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Reinforced concrete beam (RCB) elements show low mechanical performance when interfacial
bonding strength (IBS) is not well controlled. New tailorable material-structure arrangements -
Metamaterials - offer solutions to the IBS problem. This paper analyzes the mechanical characteristics
of IBS on RCBs for reinforced cement mortar containing Metamaterial bars (MMB) that were machined
from SAE 1020 Carbon steel. Each MMB has a stepped geometrical shape, with a cylindrical bar
divided into equal-length segments, along with a ’rise height’ (p) change. Four geometries were
defined, i.e., RO— Smooth bar, R/— p = 0.lmm, R2— p =0.3mm and R3— p=0.5mm. Three-point
flexural strength tests were performed on the RCBs to determine the maximum bond strength (ML)
between the MMB and cement mortar. Images of interfacial regions were obtained using SEM and 3D
Roughness Reconstruction software to calculate the average roughness (Ra) and the roughness height
(Rz). The reinforcement MMB geometry had a significant impact on the ML results, particularly on
the first crack strength and the failure mode. The R3 geometry ML values were higher than the other
tested geometries (44.5%). The results of the scale models are encouraging and offer a novel and
prospective direction for further experimental and even numerical Metamaterial research to improve

interfacial bond strength.
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1. Introduction

Metamaterials are artificially structured materials
with mechanical and physical properties that generally
counterintuitive. They are often purposefully tailored to
achieve specific target design goals. Metamaterials have
been defined by Bertoldi et al.!, as periodically arranged
building blocks that exhibit properties and functionalities
superior than those conceived solely by their constituent
materials (or combinations between them).

Recent advances in manufacturing technologies, e.g.,
fused deposition modelling; selective laser synthesize; two-
photon lithography; 3D printed patterns for metal casting;
amongst others - have led to real-world implementations
for Metamaterials in a number/variety of engineering fields.
However, most research has focused on physics** and
mechanical engineering applications'*¢. For this reason,
civil engineering applications remain open to question/
investigations, and therefore warrant closer examination.

Most literature on Metamaterials applied to civil-
engineering has been limited to three main research topics,
i.e., mechanical vibration damping’?, printing concrete®!° and
seismic shields'"'?. Very few studies have investigated

*e-mail: mvgelfuso@unifei.edu.br

Metamaterials for reinforced concrete. Farina et al."* and
Farina etal.'*, pioneered a study that used rebars with surfaces
designed using Metamaterials to improve the mechanical
performance.

The proposed Metamaterial bar geometry seeks to
improve the strength of reinforced concrete via geometric
manipulation, while also proposing Metamaterials that can
be feasibly manufactured.

1.1. Metamaterials in reinforced concrete

Some studies have examined using Metamaterial structures
in anchors'>!'%, composite structures, and reinforced concrete.
Research on reinforced concrete seeks to offer improvements
to composite structure strength via improved roughness or
chemical adherence, or by adding ribs'”!". Other studies
are also being carried out on Metamaterial structures for
sandwich panels®, or by modifying the concrete matrix®'.

Some research in reinforced concrete'>'?? has studied
using rebars with Metamaterial surface designs to improve
mechanical performance. The authors developed high energy
absorption capacity designs by increasing the interfacial
bonding strength (mortar-reinforcement), and designing
reinforcement surface roughness with additive manufacturing
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technique. Farina et al.’>!'* analyzed the effect of geometrical
shapes on surface roughness, and proposed a variety of
superficial geometries for both polymeric and metallic bars.
It is worth noting that'!4, flexural tests, and microscopic
characterization of fiber surfaces, were performed after the
beams were tested and broken, in both studies.

As cited in literature?*?*, there have been no conclusive
studies on Metamaterial designs for use as concrete
reinforcements with non-linear characteristics. Literature
shows that it is possible to interfere with or improve the
reinforced concrete or composite structures strength by using
Metamaterials. However, to the extent of the our literature
review, there are no studies testing using Metamaterials to
construct the geometry of reinforcing bars.

1.2. Reinforcing concrete iteration: bond

From the beginning of the twentieth century, conventional
rib rebars have increased interfacial bond strength®. Stress
distribution was first analyzed by Watstein**?’, and steel bar
and concrete slip resistance was studied via bending tests?.

Several studies have shown that there are different factors
that influence the steel-concrete interface?. Particularly,
Angst et al.”, showed that some factors can significantly
influence RC structural and durability performance.

The reinforcing-to-concrete bond allows longitudinal
forces to be transferred from the bar to the surrounding
concrete. This interaction is analyzed via the bond strength,
Maximum Load (ML), and when this is not a good factor the
weakest structure point can be used?’”. Bonding performance
for conventional steel ribs rebar can be obtained by
appropriately combining height and rib spacing (s, ), and
bar diameter (d, ) using the "bond index” f,, or “relative rib
area” (f, =A,/(nd, s,))”". In general, higher bond strengths
can be defined by increasing the rib diameter (increasing
area). In order to study the bond for reinforcing concrete
without ribs, we have proposed a new geometry for the
rebar; naturally increasing the concrete volume between
geometrical parts, to improve the ”bond index” consequently
leading to better performance.

Reinforcing-to-concrete interaction is determined via
the bonding strength. It is well known that this is poorly
controlled, as RC elements have low mechanical performance.
Traditionally, bonding strength is controlled by the using
long steel reinforcing bars with a ribbed surfaces.

According to Tepfers et al.”’, several technological
aspects come into play for interfacial bonding strength, e.g.,
concrete cover, clear space between the bars, number of bar
layers and bundled bars, casting direction with respect to the
bar orientation, bar placement with respect to the free fluid
concrete surface, the roughness surface, chemical adhesion,
and micromechanical interaction. The authors also reported
on other less intuitive parameters, e.g., the Poisson ratio, the
bar size or loading-time history, among others. However,
most studies were conducted for the roughness surface and
chemical adhesion areas. To the best our knowledge, there
have been no studies in the field on tailored Metamaterial
cells for increased (or improved) bonding strength.

! AR is the area of the projection of a single rib.
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Further information on interface strength between
concrete and different kinds of reinforcements can be found
in studies by Chang et al.**, Nematzadeh and Ghadami®',
Rahdar and Ghalehnovi*?, Dai et al.*}, Kwak and Kim** and
Chang et al.*°, among others.

This paper proposes improving the interfacial bonding
between mortar and reinforcement by employing a novel
reinforcement geometry, which is known to benefit from
the horizontal directions of the bending normal stresses.
Our proposed Metamaterial cell is a cylindrical stepped bar
divided into N segments of constant cross-section of equal
length, with alternating peak diameters located lengthwise
at every distance “d”, as shown in Figure 1.

More specifically, this proposed geometrical configuration
provides a direct restriction of the normal bending stress as
aresult of the increased contact area (especially if compared
to a uniform cross-section bar). This particular feature results
in improved bonding strength, given the effects of the whole
Metamaterial shape, rather than just surface roughness control.

2. Experimental Procedure

In this study, the interfacial bonding between the mortar
and reinforcement was analyzed using three-point flexural
strength tests (or the three-point bending flexural test), based
on ASTM C1018% to calculate the flexural strength and the
average rupture modulus , under displacement control (with
arate of 0.5 mm/s) according to Farina et al.!3. It is important
to note that Farina et al.'® and Farina et al.'*, are among the
few who have explored the effects of geometrical shapes
on surface roughness, using superficial geometries for both
polymeric and metallic bars in interfacial bonding strength.
Thus, to compare our results with data from literature, we
have used the same methodology based on ASTM C1018% to
calculate flexural strength and the average rupture modulus.

The bending strength tests were carried out primarily to
determine: (a) the maximum bond strength (ML) between
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Figure 1. Illustration of Metamaterial reinforcement bars: cross
section XY and YZ section.
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the Metamaterial bars (Carbon steel SAE 1020) and the
cement mortar; (b) the first crack strength; and (c) the fracture
toughness. It is worth mentioning that all prismatic mortar
beams (sizes 40 mm x 40 mm x 160 mm) were fabricated
with a target compressive strength of 8 MPa'.

The specimens were reinforced with four different types
ofbars, each 160 mm in length (L). Each reinforcement cell
features a stepped geometrical shape, i.e. a cylindrical bar
divided into equal-length segments of constant area, with
a horizontal distance at 15 mm between alternating peaks
of the two designed cells, which was repeated for all bars;
The ’tread depth’ was constant (b = 2.5 mm), and the ’rise
height’ (p) change. Four kinds of geometries are defined:
RO— Smooth bar, R/— p = 0.1 mm, R2— p = 0.3 mm and
R3—p=0.5 mm. These are shown in Figure 1.

Furthermore, the microstructural morphology aspect of
the reinforcement surface was analyzed using a Scanning
Electronic Microscopy (SEM) to examine the mortar adhered
to the reinforcement. The SEM image placement was
previously selected by optical images. The optical camera was
activated, and the image was displayed on a main viewing
window screen. Then, the sample that would be magnified
on the main viewing window (SEM images) was displayed
on the optical overview window. Three-dimensional images
(3D images) and sub-micrometer roughness measurements
were generated using the 3D Roughness Reconstruction
software (Phenom PRO-X). The average roughness (Ra),
and the roughness height (Rz) were calculated using the
software’s built-in features.

Twelve metallic bars, three for each model RO, R1,R2 e
R3 (Figure 1) were manufactured using a classical lathe
turning process (refer to Figure 2), since this technique
allows for a more practical and industrial approach. It is
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(a) Steel bar

(b) Cross section

Figure 2. Photographs of 3D Metamaterial reinforcement bars.

also worth mentioning that the reinforced material volume
of all the specimens was kept constant.

2.1. Limitations

The experimental results reported herein should be

considered in the light of some limitations/caveats:

e Concrete beams weren’t used, and all prismatic
mortar beams were fabricated as a reduced-scale
models, with a target compressive strength at 8
MPa, as per Farina et al.'?;

e The interfacial bonding between the mortar and
reinforcement was analyzed using three-point
flexural strength tests based on ASTM C1018, as
per Farina et al.'®, with a limited number of tests;

e It is also worth mentioning that the reinforced
material volume for all the specimens remained
constant; and

e Variations in roughness from manufacturing were
not considered.

3. Results and Discussions

Typical Failures-Flexure are shown in Figure 3a and the
failure modes of the tested reinforced beams, R/ —1,R2—1e
R3—1, are shown in Figure 3b to 3d. Failure processes with
synchronized picture and video for the load-deflection curve
forRO—1,RI1—3,R2—2,and R3 — 2, are shown in Figure 4.

The RO beams showed flexural crack debonding in the
region where bending moment reached its maximum, and the
principal tension exceeds the material’s tensile strength®, which
is typically characteristic of beams with low-reinforcement
ratios. By contrast, beams R/ and R2 show shear-type
mixed-mode failures, combined tension and shear stresses,
whit cracks propagating approximately perpendicularly to
the principal stresses regions, where the shear-loading is
negligible®®. Beams R3 showed a shear-type failure, with
a diagonal crack propagating from the boundary to the
application point of the vertical load. Detailed information
on the influence of the bonding strength on failure modes
can be found in Kotsovou and Kotsovos™.

3.1. Maximum Load (ML)

In this study, we considered that the ML is reached just
before crack onset'. Referring back to Figure 5, one can
see that the unreinforced beam withheld a ML at roughly
900 N. One can also see that the ML for the R0 geometry
ranged from 1600 N to 2700 N, while these values ranged
from 2000 N to 2400 N for the R/ configuration. Similarly,
the R2 geometry showed a ML range at 2100 N < ML(R2)
<2600 N, while this range was 3100 N <ML(R3) <3200 N
for R3. In summary, the average ML for each configuration
was 2148.07 N for R0, 2145.57 N for R, 2374.1 N for
R2and 3107.23 N for R3, respectively, as shown in Table 1.

The results in Table 1 show that, contrary to what
was expected, the ML for reinforced beams with R/ and
R2 geometries did not improve significantly compared to
R0. However, this may be due to the high standard deviation
(SD) with the RO geometry, although the R3 geometry
ML value was higher than the results of the other tested
geometries. Considering the lower ML value for each
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Figure 3. Typical failures-flexure and results for R1-1, R2-1 e R3-1.
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Figure 4. Synchronization between pictures of video and load-deflection (or vertical displacement) curve.
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geometry, to compare the carrying capacity before crack
onsets, we noted that the ML with R3 was approximately
twice the ML with RO.

The Load-deflection curves of all the specimens with
different reinforcement geometries (including the unreinforced
beam) are shown in Figure 5, detailing the applied force
(vertical axis) versus the mid-span deflection (bottom
horizontal axis) and the loading time (top horizontal axis).

Analyzing the failure mode shown in Figure 5, one can
see that the unreinforced beam collapsed quickly after crack
onset. By contrast, this was not observed for the reinforced
bars. For the R0 geometry, all curves exhibited widely varying
behavior. The RO — 1 specimen showed a sudden drop in
the carrying capacity, immediately after the crack onset,
followed by a hardening interval with an almost constant
slope. The R0 — 2 showed a load drop after the crack onset,
a wide hardening interval with a moderate slope; and a
softening branch before failure. The R0 — 3 showed a small
hardening branch, and a quick load drop before failure.

All curves for R0 specimens showed a marked load
drops after crack onset. The R/ and R2 curves showed a
drop in carrying capacity after crack onset, followed by a

hardening branch with smoother slopes, a second load drop
and a softening branch before the failure. Reinforced beams
with the R3 geometry showed a load drop after crack onset,
and a hardening branch with a slight slope. This leads us
to conclude that the slope of curves after crack onset, for
R1, R2 and R3 geometries, were smoother than the curves
for RO specimens.

3.2. First crack strength

We took approximate first peak in the Load-deflection curve
to define and locate the first crack in the tests. The average
rupture modulus® was also taken into account in this study,
as shown in Figure 6, to calculate the flexural strength.

According to Figure 3d, because most fractures occurred
on the tension surface, within the middle-third of the span
length, we calculated the rupture modulus using the following
expression: R = PL/(bd? ) as per Test Method C— 78; where
P=maximum applied load, L = span length, b =average width
and d = average depth of specimen at the fracture. Using this
data, we inferred that R, , R, and R, resulted in no significant
differences, while R, had the highest value (44.5%).

Table 1. Left - ML: Average of Maximum Load and SD: Standard Deviation. Right - ML for each test.

ML (N)
SD = 63.6, R3= 3048.6 3174.9 3098.2
2139.5 2608.7
B SD =210.8, R1=
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Figure 5. Force vs. vertical displacement (or load-deflection) curves of all the specimens.
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3.3. Fracture toughness

The ASTM C1018% specifications were adapted for the
materials used in this study. Then, the energy absorption
capacity for the reinforcements beams was obtained via:
I = A5 = 38)/A(d), where A(8) denoting the area under
the load-deflection, from the origin, up to the mid-span
deflection (8), which corresponds to the first crack load of
the specimen, while A(3 = 39) represents the area under the
curve, which corresponds to 39.

Figure 7 gives a measure of the relative energy absorption
capacity for each reinforcement beam, while Figure 6 (b)
gives the mean values for specimens for each morphology
surface group (RO, R1, R2, R3).

Disregarding the discrepant value of specimen R0 — 2,
it is worth noting that most of the average values for energy
absorption capacity, represented by index I, showed gradual
reductions as the step height grew, as showed in Figure 5.
The results also indicate that R3 beams had smooth behavior
after the first crack, up until rupture (Figure 5), presumably
indicating better bond strength.

The results from Figure 8, 9, and 10 show that reinforced
specimens have increased energy absorption capacity compared
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to unreinforced specimens. One can see that the reinforced
beams R3 exhibited larger toughness values compared to the
other reinforced mortar beams. This is shown in Figure 5,
where the reinforced beams R3, R2 and R/ were benchmarked
against the smooth reinforced beam (R0). The reinforced
beams examined in this study showed high toughness and
residual resistance in the first post-crack regime, followed
by brittle behavior for large deformations. However, most
reinforced specimens showed flexural collapse after 59,
resulting in more deflection.

3.4. Surface microscopy analyzes of meta-
reinforcement

Figure 11 gives the nomenclature for the microstructural
images of the observed areas using the SEM technique.
Regions A, B, C and D define the steps, the regions AB,
BC and BD area between steps.

Figure 12, 13 and 14 show micrographic images and the
3D roughness reconstructions for the R, R2 and R3 specimens.
Regions A, B, C and D (defined as steps) were almost free
of mortar, for specimens R/ (Figure 12a and 12b) and
R2 (Figure 13a and 13b), while regions AB, BC and BD
(representing areas between the steps) showed a slight mortar
accumulations. A significant difference was observed for the
specimen R3 (Figure 14a and 14b). When comparing R/ and
R2, the optical and SEM images showed that R3 surface had
the most mortar buildup. The SEM characterization for the
R3 morphology showed that the built size of the macroscopic
reliefs of these specimens caused notable mortar anchorage,
especially on CD regions, promoted by larger contact areas.
The images from the 3D roughness reconstructions for all
the specimens (12, 13 and 14), give lines traced to obtain
Rz and Ra values (Table 2). The Ra and Rz values were
obtained from 3 lines traced on surfaces of the metallic bars
(R1, R2 and R3) at the very instant that the SEM images
were observed.

The modest increase of Rz for R/ specimens is related
to the fact that this bar has very smooth steps, which were
insufficient for anchoring mortar, but there was enough
roughness to be detected by Rz analyzes. No relevant change
was observed to the Ra or Rz parameters for R2 and R3 bars.
The steps were sufficiently filled with mortar to leave the
bar surfaces relatively plane in both cases.

However, the Ra and Rz values cannot be used to
explain the high mechanical strength observed for specimen
R3 (Figure 15). Nevertheless, SEM images show a significant
buildup of mortar, resulting from the R3 geometry. This
effect can be attributed to the role played by the vertical
reinforcement step, which is directly opposed to the normal
mortar stress, stopping mortar slippage, resulting in improved
anchorage between Metamaterial reinforcement bars on the
matrix interface.

4. Summary and Conclusions

In this study, we experimentally investigated and
analyzed the interfacial bonding force, between mortar and
reinforcement in RC beams, given the need to extend the
state-of-the-art on Metamaterials applied to civil-engineering.

c.CD,
~ D

[T

AB.B

A.B:
| o

L [

Figure 11. Nomenclature used to define the different parts of the
meta-reinforcement surface.
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to obtain R. and R, values,
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(a) Optical Images () SEM images, 350x

Figure 12. 3D roughness reconstruction of R1.
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(¢) Lines traced on surfaces

‘ ) ] _ ~ (c) Lines traced on surfaces (a) Optical Images (D) SEM images, 350x (0 obtain R. and R, values,
(a) Optical Images ~ (b) SEM images, 350x to obtain R, and R, values, 350x
350x
Figure 13. 3D roughness reconstruction of R2. Figure 14. 3D roughness reconstruction of R3.

Table 2. Average roughness (Ra) and the roughness height (Rz) in surfaces defined in Figure 11.

Surface Rz (um) Ra (um)
R1 R2 R3 RI R2 R3
A 7.74 6.73 4.66 1.22 1.00 0.50
AB 7.63 5.72 7.74 1.23 0.94 1.15
B 8.02 6.99 8.37 1.20 0.96 1.30
BC 6.69 6.72 6.80 0.98 1.05 0.82
C 7.60 6.38 7.12 1.16 0.96 0.95
CD 9.23 7.29 7.44 1.67 1.09 1.10

D 9.10 6.47 8.80 1.56 0.75 1.38
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Figure 15. Surface morphology, isometric view for regions: AB,
BC and CD of R3.

This study sought to improve the interfacial bonding
strength for reinforced concrete by controlling rebar geometries
using the Metamaterial concept.

The classical lathe turning process was used to manufacture
metallic bars, since it is practical and efficient, considering
the geometry studied, and the scale models.

The proposed Metamaterial geometry acts as an obstacle
to compression in flexural tests.

The beams showed improved performance for maximum
load and rupture modulus as the ‘rise height’ increased.

The average ML value was significantly higher in
bars reinforced with R3 geometry compared to R0, R1 and
R2 geometries. The relative increase of ML to R3 was about
44.5%, relative to RO. This indicates that ML was strongly
influenced by the geometry, and that the R3 geometry tends
to increase the interfacial bonding force.

The curve slopes were smoother (applied force vs. mid-
span deflection) after crack onset for geometries R/, R2 and
R3, than for R0 geometries, which had a steeper slope (sudden
drop) after crack onset. Furthermore, the failure modes for
beams with different reinforcement geometries indicate a
transition in crack patterns, from flexural failure mode for
RO specimens, through a shear failure mixed-mode for the
R1 and R2 beams, to a shear failure mode for R3, suggesting
that the geometry used as reinforcement in RC beams, and
its scale, can strongly influence interfacial bonding.

The Ra and Rz parameters did not provide significant
information for understanding increases to mechanical
strength observed for R3 specimens. However, the SEM
images showed mortar buildups constrained by the vertical
step in the reinforcement bars, which are directly opposed

to the normal mortar stress, preventing slipping between the
mortar and reinforcement.

Given the importance of improving interfacial bonding
strength, the results presented in this paper using Metamaterials
are encouraging, and offer a novel prospective direction
for using RC beam top reinforcements. More research
and innovation are needed to improve interfacial bonding
strength via Metamaterials. Further experimental and
numerical models should be the subject of future research,
to analyze the geometrical parameters and their influence
on the interfacial bonding strength.
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