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Reinforced concrete is a carbon-intensive technology, with concrete production contributing to 4%-8% of
global CO, emissions, while steel production for reinforcement bars accounts for approximately 1.5% of
global emissions. The use of concrete and steel in reinforced concrete can be minimized by optimizing the
reinforcement layout and including reinforcing elements with variable cross-sections. This can be achieved
through laser-cutting from steel sheet bespoke reinforcing elements that can then be assembled in opti-
mized arrangements. However, a significant challenge in applying optimized laser-cut steel reinforcement
is understanding the bond mechanisms between the reinforcement steel and the surrounding concrete to
achieve composite behaviour. This study explores the bond behaviour of laser-cut reinforcement. A systematic
experimental programme is designed to understand the effects of reinforcement geometry and surface treatment
techniques on bond behaviour. Additionally, a numerical framework is developed to assess the mechanisms
driving the transfer of bond stresses in the case of ribbed laser-cut reinforcement. The results indicate
that incorporating ribs with appropriate spacing can increase the bond capacity by approximately six times
in comparison to smooth laser-cut reinforcement, achieving a bond strength that falls between that of
conventional smooth and ribbed rebars. The numerical results show that ribbed laser-cut reinforcement shares
bond-stress transfer mechanisms with traditional ribbed rebars, with chemical adhesion and friction playing a
significant role at low levels of slip, and mechanical interlocking dominating at higher slip levels. These findings
have the potential to reduce material consumption through the use of optimized laser-cut steel reinforcement
and provide a foundation for further optimizing the bond performance of laser-cut plates.

1. Introduction can lead to a material waste of the order of more than 10% [4].

An additional limitation of traditional reinforced concrete construction

Reinforced concrete is ubiquitous in the construction industry. How-

ever, one of the main issues with reinforced concrete is that it is

a carbon-intensive construction system; the industrial production of

concrete is responsible for 4%-8% of global CO, emission [1], while

the production of steel for reinforcement bars is associated with ap-
proximately 1.5% of global emissions [2].

is that placement of the rebar is highly labour-intensive and error-
prone. Traditional reinforcement is associated with high tolerances
and variability, as it relies highly on the experience and skills of the
labour. Furthermore, manual placement of the reinforcement raises
significant health and safety concerns; according to Occupational Safety

Traditionally, a reinforced concrete element is realized by casting
cylindrical steel rebars in concrete, with the rebars arranged in simple
regular orthogonal configurations. A limitation of this traditional ap-
proach is that it will often lead to grossly under-utilized reinforcement
and consequently excessive material consumption. Additionally, it is
estimated that conventional methods of cutting rebar and arranging
this into reinforcement cages typically leads to material waste of the
order of 3 to 5% of the steel embedded in reinforced concrete [3].
If rebar of relatively large diameter is used, conventional methods
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and Health Administration (OSHA), more than 60% of construction
accidents take place when working with rebar [5].

The use of materials in reinforced concrete can be minimized by
using optimized laser-cut steel plates as internal reinforcement; as an
example, Fig. 1 shows an optimized reinforcement cage for a reinforced
concrete slab. Using laser-cutting, constant-thickness steel sheets can be
accurately cut into arbitrarily-shaped plates that can be subsequently
assembled to achieve reinforcement cages with an optimized layout,
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Fig. 1. Optimized LCR cage for a concrete slab.

leading to significant material savings to improve sustainability. Ad-
ditional benefits of the technology are that (i) laser-cut profiles can
be quickly assembled, boosting productivity, (ii) laser-cut tolerances
increase geometrical precision, and (iii) the elimination of wire tying
reduces health and safety risks.

However, a major challenge with Laser-Cut Reinforcement (LCR)
is understanding the bond between reinforcement material and sur-
rounding concrete. Indeed, the smooth flat surfaces of reinforcement
that have been laser-cut from a metal plate can prevent effective stress
transfer between steel and concrete, thus compromising the composite
behaviour of a reinforced concrete element.

To date, comparatively few studies have sought to understand the
bond behaviour of reinforcement formed from steel plates in con-
crete. Of these, experimental evidence suggests that steel plates can
be used as a viable alternative to conventional shear and flexural
reinforcement [6-9]. More recently, Sarahan et al. [10] investigated
the bond behaviour of steel plates through the so-called beam-end
method, a technique consisting of applying four-point bending to a
concrete beam reinforced with a longitudinal element with a known
bonded length [11]. These studies showed that the use of plates with
a raised pattern on their surface (e.g., checker plates) can lead to a
bond strength increase of up to 80% compared to smooth plates [10].
This demonstrates the potential to significantly boost the performance

of laser-cut steel through the use of optimized geometrical features.
However, a systematic assessment of the effects of geometrical features
and surface-roughening treatments is required to build understanding
and to ensure optimal performance of laser-cut steel reinforcement.

To address this, the present work makes a major contribution to
the wider use of optimized low-carbon laser-cut reinforcement by
quantifying the bond performance of laser-cut steel and investigating
its dependency on plate geometry and surface treatment techniques.
Specifically, a total of 48 pullout tests are performed to (i) identify the
effects of plate thickness and plate width, and (ii) explore the potential
of boosting the bond strength with bond-enhancing geometrical fea-
tures (ribs and holes) and surface-roughening treatments. Additionally,
a numerical simulation framework is developed to shed light on the
mechanisms driving the bond behaviour of ribbed LCR, providing the
necessary understanding to allow further optimization of elements that
include LCR. The framework is validated against experimental results
so that it can be used with confidence to support the development of
bespoke LCR systems.

The paper is organized as follows: test methods and results are
detailed in Sections 2 and 3 respectively, while Section 4 presents
details of the proposed numerical framework; finally, conclusions are
drawn in Section 5.
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Fig. 2. Pullout test setup.

2. Experimental programme

Four series of pullout experiments were performed to investigate
the effects of (i) plate width, (ii) geometric features (ribs and holes)
and surface-roughening treatments, (iii) ribs spacing and (iv) plate
thickness. The four series are denoted S1 to S4, respectively.

The LCR configurations considered herein were embedded in a
concrete cube with 200 mm side length and tested in the pullout,
as schematized in Fig. 2. Specifically, 14 different configurations of
laser-cut steel plates, denoted T1 to T14, were tested. These include
plates with various geometrical and surface treatment features; see the
overview provided in Fig. 3, which also shows the test series (S1 to S4)
in which each configuration was studied. To characterize the variability
of bond behaviour, and to minimize the effects of outliers or anomalies,
hence achieving a reliable representation of bond behaviour, for each
configuration three identical repeat specimens were manufactured and
tested. The notation used to identify each specimen is as follows: <Test
series ID><Configuration ID><Repeat ID>. For example, specimen
S1T2R3 refers to the third test repeat on configuration T2 (see Fig. 3),
performed within test series S1 (concerned with the effects of plate
width).

An overview of the test series, configurations, and tested specimens
is provided in Table 2. For configuration T10, three additional tests
were performed under confined conditions within test series 3, to avoid
splitting and invoke a slip failure mode. Furthermore, three additional
configuration T10 specimens were tested within test series S4, resulting
in 48 pullout tests overall. Fig. 3 provides an overview of the four test
series and all the individual tests performed.

To promote slip failure and avoid yielding of the steel, bond stresses
were concentrated in a limited portion of the lateral surface of each
plate. This was achieved by intentionally de-bonding part of the lateral
surface (see Fig. 3). The de-bonded lateral surface was wrapped with
several layers of cling film prior to concrete casting to ensure no contact
between the plate and concrete (Fig. 4). The adopted bonded length /,,
for the first and second test series was equal to five times the width w of
the plate. This choice was based on existing evidence and guidelines for
pullout tests on circular section rebars, where a bonded length equal to
five times the rebar diameter is recommended to achieve slip failure
without steel yielding [12,13]. However, based on the split failures
observed in the present study for a bond length /, equal to five times the
width w, the bonded length has been reduced to 75 mm for the third
and fourth test series. This ensured that slip failure occurred without
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steel yielding or concrete splitting. It is worth noting that the bonded
length might also have an effect on the distribution of equivalent
tangential stresses along the bonded surface itself, with longer bonded
lengths deviating from the ideal case of constant equivalent tangential
stresses.

Details of test configurations, materials and test setup are provided
in the following sections.

2.1. Specimens preparation

As discussed above, four test series were designed to investigate the
effects of (i) plate width, (ii) geometric features (ribs and holes) and
surface-roughening treatments, (iii) spacing between bond-enhancing
ribs, and (iv) plate thickness.

2.1.1. Series S1: varying plate width

The first series (S1) aimed to establish the relationship between
plate width and bond behaviour for prismatic laser-cut strips. Specifi-
cally, the series studied the behaviour of 3 mm thick strips with widths
of 10, 20, and 30 mm respectively. The IDs of the tests conducted
within this series are shown in Table 2 (see specimens SIT1R1 to
S1T3R3). The geometry of the corresponding configurations T1 to T3
is shown in Fig. 3.

2.1.2. Series S2: geometric features and surface-roughening treatments

The second test series (S2) investigated the effects of surface coat-
ing, surface roughening, perforations, ribs and the combined effects
of perforations and ribs (see schematic of configurations T4 to T8 in
Fig. 3, photos of the realized plates in Fig. 4 and details of the resulting
specimens S2T4 to S2T8 in Table 2).

For configuration S2T4, a rough surface was achieved by applying a
layer of steel primer with an approximate thickness of 0.25 mm. Specif-
ically, the adopted primer was Rockbond steel primer manufactured by
Rockbond SCP Ltd, which is a commercial product incorporating micro
silica cement and fine Portland cement, along with an elastomeric
acrylic co-polymer resin powder and a combination of compatible
admixtures. By contrast, for configuration S2T5 a rough surface was
obtained through indentations generated via laser beam. The indenta-
tion pattern was defined by selecting an offset pitch of 2.5 mm across
the surface (see the pattern in Fig. 4). Finally, perforated (S2T6), ribbed
(S2T7), and simultaneously ribbed and perforated plates (S2T8) were
obtained via direct laser-cutting of steel sheets. The geometries of these
specimens, including details of ribs and holes, are reported in Fig. 3 (see
configurations T6, T7 and T8, as well as details A and B).

2.1.3. Series S3: varying ribs spacing

The third series of experiments (S3) investigated the relationship be-
tween rib spacing and bond performance in ribbed plates; see details of
configurations T9 to T11 in Fig. 3. Specifically, rib spacings of 36 mm,
18 mm, and 9 mm were adopted for specimens S3T9, S3T10 and S3T11
respectively. To obtain directly comparable results, the bonded length
was kept consistent across all specimens in the series. In light of the
splitting failure observed in all the test repeats for the specimens with
a rib spacing of 18 mm (see repeats S3T10R1 to S3T10R3 in Table 2),
three additional test repeats were conducted under confined conditions
(see repeats S3T10R4 to S3T10R6 in Table 2). For these specimens,
an increased level of concrete confinement was achieved by using
a reinforcing cage comprising four closed-loop stirrups, each with a
diameter of ¢$6 mm as illustrated in Fig. 5. This choice was based on
previous research studies that demonstrated that adequate transverse
reinforcement can be adopted to achieve slip failure [14,15]. Note that
the stirrups were positioned in the portion of the cube where splitting
cracks were experimentally shown to originate. Although increasing the
compressive/tensile strength of the concrete could be an alternative
approach to promote slip failure, providing lateral confinement while
keeping a constant mix composition was deemed a more suitable
method for achieving directly comparable results.
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Fig. 3. Geometry of the LCR configurations (T1 to T14) adopted in the test series (S1 to S4), detailing plate width w, plate thickness ¢, bonded length /, and rib spacing s. Note
that the plate thickness, as specified for each configuration, is constant along the bar.

Table 1

Mix compositions and design density of the individual constituents (Superplasticizer
content equivalent to 1.6% of cement mass).

Constituent Density [kg/m?3] Amount [kg/m?3]
Water 1000 180

Cement CEM II-A-LL 32.5R 3100 300

Fine Aggregate 2625 835

Coarse Aggregate (4-10 mm) 2625 1015
Superplasticizer 1000 4.8

2.1.4. Series S4: varying plate thickness

The final test series, S4, was designed to investigate the impact of
the thickness of the ribbed LCR plate on its bond behaviour. Ribbed
LCR with thicknesses of 3, 4, 6, and 8 mm were tested, all of which
had a rib spacing of 18 mm (see details of configurations T12 to T14 in
Fig. 3). This rib spacing was chosen because it was found to yield the
highest bond strength of all the spacings tested in the previous series.
As undertaken for tests S3ST10R4 to S3T10R6 (see Section 2.1.3), all
the tests within series S4 included three closed-loop stirrups with a
diameter of $6 mm (see Fig. 5) to increase the level of confinement
in order to induce slip failure.
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(b) ©

Fig. 4. Configurations studied in series S2: (a) T4 — Coated surface, (b) T5 — Roughened

Stirrups

(@)

Fig. 5. Details of the stirrups adopted for tests with increased confinement (S3T10R4 to S3T10R6 and S4T10R1 to S4T14R3): (a) vertical section, and (b) horizontal section.

2.2. Materials

The plates were laser-cut out of sheets of S355 steel, a structural
grade steel with a minimum yield strength of 355 N/mm?. To obtain
directly comparable results, the same concrete mix design was adopted
for all tests. Table 1 shows the composition of the adopted mix. The mix
employed a CEM II/A-LL standard Portland-limestone cement with a

20mm{ | i 4
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(e)

surface, (¢) T6 — Perforated, (d) T7 — Ribbed, and (e¢) T8 — Perforated and ribbed.

366 @ 40 mm
C\ 200mm .

200mm

20mm

(b)

strength grade of 32.5R, in accordance with the regulations of European
Standard EN 197-1 [16]. The adopted mix was selected to achieve
concrete strength classes representative of practical applications. The
sand used had a maximum particle diameter of 4 mm while the gravel
had a maximum diameter of 10 mm. In order to attain adequate levels
of workability, a high-range PCE superplasticizer, in compliance with
European Standard BE 934-2 [17], was used.
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Fig. 6. Test setup: housing frame, applied load and strain measuring devices.

2.3. Test method

Various experimental methods have been developed over the years
to assess the bond behaviour of steel reinforcement embedded in con-
crete, including the beam—column joint test [18], the beam anchorage
test [19], splice-beam test [20], the beam-end test [11] and the direct
pullout test [21,22]. The present study employs the pullout test, widely
used owing to its simplicity, repeatability and applicability to various
reinforcement configurations [23]. The method involves applying a
tensile force to a steel reinforcement bar embedded in concrete and
measuring the force required to pull the bar out. The bond strength (z)
is then obtained by dividing the maximum applied load by the bonded
lateral surface of the reinforcing member. Fig. 6 shows the pullout test
setup employed in this study.

2.4. Test apparatus

The test apparatus employed in this study is illustrated in Fig. 7.
The loading rig is a universal uniaxial testing machine with a capacity
of 300 kN. The primary hydraulic actuator in the machine is positioned
at the centre of a cross-head and connected to a steel plate. Another
steel plate of equal thickness is linked to this plate through four bars,
forming a frame that encloses the concrete block. The concrete block
with embedded LCR is positioned within this housing frame. The part
of the LCR that extends from the block is inserted into a slot in the
bottom steel plate, and its end is secured by the self-reacting frame of
the machine using a clamp connection.

The load is applied under controlled displacement conditions, with
a displacement rate of 0.5 mm/min for displacements up to 4 mm and
a rate of 1 mm/min thereafter.

Three Linear Variable Differential Transformers (LVDTs) were uti-
lized to measure relative displacements between the concrete and LCR
(see Figs. 6 and 8). Specifically, one LVDT was placed at the top of each
concrete cube to measure the relative displacement between the free
end of the plate (that is, the non-loaded end) and the concrete block
(see Fig. 8(a)). To measure relative displacements at the loaded end of
the plate, two additional LVDTs were mounted on either side of the
bottom plate (see Fig. 8(b)). Two LVDTs were used to enable detection
of any eccentricity in the pullout setup. As shown in Fig. 8(b), a
custom cast acrylic attachment was employed to connect the two lower
LVDTs to the protruding section of LCR. Specific holes were drilled in
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the bottom plate to facilitate contact between the two lower LVDTs
and the concrete. Throughout the tests, applied loads and machine
displacements were also continuously monitored and recorded.

3. Test results
3.1. Overall findings

Table 2 summarizes the results of the four test series. For each indi-
vidual test, the table reports the maximum pullout force, the maximum
tensile stress in the plate, bond stress at the onset of slip of the free end
of the plate, the bond strength, the observed failure mode (i.e., splitting
(SP) or slipping (SL)), the slip recorded at the loaded end of the plates
when the maximum bond stress is reached (6L, obtained as the average
of the reading of the two bottom LVDTs depicted in Fig. 8), and the
slip recorded at the free end of the plates when the maximum bond
stress is reached (6U). “Slipping failure” here refers to an inadequate
bond between rebar and concrete, leading to rebar slippage. “Splitting
failure”, on the other hand, refers to the development of cracks in
the concrete around the rebar, in the radial direction, leading to a
split of the concrete cube itself. Table 2 also summarizes the average
bond strength, bond strength standard deviation (STD), bond strength
coefficient of variation (CoV), and average concrete strength for three
specimens in each configuration. The bond stress was determined by
dividing the pullout load by the nominal surface area of the bonded por-
tion of the plate. The displacement at the loaded end of each specimen
was computed as the difference between the measured displacement
and the elastic deformation of the laser-cut plate.

It is evident from the results presented in Table 2 that the majority
of the tested specimens failed by slipping, thus giving a valuable insight
into the bond behaviour of the given test configuration. As anticipated,
the concrete cubes provided adequate confinement and effectively
restrained the plates, enabling them to achieve their highest bond
strength and preventing the occurrence of radial cracks and subsequent
splitting. However, premature failure was observed for configurations
with bond-enhancing lateral ribs (configurations S2T7, S3T10), where
the enhanced bond performance offered by the lateral ribs meant that
splitting failure occurred prior to the bond capacity of the plates being
reached. As previously mentioned, in order to assess the actual bond
strength offered by bond-enhancing lateral ribs, three additional tests
were performed within series S3 using additional confinement to ensure
slip failure was induced (see results obtained for specimens S3T10R4
to S3T10R6).

Table 2 shows that the bond strength CoV obtained for each con-
figuration is generally of the order of 20% or lower. This is in line
with the expected variability of the concrete strength parameters [24],
indicating acceptable levels of variability. Fig. 9 shows the same results
graphically, showing the bond strength obtained for each test and
grouping results by test series. In the case of tests S3T10, Fig. 9(c)
reports the bond strength obtained both with (specimens S3T10R4 to
S3T10R6, all failing by slip failure) and without lateral confinement
(specimens S3T10R1 to S3T10R3, all failing by splitting).

In Figs. 10-14 sample bond stress-slip curves obtained for all the
configurations tested in each test series are presented, with the first test
repeat (R1) was selected for each configuration. Fig. 13 also shows the
result of the fourth repeat for configuration T10 (i.e., test S3T10R4)
to illustrate the effects of stress confinement (only present in tests
S3T10R4 to S3T10R6 — see Section 2.1). These results are discussed
further in the following sections.

Fig. 15 shows the same results graphically, showing the normalized
average bond strength obtained for each test configuration and the
corresponding standard deviation. Note that the average bond strength
was normalized by concrete compressive strength in order to remove
the effects of concrete strength variations, thereby facilitating more
direct comparison between the bond performance offered by the var-
ious configurations. Normalized values were obtained by dividing the
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Fig. 7. Test apparatus: universal testing machine and pullout test assembly.

bond strength by the square root of the compressive strength, rather
than by directly dividing by the concrete compressive strength. This
normalization approach was selected in light of the well-known non-
linear relationship between bond strength and concrete strength, which
is commonly captured by assuming the bond strength to be propor-
tional to the square root of the compressive strength (see e.g., [25]).
Since the values of concrete compressive strength obtained for the
various concrete batches did not vary significantly across the whole test
programme (see values reported Table 2), the normalized bond strength

values reported in Fig. 15 exhibit the same trends as the observed bond
capacities (see Fig. 9).

3.2. Detailed findings

3.2.1. Series S1: effects of plate width

All the specimens tested in series S1 (prismatic laser-cut strips)
exhibited slip failure. As expected, due to the smooth surfaces of the
strips, the observed bond strength was in the same range as the bond
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Fig. 8. LVDT displacement gauges measuring the relative displacements between concrete and steel: (a) top LVDT, located at the free end of the plate, and (b) bottom LVDTs,
located at the loaded end of the plate.
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Fig. 9. Overview of bond strength results grouped by test series (a) S1, (b) S2, (c) S3 and (d) S4.
strength typically exhibited by conventional smooth rebars, with values prismatic laser-cut strips. That is, the bond capacity of a given plate

hovering around 1 MPa; see the bond strength values obtained for
specimens S1T1, S1T2 and S1T3 in Table 2.
As can be seen graphically in Fig. 9(a), the results indicated that explained by the fact that chemical adhesion and friction offer shear

the bond strength was not significantly affected by the width of the stresses that are approximately proportional to the contact area.

seems to grow approximately linearly with its width w. This can be
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Table 2
Overview of test series, specimen IDs and results.
Test Varying Bar Feature Specimen Stirrup Max. Max. Slip bond Bond Failure 8L [mm] 8U [mm] Average STD (Bond CoV (Bond Concrete
series  feature conf. D Confin- Force Tensile stress strength mode bond strength) strength) strength
ement [kN] stress [MPa] [MPa] strength [MPa] (%) [MPa]
[MPa] [MPa]
SITIRI  No 1.48 49 1.14 1.14 SL 0.05 0.03
_ SITIR2  No 1.30 43 0.83 1.00 SL 0.20 0.20
T w=10mm o gps N 0.91 30 0.65 0.70 SL 0.18 017 0.95 0.22 27 292
S1T2R1 No 4.74 79 0.84 1.03 SL 0.07 0.04
Plate width _ S1T2R2 No 5.06 84 1.10 1.10 SL 0.00 0.01
ST T2 w=20mm gpp3 No 6.67 111 131 1.45 SL 0.11 0.00 119 0.2 18.9 85
SIT3R1  No 11.78 131 1.10 119 SL 0.16 0.06
T3 w=30mm SIT3R2  No 9.41 105 0.95 0.95 SL 0.09 0.03 1.04 0.20 196 28.0
SIT3R3  No 8.51 95 0.86 0.86 SL 0.06 0.00
S2T4R1 No 19.21 213 1.94 1.94 SL 0.16 0.00
T4 Coated S2T4R2 No 17.13 190 1.60 1.73 SL 0.26 0.00 187 0.12 6.6 36.8
S2T4R3 No 19.31 215 1.95 1.95 SL 0.17 0.13
S2T5R1 No 21.58 240 1.20 218 SL 111 0.00
S2T5R2 No 16.24 180 - 1.64 SL - 0.00
T5  Roughened S2T5R3  No 28.41 316 2.10 2.87 sL 0.97 053 223 062 276 351
Geometric
features S2T6R1 No 34.65 385 2.55 3.50 SL 2.70 0.00
S2T6R2 No 35.34 393 2.65 3.57 SL 2.90 0.21
52 ::fface- 6 Perforated S2T6R3 No 36.83 409 2.82 3.72 SL 1.46 0.21 3.60 011 31 37.6
roughening S2T7R1 No 46.93 521 3.48 474 sp - 0.00
treatments Ribbed (s =  S2T7R2  No 46.23 514 3.50 4.67 sp 376 071
7 18 mm) S2T7R3  No 46.13 513 3.57 466 sp 3.47 0.64 469 0.04 0.9 825
S2T8R1  No 35.34 393 - 3.57 SL 2.19 0.00
T8 Perforated S2T8R2 No 33.46 372 2.65 3.38 SL 2.69 0.00 341 0.14 42 36.7
and ribbed S2T8R3 No 32.57 362 2.60 3.29 SL 2.70 0.00
S3T9R1  No 15.80 132 2.24 2.45 SL 3.28 3.57
7o s—36mm  S3T9R2  No 17.35 145 2.10 2.69 SL 0.66 0.94 257 012 47 332
S3T9R3  No 16.58 138 1.88 257 SL 476 5.07
S3TIORL  No 34.44 287 3.05 5.34 sp 3.44 3.96
S3TI0R2  No 30.96 258 3.40 4.80 sp 2.37 2.79 5.00 0.30 59 323
. S3T10R3 No 31.35 261 3.50 4.86 SP 2.50 2.60
s3 Ribs T1I0 s =18 mm S3TI0R4  Yes 39.28 327 3.00 6.09 SL 3.47 3.59
spacing (s) S3TIOR5  Yes 36.86 307 2.80 5.71 SL 5.53 5.57 6.34 0.77 12.2 31.0
S3TI0R6  Yes 46.46 387 2.90 7.20 SL 5.63 9.46
S3T1IRI  No 24.32 203 3.77 3.77 SL 0.45 1.21
_ S3T1IR2  No 23.93 199 3.50 371 SL 1.24 1.35
Tt s=9mm S3T1IR3  No 27.22 227 422 422 SL 0.48 0.83 3.90 028 71 L1
S4T10R1 Yes 42.05 350 3.91 6.52 SL 4.41 5.06
_ S4T10R2 Yes 32.70 273 3.35 5.07 SL 4.10 4.50
T10 t=3mm S4T10R3 Yes 40.70 339 3.90 6.31 SL 8.89 9.29 597 078 13.1 26.7
SATI2R1  Yes 39.14 245 3.05 5.93 SL 6.08 6.45
_ SATI2R2  Yes 36.17 226 3.20 5.48 SL 3.47 3.80
plat T2 t=4mm SATI2R3  Yes 39.14 245 2,90 5.93 SL 5.74 634 578 0.26 45 259
ate
s4 thickness S4T13R1  Yes 47.06 196 3.20 6.82 SL 3.05 3.71
) _ S4T13R2 Yes 35.95 150 2.80 5.21 SL 3.64 3.94
T13 t=6mm S4T13R3 Yes 40.71 170 3.35 5.90 SL 4.81 5.31 5.98 081 135 27.8
SAT14R1  Yes 46.22 144 4.80 6.42 SL 3.80 4.38
T4 t=8mm SAT14R2  Yes 39.38 123 4.20 5.47 SL 6.07 6.67 5.58 0.79 141 271
SAT14R3  Yes 34.99 109 3.60 4.86 SL 422 479
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Fig. 10. Stress-slip curves for series S1 plotted for slips up to 3 mm.
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Fig. 11. Stress-slip curves for test series S1.

Fig. 10 shows the stress-slip curves obtained for configurations T1, the chemical adhesion between the plate and concrete is disrupted.
T2 and T3, plotted based on the slip of the loaded end (§L) and the slip Subsequently, the primary factor influencing bond resistance is the
of the free end (6U), for slips up to 3 mm. These curves show that the friction between the plate and concrete along the bonded section. On
loaded end is always mobilized first. This indicates that slipping of the the other hand, the slip at the free end remains negligible until the
loaded end initiates early during the loading process, immediately after adhesion is completely lost over the entire embedded length.
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Fig. 14. Stress-slip curves for test series S4.

Fig. 11 shows the stress-slip curves for slips up to 20 mm, based on
the slip of the loaded end only. The figure shows that the examined
prismatic laser-cut strips exhibit a relatively brittle behaviour, with
residual bond stresses of the order of 50% of the bond stress for a
slip of 10 mm. However, the curves reported in Fig. 11 also show that
such residual bond stress does not decrease significantly for slips larger
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than 10 mm, possibly due to a sustained friction effect in this region.
Specifically, for slips larger than 10 mm, the residual bond stresses are
either approximately constant (see curves obtained for test SIT2R1 and
S1T3R1, in Fig. 11) or progressively increasing (see curves obtained for

test SITIR1 in Fig. 11).
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Fig. 15. Mean value and standard deviation of the normalized bond strength for each configuration. (Bond strength normalized by the square root of the concrete compressive

strength.).

3.2.2. Series S2: effects of geometric features and surface-roughening treat-
ments

Table 2 shows results obtained for configurations S2T4 to S2T8,
designed to investigate the effects of surface and geometry treatments
on the bond performance of the plates. As mentioned previously,
the majority of the specimens tested within series S2 failed due to
bond slip. However, the ribbed specimens, which exhibited the high-
est nominal bond strength within this series, failed by splitting (see
specimens S2T7R1 to S2T7R3 Table 2), suggesting that the measured
bond strength represents a lower bound on the actual bond strength
offered by ribbed specimens. As is often the case for pullout tests
performed on traditional ribbed rebars, the splitting failure observed
for specimens S2T7R1 to S2T7R3 is likely to have been induced by the
compression forces developed between ribs and surrounding concrete.
When ribbed reinforcement slides relative to the concrete, it results
in the development of compressive stresses in a radial direction and
tensile stresses in a circumferential direction within the concrete. If the
amount of concrete surrounding the reinforcement is relatively low, or
if the concrete lacks sufficient confinement, the circumferential tensile
stresses can lead to cracks that can propagate throughout the entire
concrete mass. This sudden propagation of cracks generally results in
a significant reduction in bond strength and leads to splitting failure
before the reinforcement can be extracted. The full capacity offered by
lateral ribs is discussed in detail in the results section dedicated to series
3, where additional tests were designed to achieve slip failure in the
presence of lateral ribs.

Table 2 shows that all the bond-enhancing technologies investigated
in series S2 significantly improve on the bond performance of the
prismatic laser-cut strips studied in series S1, whose average bond stress
was of the order of 1 MPa. Specifically, Table 2 shows that surface
coating (S2T4), surface roughening (S2T5), perforations (S2T8) and
ribs (S2T7) lead to a progressive improvement in bond performance,
with average bond strengths of 1.87, 2.23, 3.60 and 4.68 MPa, respec-
tively. This is in line with previous studies on FRP bars, showing that
surface roughening can lead to significant increases in bond strength
performance [26]. It is also worth noting that when ribs and perfora-
tions are adopted simultaneously (S2T8), the bond stress is lower than
in the case of ribs and perforations adopted individually (S2T7 and
S2T6 respectively). This behaviour might be linked to concrete com-
paction challenges associated with the simultaneous presence of ribs
and perforations. These bond strength results, graphically summarized
in Fig. 9(b), indicate that the proposed LCR technologies can be ranked
based on their bond performance as follows: (i) ribs, (ii) perforations,
(iii) ribs and perforations, (iv) surface roughening, and (v) steel prime
coating.

Fig. 12 presents the bond stress-slip behaviour for slips up to 20 mm.
It is evident from this that coated specimens (e.g., S2T4R1) exhibit
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similar qualitative behaviour to smooth prismatic plates. That is, the
prime coating appears to enhance bond performance without caus-
ing any significant changes in bond mechanisms. On the other hand,
roughening, perforations and ribs seem to significantly alter the bond
stress-slip behaviour. In particular, surface roughening (e.g., S2T5R1)
leads to a non-smooth post-peak softening behaviour, with the curve
exhibiting a marked periodicity. This might be representative of actual
physical mechanisms that cannot be elucidated via the results obtained
in this study. Thus, further dedicated studies are needed to clarify the
underlying processes. On the other hand, perforations (S2T6R1) and
simultaneous perforations and ribs (S2T8R1) lead to a sudden decrease
in bond stresses for slips of the order of 4-5 mm. Although this could
possibly be attributed to the development of mechanisms that prevent
stress transfer through friction, more research is needed to shed further
light on such processes. Fig. 12 also shows that when only ribs are
present (S2T7R1), progressive hardening is achieved up until concrete
split failure, occurring at a slip of approximately 9 mm. This suggests
that, in isolation, ribs provide an additional bond transfer mechanism
that is more compliant than steel-to-concrete adhesion, but stiffer than
mere friction.

The bond strength CoV obtained for coated, perforated, ribbed and
ribbed-perforated specimens is of the order of 7% or lower, demon-
strating the relatively low levels of variability associated with the use
of these techniques. In contrast, when using surface roughening the
bond strength CoV was of the order of 28%. With concrete compressive
strength typically exhibiting a CoV of the order of 3%-15% [24], a CoV
of 28% indicates a relatively high degree of uncertainty associated with
the use of this technique.

3.2.3. Series S3: effects of ribs spacing

As described previously, test series S3 was designed to investigate
the effects of rib spacing on bond strength. For all of the configurations
studied, slip failure was invoked to assess the actual bond capacity
of the plates. The majority of specimens tested within series S3 ex-
perienced failure through bond slip. However, as in series S2, ribbed
specimens with a rib spacing of 18 mm exhibited premature failure
under standard testing conditions; see results reported in Table 2 for
configuration S3T10 (specimens S3T10R1 to S3T10R3). Fig. 16 shows
examples of split and slip failures (specimens S3T10R and S4T14R
respectively). Specifically, Figs. 16(a) and 16(b) show that, when split-
ting occurs, the split crack originates at the loaded end of the bar,
develops in the same plane of the bars, and propagates towards the
non-loaded end of the LCR. To invoke slip failure for this particular
configuration, series 3 included three additional tests with increased
lateral confinement (specimens S3T10R4 to S3T10R6). These tests
failed by bond slip (see Figs. 16(c) and 16(d)), demonstrating that
the provided confinement prevented the development of radial cracks,
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Fig. 16. Split failure of the specimen S3T10R1: (a) lateral and (b) frontal view, and slip failure of specimen S4T14R1: (c) lateral and (d) frontal view.

hence promoting crushing or shearing of the concrete between the
transverse ribs [27,28].

Table 2 presents bond strength results for rib spacings of 36, 18,
and 9 mm (referred to as S3T9, S3T10, and S3T11, respectively).
Among these configurations, specimens with an 18 mm rib spacing
provided the highest bond strength, giving an average bond strength of
5 MPa and 6.34 MPa in the case of unconfined and confined conditions
respectively. This illustrates that incorporating ribs with an appropriate
spacing can enhance the bond capacity by approximately six times
compared to smooth prismatic laser-cut reinforcement.

It is evident from Fig. 9(c) that the investigated configurations can
be ranked based on their bond performance as follows: (i) 18 mm
spacing, (ii) 9 mm spacing, and (iii) 36 mm spacing. Interestingly, these
results seem to suggest that decreasing the rib spacing (i.e., increasing
the total number of ribs) has a detrimental effect on LCR bond capacity.
Although this seemingly counter-intuitive trend could be linked to poor
concrete compaction in the areas between adjacent ribs, further studies
are needed to confirm the underlying mechanisms.

The bond stress-slip curves presented in Fig. 13 show that all the
specimens failing by slip failure exhibit a residual bond stress of the
order of 25% of the peak stress, or higher. As expected, specimens fail-
ing by splitting exhibited an abrupt decrease in stress values following
splitting, resulting in near-zero stress levels for higher values of slip
(see for instance the curve reported in Fig. 13 for specimen S3T10R1).
However, when lateral confinement was applied, residual bond stresses
of the order of 50% of the peak stress were achieved for slip values
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between 10 and 20 mm (e.g., see the curve reported in Fig. 13 for
specimen S3T10R4), confirming that the introduced stirrups confined
the specimens effectively.

3.2.4. Series S4: effects of plate thickness

Series S4 explored how the thickness of LCR affected the bond
strength of ribbed plates, which were found to be the most effective
configuration among those investigated in series S1 to S3. Table 2
shows that in all twelve specimens in the fourth series (i.e., S4T10,
S4T12, S4T13, and S4T14) slip failure was induced as intended, facili-
tating accurate assessment of the actual bond capacity of the plates. The
average bond strength recorded across all specimens ranged from 5.58
MPa to 5.98 MPa, suggesting that bond strength is largely independent
of plate thickness; Fig. 9(d) illustrates this graphically. This trend might
be explained by the fact that (i) the thickness of the plates has minimal
influence on the overall lateral surface available to generate chemical
bond and friction stress, and (ii) the thinnest plate considered in this
study is still thick enough not to induce punching failure of the concrete
surrounding the ribs, hence allowing full development of interlocking
mechanisms.

In all stress-slip curves presented in Fig. 14 significant levels of
residual bond stress can be observed after the peak bond stress had been
reached. In particular, all specimens developed residual bond stresses
exceeding 50% of the peak stress for slip values between 10 and 20 mm.
This behaviour is qualitatively similar to that observed in series S3
for ribbed plates tested under confined conditions (see e.g., the curve
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FIP Model, and (iii) the minimum bond strength required by Eurocode 2 for standard reinforced concrete applications (Eq. (1)).

obtained for S3T10R4 reported in Fig. 13). The relatively high levels
of residual stress recorded for these specimens can be attributed to
the effects of confinement, which underpins interlocking and friction
mechanisms following debonding between LCR and concrete.

3.3. Bond capacity of LCR and conventional rebars

To assess the bond capacity of LCR in comparison to conventional
rebars, here the use of established empirical formulas, widely used to
evaluate the performance of conventional rebars, is considered. Addi-
tionally, the experimentally determined capacity of LCR is compared
to the minimum bond capacity required by Eurocode 2 for standard
applications, considering traditional reinforcement with an equivalent
cross-sectional area.

Many empirical formulae have been presented in the literature
to assess the bond capacity of conventional rebars (e.g., [29-371]).
These include formulae which estimate bond strength as a function of
concrete compressive strength (e.g., [33,35,38]). Over the years, these
formulae have been refined by incorporating additional factors, such
as rebar diameter, concrete cover, and the ratio of bonded length to
rebar diameter, in an effort to enhance the predictive capabilities of
the proposed models [36,37,39,40].

To assess the capacity of traditional rebars, this work employs the
CEB FIP Model [25], which uses a widely accepted, simple and well-
validated relationship to assess the bond capacity of traditional rebars
as a function of the concrete compressive strength. For instance, a
comprehensive validation study for this model is available in Heskett
et al. [41]. The CEB FIP Model adopted here proposes the function
2.54/f7, to estimate the bond strength of ribbed rebars, while the
expression 0.31/f7, is recommended for smooth rebars. Note that, in
the above expressions, f’, is the compressive strength derived from
concrete cylinders.

In parallel, the minimum bond strength required by Eurocode 2 for
conventional rebars of equivalent cross-sectional area is calculated as
follows [42]:

7> 0.098 (130 — 1.9¢) (€))

where 7 is the bond strength and ¢ is the bar diameter.

Fig. 17 graphically compares (i) the bond strength of LCR deter-
mined experimentally, (ii) the bond strength of conventional rein-
forcement, assessed for both smooth and ribbed rebars using the CEB
model, and (iii) the minimum bond strength required by Eurocode 2
for conventional rebars of equivalent cross-sectional area. The chart
shown in Fig. 17 indicates that the bond strength achieved by smooth
prismatic laser-cut strips (configurations T1 to T3) is marginally lower,
yet comparable, to the anticipated bond strength of traditional smooth
rebars. It can also be observed that all of the bond-enhancing features
introduced in the other configurations (T4 to T14) lead to a higher bond
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strength in comparison to smooth rebars. On the other hand, Fig. 17
demonstrates that all the configurations studied in this research exhibit
a lower bond strength in comparison to ribbed rebars. Specifically, the
obtained LCR bond strengths vary between 7.8% (for configuration T1)
and 51.3% (for configuration T10) of the expected bond strength for
ribbed rebars. Similarly, the figure shows that all of the configurations
develop a lower bond strength than the minimum required according
to Eurocode 2. The bond strength obtained varies between 8.5% (for
configuration T1) and 82.9% (for configuration T10) of the minimum
bond strength required as per Eq. (1).

The results presented in Fig. 17 suggest that, in most cases, the bond
performance of the examined LCR is bracketed by the bond strength
of conventional smooth and ribbed rebars. The comparison with the
minimum required bond strength required by Eurocode 2 suggests that
the examined LCR configurations do not meet the stated requirement
for traditional reinforcement. Although no configuration strictly meets
the Eurocode requirement for individual bars, the bond strength of
ribbed LCR specimens approaches the requirement, indicating that mi-
nor improvements through further optimization are likely to allow their
direct use for standard applications. Additionally, it should be noted
that one of the key benefits of LCR is that, if the plates are assembled
in reinforcement cages with effective steel-to-steel joints, they are likely
to do develop adequate anchorage to the concrete through e.g., hook
mechanisms.

4. Numerical modelling of the bond behaviour of ribbed plates

This section presents a numerical study to elucidate the stress
transfer mechanisms associated with the best-performing configura-
tion examined in this study, namely ribbed LCR plates (S3T10). The
aim of this section is twofold: to observe mechanisms that are not
directly detectable via experimental tests and to develop a validated
numerical framework for the preliminary design of LCR. To achieve
mechanism-based modelling, this section combines the effects of chem-
ical adhesion, frictional forces, and mechanical interlocking specific to
ribbed LCR plates.

4.1. Numerical modelling

4.1.1. Modelling strategy

Over the years, several numerical approaches have been used to
model and analyse the pullout behaviour of steel rebars in reinforced
concrete, including Finite Element Analysis (FEA), the Discrete Element
Method (DEM) [43], lattice models and cohesive zone models [44,45].
Among these, FEA approaches have been widely used and validated
at different scales. For instance, the nonlinear spring method has been
successfully employed as a simplified, empirical approach for modelling
the bond behaviour between steel bars and concrete at a structural
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Fig. 18. 3D view of the FE models: (a) prismatic smooth LCR (reproducing configuration S1T3), (b) ribbed LCR (reproducing configuration S3T10), and (c) detail A of the FE
mesh for ribbed LCR, illustrating the local mesh refinement adopted for the concrete in close proximity to the ribs.

element scale [46-50]. Similarly, detailed non-linear finite element
models have been successfully implemented in a number of studies to
assess the mechanisms of bond stress transfer [51,52]. For instance,
concrete-damage constitutive models have been successfully employed
to simulate concrete deterioration and splitting failure [53]. Zero-
thickness cohesive elements have also been successfully embedded
within the standard finite element mesh representing the bulk materials
(steel and concrete) to model the response of the interface to loading
and separation [54,55].

To explicitly model the effects of chemical adhesion, friction, and
mechanical interlocking, this study builds on the aforementioned stud-
ies and employs a combination of concrete-damage models and cohe-
sive surfaces. Specifically, (i) cohesive surfaces are employed to capture
the shear behaviour of concrete-to-steel interfaces, thus modelling the
effects of chemical adhesion and friction, and (ii) a concrete damage-
plasticity model is adopted to capture concrete cracking and crushing,
modelling the effects of concrete-rib interlocking in the bulk concrete
material. A detailed description of the finite element model is provided
in the following section.

4.1.2. Finite element modelling

The mechanisms underlying the bond behaviour of ribbed LCR are
here studied through finite element models that seek to reproduce pull-
out tests involving both prismatic and ribbed LCR plates. First, a model
of the pullout test on a smooth prismatic laser-cut strip (configuration
S1T3, see Table 2 and Fig. 3) was developed to validate the shear
response of the adopted cohesive surfaces; see FE mesh depicted in
Fig. 18(a). As this configuration does not involve ribs, it allowed the
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combined effects of chemical adhesion and friction to be modelled and
validated in isolation, i.e., in the absence of mechanical interlocking
between ribs and concrete. A model of a pullout test on a ribbed LCR
plate was then developed to numerically evaluate the combined effects
of chemical adhesion, friction and interlocking between the ribs and
the surrounding concrete; see Figs. 18(b) and 18(c).

For both models, the LCR plates and surrounding concrete cube
were modelled in 3D. To limit the computational cost of the models,
only a quarter of the set-up was modelled, taking advantage of the
symmetry of the problem (as shown in Fig. 18). Both concrete and steel
were modelled using solid elements; hexahedral elements (C3D8) were
used for the steel, while tetrahedral elements (C3D10) were used for
the concrete to achieve a smooth mesh refinement in close proximity
to the ribs, where higher strain gradients were expected to develop. The
required level of mesh refinement was established through a prelimi-
nary mesh sensitivity study. As mentioned in the previous section, the
shear behaviour of the concrete-steel interface was modelled through
cohesive surfaces between the solid elements used for concrete and
steel. To model the reaction offered by the steel plate located at the
bottom of the test setup (see Figs. 2 and 7), all nodes belonging to
the bottom face of the concrete cube were prevented from moving in
the vertical direction (i.e., along the z-axis in Fig. 18). Additionally, to
reproduce the effects of lateral confinement offered by the steel stirrups
in tests S3T10R4 to S3T10R6, in the ribbed LCR model the lateral
faces of the concrete cube were prevented from moving in their normal
direction. As represented in Fig. 18, a gradually increasing pullout force
was applied in direction -z to reproduce the tensile force generated
when using the testing apparatus.
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The material behaviour of concrete was modelled using the well-
validated Concrete Damage Plasticity (CDP) model [56], where the
input parameters are stress-strain curves in tension and compression.
These curves were derived through the empirical model presented
in [25], based on the average compressive strength and the maximum
aggregate size of the mix used in the present study. Based on the grade
of steel used in the tests (S355), the steel was modelled as an elastic
perfectly-plastic material with Young’s modulus of 210 GPa, Poisson’s
ratio of 0.3, and yield stress of 355 MPa. Cohesive behaviour with linear
softening was defined for the interface surfaces. The driving input
parameters were derived from experimental measurements performed
in the present study. Specifically, a nominal maximum shear stress of
1 MPa was assigned as the shear damage initiation criterion based
on the bond strength observed for the S1T3 specimens ( Table 2).
Similarly, a unit-surface fracture energy of 0.06 N/mm was assigned to
the cohesive surfaces. Such a value was estimated as a function of the
average concrete compressive strength measured in this study, using
the empirical CEB FIP model [25]. The friction effects on the tangential
behaviour were represented using the Coulomb friction model [57],
selecting a friction coefficient of 0.35, from [58]. Normal behaviour
was assumed to be perfectly rigid.

The numerical simulations were carried out using the finite ele-
ment package Abaqus [59]. To capture the geometrically non-linear
behaviour of the system, the models were solved for large deformations.
Numerical solutions were obtained using the explicit solver. To prevent
inertial effects affecting the results, which can occur when solving
problems using an explicit (i.e., time-stepping) solution strategy, the
loads were applied quasi-statically. Specifically, a displacement rate of
1 mm/sec was applied to the loaded end of the LCR.

4.2. Numerical results

The results obtained when smooth prismatic LCR was modelled are
summarized in Fig. 19. Fig. 19(a) shows that, while the experimental
stress-slip curves exhibit a non-linear softening branch, the numerically
obtained softening branch is approximately linear, owing to the linear-
softening model implemented for the cohesive surfaces. However, the
figure also shows that, for slips up to about 3 mm, the numerically
obtained stress-slip curve captures the general trend of the experi-
mental results obtained for the three specimens tested. Given that the
anticipated slip at the concrete-steel interface in ribbed LCR is con-
sistently smaller than 3 mm, the adoption of a linear-softening model
for cohesive surfaces was deemed suitable for examining the combined
impacts of chemical adhesion, friction, and mechanical interlocking in
ribbed LCR scenarios. To validate such an approach, an analysis of the
slip magnitude expected to occur at the interface is included in the
discussion of the ribbed LCR model. Fig. 19(b) shows the evolution of
damage in the cohesive surfaces for the smooth prismatic LCR model.
The figure indicates that cohesive surface damage initiates at the loaded
end of the bonded region (see state no. 1 in Fig. 19(b)) and then prop-
agates towards the free end at higher levels of slip (see states no. 2 to 4
in Fig. 19(b)). This is in line with the experimental observation that the
loaded end is mobilized first (see Section 3.2.1), confirming the ability
of the model to capture the pullout mechanisms for smooth prismatic
LCR. The numerical results indicate that the bulk material remains
largely undamaged, thereby confirming that the system’s behaviour is
primarily governed by the shear behaviour of cohesive elements, driven
by chemical adhesion and friction mechanisms.

Fig. 20 presents the results obtained when ribbed LCR was mod-
elled. Due to numerical issues connected with the development of
high levels of damage in the bulk concrete for large slips, solutions
were only obtained for slips up to 7.4 mm. Fig. 20(a) shows that the
numerical simulation approximately captures the trend observed in the
experimental tests. Note that, considering the experimental results, the
initial slope of the smooth prismatic LCR case (Fig. 19(a)) equals about
60% of that observed in the ribbed LCR case (Fig. 20(a)). This indicates
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that, although unable to transfer bond stresses significantly higher than
1 MPa, chemical adhesion and friction mechanisms can significantly
contribute to the initial stiffness of the system. An implication of this
is that surface treatments aimed at boosting chemical adhesion and
friction have the potential to significantly impact the initial stiffness
of concrete structures reinforced with ribbed LCR.

In Fig. 20(b), the development of damage in the cohesive surfaces
for the smooth prismatic LCR model is illustrated. As seen for the
smooth prismatic LCR case, the damage in the cohesive surfaces initi-
ates at the loaded end of the bonded region (state no. 1 in Fig. 20(b)).
As slip levels increase, cohesive surface damage propagates towards
the free end until the cohesive surfaces are fully damaged (see state
no. 2 in Fig. 20(b)). The full development of cohesive surface damage
corresponds to a significant change in slope in the stress-slip curve (see
region between states 1 and 2 in Fig. 20(a)). Figs. 20(c) and 20(d) show
that, when the cohesive surfaces reach a fully damaged state (state 2),
the bulk concrete is damaged in limited regions. Specifically, damage in
tension (cracking) and compression (crushing) are present immediately
above and below each rib, respectively, while relatively large areas of
undamaged material are present between ribs. That is, the limited bond
stresses that are transferred by chemical adhesion and friction are not
inducing any damage in the bulk concrete. This confirms that beyond
state 2 (Figs. 20) the main stress transfer mechanism is interlocking.
As slip levels increase, damaged areas extend progressively, showing
that increasing levels of bond stress are transferred through a stress
redistribution process. The results also show that, within the slip range
analysed in this study, damage affects a limited region adjacent to
the LCR, i.e., it does not propagate throughout the specimen. This
confirms the ability of the adopted model to capture the behaviour of
confined pullout tests, where slip cracks tend not to propagate across
the concrete generating splitting failure.

The results indicate that the shear transfer mechanisms seen in
ribbed LCR are similar to those typically observed in traditional ribbed
rebars with a circular cross-section (see e.g., [20,40]). At low levels of
relative slip, the transfer of shear forces is largely achieved by chem-
ical adhesion and mechanical interlocking. Once the capacity of the
chemical adhesion mechanisms is reached, debonding takes place, and
stresses are then primarily transmitted through friction and mechanical
interlocking. As the slip increases further, mechanical interlocking
becomes the dominant mechanism for shear transfer. This suggests
that traditional rebars and laser cut reinforcement can be expected to
provide comparable tension stiffening, deformations, and crack spacing
performance in reinforced concrete members, both in service and in
ultimate limit state conditions.

Furthermore, the relatively close agreement observed between ex-
perimental and numerical results suggests that the proposed modelling
framework can be used with confidence to explore the potential of new
configurations, such as different rib geometries, spacings, etc., before
conducting mechanical testing (or in conjunction with the latter).
For instance, a preliminary assessment of the bond-slip behaviour of
prototype LCR geometries can be performed to inform the develop-
ment of simplified models applicable at larger scales (e.g., as with
the spring model). This facilitates comprehensive evaluation of the
structural implications of any parameter change before mechanical
tests on prototype LCR specimens are conducted.

5. Conclusions

This research contributes to the wider usage of optimized low-
carbon Laser-Cut Reinforcement (LCR) by quantifying the bond perfor-
mance of laser-cut steel and examining its dependence on plate geom-
etry and surface treatment techniques. In particular, the experimental
tests allowed the following conclusions to be drawn:
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Fig. 19. Numerical model of pullout of smooth prismatic LCR: (a) comparison between numerical and experimental stress-slip curves, and (b) evolution of the cohesive-surface
damage at the steel-concrete interface. (Damage results are plotted for a parallel view of the interface, with hidden LCR elements. Results plotted for reference states denoted as
state 1 to state 4, corresponding to values of 0.04, 0.11, 0.17 and 3.00 mm, respectively.).

» The width of prismatic laser-cut strips has minimal impact on the
bond strength of LCR. Hence, the bond capacity of a particular
plate appears to increase approximately in a linear manner with
its width, w. This observation can be elucidated by considering
that both chemical adhesion and friction provide shear stresses
that are roughly proportional to the contact area.

Ribbed LCR develops significantly higher bond capacity than
the other geometric features and surface-roughening treatments
considered in this study. Specifically, the introduction of ribs can
boost the bond capacity by approximately six times in comparison
to smooth LCR. The analysed bond-enhancing features can be
ranked based on their bond performance as follows: (i) ribs, (ii)
perforations, (iii) ribs and perforations, (iv) surface roughening
and (v) steel prime coating.

LCR with a rib spacing of 18 mm exhibited greater bond strength
compared to LCR with rib spacings of 9 mm and 36 mm. These
results suggest that an optimum rib spacing exists. This trend can
be explained by the fact that an excessively small spacing can be
linked to poor concrete compaction in the regions between adja-
cent ribs. Additional research is necessary to verify the underlying
mechanisms involved.

The bond strength of ribbed LCR appears to be independent of
plate thickness. The observed trend can be attributed to two
factors: (i) the thickness of the plates has minimal effect on the
lateral surface available for chemical bond and friction stress
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generation, and (ii) even the thinnest plate considered in the
study is thick enough to avoid punching failure of the concrete
surrounding the ribs, allowing full development of interlocking
mechanisms.

The bond performance of the tested LCR generally falls between
that of conventional smooth and ribbed rebars. Although none of
the configurations fully met the Eurocode requirements for bond
strength, ribbed specimens came close. This suggests that slight
improvements, achieved via further optimization or the adoption
of an adequate bonded length, would make them suitable for
standard applications. While the tested plates showed relatively
low bond strength for traditional structural use, they could be
effective in pre-assembled reinforcement cages with steel-to-steel
joints, potentially achieving sufficient anchorage to the concrete
through hook mechanisms.

Additionally, this work has introduced a numerical simulation

framework to gain insights into the mechanisms that influence the bond
behaviour of ribbed LCR. The combination of numerical findings and
experimental observations have led to the following conclusions:

+ Ribbed LCR shares shear transfer mechanisms with traditional
ribbed rebars. At low levels of slip, shear forces are mainly trans-
ferred through chemical adhesion and mechanical interlocking.
When the chemical adhesion reaches its limit, debonding oc-
curs, and stresses are then primarily transmitted through friction
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Fig. 20. Numerical model of pullout of ribbed LCR: (a) comparison between numerical and experimental stress-slip curves, (b) evolution of the cohesive-surface damage at the
steel-concrete interface, (c) evolution of tension damage in the concrete and (d) evolution of compression damage in the concrete. (Damage results are plotted for a parallel view
of the interface, with hidden LCR elements. Results plotted for reference states denoted as state 1 to state 4, corresponding to overall slip values of 0.17, 0.22, 1.32 and 7.44 mm,
respectively.).

and mechanical interlocking. With higher slip levels, mechanical thus have a significant impact on the initial stiffness of concrete

interlocking becomes the dominant mechanism for shear trans- structures reinforced with ribbed LCR.

+ The proposed modelling framework can potentially be employed
to explore new configurations before or alongside mechanical

contribute to the initial stiffness of the concrete-to-steel bond. testing. Preliminary assessments of bond-slip behaviour can sub-

Surface treatments to enhance chemical adhesion and friction can sequently inform simplified models for larger scales, enabling

fer. In ribbed LCR, chemical adhesion and friction mechanisms

17
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thorough evaluation of the structural implications of parameter
changes before mechanical testing of prototype LCR specimens.
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