper ascending branches,
indicating stronger initial adhesion and interlock. However,
post-peak responses varied by bar size.
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1. 12 mm bars (SCC): Showed ductile slip mobilization
with sustained residual bond capacity, ideal for energy
dissipation in seismic conditions.

2. 20 mm bars (SCC): Displayed sharper post-peak
declines, reflecting reduced bond efficiency at larger
diameters, consistent with findings by Harajli et al.
(1995) 24,

This behavior underscores the influence of bar diameter and
rib geometry, confirming that compressive strength alone
cannot predict slip response, in agreement with recent
international reviews (Shunmuga Vembu et al., 2023) 71,

4.3.3 Influence of Bar Size on Local Bond Performance
Bar diameter exerted a notable influence on bond behavior.
The T12 bars, in both NC and SCC, demonstrated balanced
bond strength—slip capacity performance, with peak bonds
in the range of 3.60-3.91 N/mm? and moderate slips (0.40—
0.86 mm). These results support Darwin et al. (1996) [¢],
who observed that smaller bar diameters tend to engage
more effectively with the surrounding matrix, promoting a
uniform bond stress distribution.

In contrast, the T16 series highlighted one of the most
remarkable differences between NC and SCC. While T16-
NCC2 displayed high bond (3.95 N/mm?) and favorable slip
capacity of (1.00 mm slip, and 2.86 N/mm bond energy
absorption), the T16-SCC1 showed exceptional slip (4.77
mm) and an extraordinary bond energy absorption of 13.14
N/mm which by far is the highest recorded. This indicates
that SCC, when optimally proportioned, its local bond
exhibited can develop favorable slip capacity with superior
bond energy dissipation, a response that may enhance
performance in seismic-resistant design.

The T20-NC1 specimen achieved a stable performance
(3.33 N/mm?, 0.742 mm slip), while the T20-SCC2 also
recorded the lowest bond of the series (2.69 N/mm?) for the
largest bars tested, both NC and SCC of T20 exhibited
lower peak bonds compared to smaller diameters, in
agreement with Harajli et al. (1995) *# who attributed this
to the reduced surface-to-volume ratio and higher splitting
stresses generated by large bars. Confirming that large bar
diameters in high-strength SCC can be more susceptible to
bond deterioration.

The pull-out test results revealed that specimens with SCC
consistently developed higher bond stresses than their NC
counterparts. Table 3 summarizes the peak bond stresses,
with relative percentage improvements.

Table 3: Peak bond stress comparison between SCC and NC.

Bar NC avg SCC avg % difference (SCC vs
size (N/mm?) (N/mm?) NO)

R12 2.87 3.41 +18.8%

T12 3.65 3.76 +3.0%

T16 3.77 3.55 —5.8%

T20 3.38 2.91 —13.9%

The comparison of peak bond stresses in self-compacting
concrete (SCC) and normal concrete (NC) across bar sizes
(R12, T12, T16, T20) shows a clear size-dependent trend.
For smaller bars, SCC achieved higher bond strength where
R12 recorded nearly a 19% increase, while T12 showed a
3% gain. This is due to SCC’s superior flowability, which
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eliminates voids and ensures better steel-concrete contact, a
finding consistent with Domone (2006) ! and Khayat et al.
(2010) B,

However, with larger bars (T16 and T20), NC outperformed
SCC by 5.8% and 13.9%, respectively. This reduction in
SCC’s efficiency is attributed to its high paste content and
risk of micro-bleeding, which weaken the rib interlock-a
trend also observed by Castel, Francois and Ferraris (2006)
[12]

Design codes reflect these differences differently. ACI 318-
19 addresses bond indirectly through development length
provisions, while the CEB-FIP Model Code 2010 [
explicitly relates bond stress to tensile strength and adjusts
for bar size and placement. The present results align more
with the CEB-FIP Model Code 2010 ¥ highlighting its
distinguished relation of bar diameter effects. Hence, SCC is
most beneficial for small-diameter reinforcement in
congested areas, while NC may provide more reliable
performance for larger bars.

4.4 Bond Energy Absorption

Bond energy absorption values highlight a clear behavioral
distinction between NC and SCC. In NC, moderate to high
bond-slip was observed in R12-NC2, T16-NC2, where bond
strength and slip were well balanced, producing steady post-
peak responses. This aligns with the cohesive—frictional
bond model described by CEB-FIP (1993) ['3], in which a
gradual post-peak decay contributes to stable energy
dissipation.

In SCC, bond energy absorption varied more widely. While
some specimens showed limited bond energy capacity due
to sudden bond failure T12-SCC1, 1.08 N/mm, others such
as T16-SCC1 demonstrated outstanding ductility and bond
energy retention. This divergence suggests that SCC’s
rheology and microstructural density can either enhance or
suppressed bond-slip deformations depending on the
interplay between bar size, confinement, and strength level.
SCC demonstrated up to 234% higher bond energy
absorption compared to NC (Table 4).

Table 4: Bond Energy absorption comparison (bond toughness)

Bond Energy Absorbed Per unit Area
Bar (N.mm) % Increase
Diameter NC Bond SCC Bond Energy [(SCC vs NC)
Energy (N/mm) (N/mm)
R12 mm 1.61 0.316 -80.4
T12 mm 2.57 1.08 -57.9
T16 mm 2.06 6.90 +235
T20 mm 1.98 1.75 -11.6

This confirms the enhanced resilience or bond strength of
SCC-steel interaction. Such improvements are especially
relevant when compared to code provisions, which typically
neglect bond energy-based metrics and rely solely on
compressive strength for bond design.

4.5 Comparative SCC and NC Local Bond Performance

T12 series, NC (3.607 N/mm?) and SCC (3.607 N/mm?) had
identical peak bonds, yet SCC absorbed less than half the
bond energy of NC, suggesting a more abrupt bond loss.
Conversely, in the T16 series, SCC’s bond energy
absorption exceeded NC’s, indicating that SCC can
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outperform NC in terms of deformation when properly
optimized.

In comparism, SCC and NC under similar bar and strength
conditions, NC often displayed steadier post-peak
responses, while SCC exhibited either significantly stiffer
initial bonds or highly deformations due to large-slip
behavior depending on mix characteristics.

These findings mirror those of Domingues et al. (2010) 17
81 who reported that SCC’s dense microstructure and
uniform compaction can result in higher initial bond
stresses, but the absence of coarse interlock in some cases
may reduce post-peak toughness unless mix design and
reinforcement configuration are carefully matched.

On the other hand, relating it to its Structural Performance
and Implications, the results suggest that SCC can be
engineered for superior ductility and bond energy absorption
in certain bar—strength combinations, which is crucial for
seismic and impact-resistant structures. However, designers
should be cautious with large bar diameters in very high-
strength SCC, where bond degradation may occur
prematurely while NC remains more predictable in its
bond-slip response, making it a safer choice in applications
where gradual post-peak softening is desired.

4.5.1 Comparison with International Codes

The results indicate that SCC specimens achieved local
bond stresses 15-25% higher than predicted by ACI 318
development length equations and 10-20% higher than
CEB-FIP Model Code estimates associated with anchorage
bond stress for the same concrete strengths.

5. Conclusion

5.1 Concrete Strength and Bond Performance

1. For NC, increasing compressive strength did not
consistently improve bond behavior. R12-NCl1
achieved a higher peak bond (3.12 N/mm?) but with
brittle failure, while R12-NC2 recorded a lower bond
(2.62 N/mm?) yet with superior slip and bond energy
absorption. This suggests that higher compressive
strength does not automatically translate into better
bond due to increased brittleness and interfacial
microcracking (Tepfers, 1979; Orangun et al., 1977) B%
33]

2. SCC specimens showed comparable trends, where R12-
SCC1 displayed the best bond (3.836 N/mm?), while
R12-SCC2, despite higher compressive strength,
recorded reduced bond strength. This implies that
excessive matrix stiffness in high-strength SCC can
lead to premature debonding, consistent with Esfahani
and Rangan (1998) 21,

5.2 Influence of Bar Size

1. Smaller bars (T12) demonstrated superior bond
efficiency, with balanced bond-slip responses and
consistent peak bonds in both NC and SCC (3.60-3.91
N/mm?), echoing Darwin et al. (1996) 1%,

2. For medium bars (T16), SCC outperformed NC in
ductility. T16-SCC1 recorded extraordinary slip (4.77
mm) and bond energy absorption (13.14 N/mm), while
T16-NC2 showed only moderate energy dissipation.
This indicates that SCC, when optimized, can deliver
superior bond energy dissipation capacity, a valuable
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property for seismic applications.

3. Larger bars (T20) in both NC and SCC showed reduced
bond strengths, supporting Harajli ez al. (1995) 4, who
linked this to higher splitting stresses and lower
surface-to-volume ratios.

5.3 Bond Energy Absorption

1. NC generally showed steady post-peak softening,
consistent with the cohesive—frictional bond model
(CEB-FIP, 1993) [131,

2. SCC demonstrated more variable behavior: in some
cases, brittle (T12-SCC1, 1.08 N/mm), and in others
exceptionally ductile (T16-SCC1, 13.14 N/mm). This
divergence underscores SCC’s potential to either
enhance or suppress ductility depending on mix design
and reinforcement size.

5.4 Comparative Performance of NC and SCC

1. At similar compressive strength levels, NC often
exhibited more predictable bond-slip responses with
gradual post-peak behavior, while SCC showed either
stiff initial adhesion or large-slip ductility.

2. In the T16 series, SCC’s bond energy absorption
exceeded NC’s by over 235% demonstrating SCC’s
potential for structural resilience in dynamic or seismic
loading conditions.

3. These results confirm Domingues et al. (2010) [ 18],
who noted that SCC’s dense microstructure promotes
higher initial bond but may reduce post-peak toughness
unless carefully designed.

Bond investigations revealed that compressive strength
alone is not a reliable predictor of bond behavior. While NC
provided a more predictable post-peak response, SCC
exhibited enhanced ductility and bond energy absorption,
particularly with medium bar sizes such as T16. This
finding is critical, as it underscores SCC’s capacity to
sustain large slips and dissipate energy, an advantage in
seismic and cyclic loading conditions.

The findings also highlight the need to consider bond energy
and slip parameters as supplementary design indicators,
since strength-based criteria alone underestimate the
deformation and toughness benefits of SCC.
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