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Abstract
With the rise of interest in digital fabrication of reinforced concrete structures, a great number of structural concrete designs 
that depart from standard prismatic shapes are being suggested. This has prompted an exploration of steel reinforcement 
strategies that are alternative to the classical deformed or “ribbed” rebars. One such is to cut internal reinforcement from 
steel plates using a waterjet cutting machine. Advantages of automated waterjet cutting steel reinforcement include high 
precision and accuracy, and minimal expense for increasing the complexity of (2D) reinforcement layouts. However, it is 
not known how the application of ribbing patterns along the cut edge of reinforcing bars affects the steel–concrete bond. 
This work conducts experimental pullout tests of waterjet-cut steel plate reinforcement with three different ribbing patterns 
and compares the bond strength with equivalent classic rebars. Two of the tested geometries averaged within 90–91% of the 
pull-out force of conventional rebar, demonstrating viability of this alternative reinforcement method.

Keywords  Waterjet · Ribbed geometry · Reinforced concrete · Bond strength · Alternative reinforcement · Experimental 
testing

Introduction

Digital fabrication is a process in which structures are built 
with highly precise, computationally controlled machines, 
rather than manual labor. Examples related to construction 
include but are not limited to additive manufacturing or 3D 
printing structural components with steel [1], computer-
numerical-controlled (CNC) milling of concrete formwork 
[2], and robotically mediated placement of masonry blocks 
[3]. Here, 3D printing refers to the process of placing mate-
rial layer-by-layer with high precision to build a structure. 
For many applications, digital fabrication technologies can 
offer appreciable advantages over traditional methods, such 
as more rapid construction, precise geometry, efficient mate-
rial placement, and greater freedom of design [4–6].

Concrete design has received considerable attention 
in applications of these digital fabrication technologies, 
likely due to it’s ubiquity in the construction industry, 

and it’s highly-formable nature as a structural material. 
While much of this work has gone into the development 
of 3D printed concrete (see e.g. review in [7]), many other 
digital fabrication methods have been applied. Examples 
include direct extrusion of monolithic concrete members 
[8], CNC knit flexible formworks [9], and 3D printed 
formworks for conventional concrete casting [10]. How-
ever, although most modern concrete construction relies 
on integrating internal reinforcing steel (rebar) within the 
concrete elements, there is not yet consensus on the most 
effective way to include steel as reinforcement for digi-
tally fabricated concrete (DFC).

Many strategies have been suggested for reinforcing 
DFC. Asprone et al. [11] offer a thorough review outlining 
the state of the art on DFC reinforcement with particular 
emphasis on steel reinforcement strategies for concrete 3D 
printing. Although reinforcement strategies using fibers or 
alternative materials merit interest, the discussion in this 
paper is limited to using larger steel components as the rein-
forcing phase.

Many reinforcement strategies for DFC rely on the use of 
conventional rebars. A popular technique is to place tradi-
tionally manufactured rebar directly into the concrete mem-
ber, if the fabrication method allows for it [12, 13]. Equally 
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popular is the strategy of placing rebar or steel tendons into 
voids left in a 3D printed concrete structure, which are then 
filled with conventional concrete to bond the steel to the sur-
rounding printed structure [14–16]. Other strategies include 
Asprone et al. [17] that suggest using voids for anchoring 
external reinforcement to provide added flexibility in how 
the reinforcement bars are arranged, and Baz et al. [18] that 
place rebar directly into 3D printed concrete between print 
layers. However, while using conventional rebars for rein-
forcement in DFC benefits from the use of available low-
cost construction components, they do not leverage the high 
degree of design freedom afforded by digital fabrication.

Some research has therefore been conducted on digi-
tal fabrication and 3D printing of the reinforcing steel itself 
[19–21]. Mechtcherine et al. [19] suggest 3D printing steel 
reinforcement for use with 3D printed concrete. This technique 
demonstrates a steel–concrete bonding quality similar to that 
of conventional steel reinforcement. However, the steel bars 
exhibit a 20% loss in yield stress and tensile strength compared 
to conventional rebars, and the time required for such fabrica-
tion is long and likely prohibitive. Although the authors do 
not state an average fabrication rate, they note that a waiting 
period of 30 s is required between 0.2 mm thick layers, mean-
ing at least 25 min per 1 cm of reinforcing steel. Hack et al. 
[20] robotically assemble an external reinforcing mesh into 
which concrete is poured, for use as a curved wall with com-
plex geometry. Bos et al. [21] use reinforcing steel wire that is 
placed simultaneously during a concrete 3D printing process, 
and tests the bonding efficacy. The pull-out strength of the 
reinforcing wire is found to be comparable to that of smooth 
rebar manufactured without surface deformations.

In addition to the direct application of digital fabrication for 
full scale structures, using 3D printed reinforcement for small 
scale physical models and prototypes is suggested by Del Giu-
dice and Vassiliou [22], as this allows researchers to investigate 
and understand the structural behavior through easily repeatable 
physical models. While physical small-scale models have been 
used to study masonry behavior [23], and rock mechanics [24, 
25], scale modelling of reinforced concrete prototypes has only 
been suggested as recently as 2011 [26]. As in other fields, rapid 
and reliable prototyping and experimental testing of construc-
tion components can help evaluate the efficacy of new design 
methods, or applications. With the rise in interest of DFC, scale 
testing of construction components is of increased relevance. 
However, using existing steel printing technologies, prototype 
models are currently restricted to small scales, e.g. in the order 
of 1:40 as in [22], or full structural scale.

As an alternative to 3D printing of the reinforcing steel, 
this paper explores the use of reinforcement that has been 
cut from steel plates with a waterjet cutting machine for 
DFC. While the practice of using steel plates to reinforce 
concrete structures dates back to the mid 1970s, steel plates 
have primarily been used externally to retrofit and stiffen 

existing elements through epoxy bonding to an outer sur-
face [27]. Precision-cut steel plates have been explored in 
only limited capacities by engineers for applications in DFC. 
Recent examples include the use of  laser-cut steel plates 
that are welded together and used as shaped form-works 
[28], and use by the authors and others of waterjet-cut (WC) 
steel plates as internal reinforcement in shaped reinforced 
concrete beams [29–31]. Cutting reinforcement from steel 
plates permits extraordinary design freedom for applications 
where non-uniform reinforcement may be desired. Although 
confined to a constant out-of-plane thickness, diverse in-
plane member thicknesses, lengths, arrangements, and con-
nectivity can be cut with high precision from a single plate 
(provided the plate and waterjet cutter are sufficiently large).

However, because of plate steel’s smooth surface, it’s bond-
ing properties with the surrounding concrete must considered. 
Traditional rebar has deformations or “ribs” that allow for 
mechanical interlocking with the concrete, vastly improving 
bond strength [32]. Experimental work has shown the geom-
etry of traditional rebar ribbing can influence the bond charac-
teristics [33]. Thus, it may be advantageous to overlay a ribbed 
pattern onto WC steel plate reinforcement, to act similarly to 
the deformations along standard rebar. Because these ribs 
would only be active along one dimension of the steel, rather 
than surrounding the entire rebar member, consideration of 
how best to design the pattern is of tantamount importance. 
Provided the ribbing can be designed to ensure a sufficient 
steel–concrete bond strength, WC reinforcement offers some 
advantages over current steel reinforcement construction meth-
ods, particularly for reinforcing geometries of high complexity 
and for medium-scaled physical prototypes.

Therefore, this paper seeks to experimentally explore the 
effect of applying different ribbing patterns on the steel–con-
crete bond strength of WC plate reinforcement. Pullout tests 
are performed on internally reinforced concrete specimens 
with both conventional rebar and WC steel plates. Three 
different ribbing patterns are applied to the steel plate rein-
forcement. The maximum pullout force is recorded, and the 
bond strength of all tested specimens is calculated and com-
pared. In addition, the observed formation of cracks after 
test completion is evaluated to suggest future strategies for 
improving the bond strength.

Experimental procedure

Reinforcement design and preparation

The bond strength was evaluated herein for four different 
reinforcing steel configurations: (i) regular ribbed rebars, 
and WC steel plates with ribbing patterns in the shape of (ii) 
isosceles triangles, (iii) semicircles, and (iv) inverse semi-
circles. The rebars were Grade 40 No. 6 bars with Ø19mm 
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(Ø 0.75 in) and a yield strength of 275.8 MPa (40 ksi) manu-
factured to meet ASTM A615 standards. The steel plates 
were 304 stainless steel of 1.27 cm (0.5 in) thickness with a 
yield strength of 206.8 MPa (30 ksi) meeting ASTM A276 
standards. The difference in yield strength was not assumed 
to be impactful to the experiment, as the specimen were 
designed to reach steel–concrete bond failure before the steel 
would yield. This is discussed further in Sect. 4 with the 
results of the experiment.

Figure 1 shows schematics of the three WC reinforce-
ment types and gives examples of all used reinforcement 
configurations. The isosceles triangles pattern has previously 
been used by the authors [31], while both circular patterns 
were added to investigate potential benefits of curvature and 
concrete interlocking. All WC designs had the same cross-
sectional area of the standard rebar (Ø 19 mm) of 2.83 cm2. 
Because the steel plates were manufactured with a thickness 
of 1.27 cm (0.5 in), the width of the minimum section was 
chosen as 2.24 cm (0.88 in). The ribbing patterns all used 
the same height of 0.5 cm and depth of 1.0 cm.

Cutting models were prepared in Rhino and fabricated 
using an OMAX CNC-controlled waterjet cutting machine. 
The machine works by selectively eroding stock material 
with a precisely targeted stream of high-pressure water 
mixed with an abrasive material, which in this case was 

Garnet sand. The stream is fixed to a 3-axis gantry system 
which is moved computationally according to the digital files 
provided by the designer. The OMAX was programmed to 
run at a low quality level, indicating a fast speed, low preci-
sion, and high taper cut. This setting was chosen to reduce 
cutting time and create a rougher cut to improve the bonding 
between the concrete and steel. Three samples for each of the 
four rebar test types were prepared, resulting in 12 reinforce-
ment samples of which nine were digitally manufactured.

Experimental setup

This work used the test configuration in Fig. 2 to evaluate 
bond strength. The experimental approach was similar to 
the methodology in [34, 35] and evaluated in-depth by Chu 
et al. in [36]. A reinforcing steel member was placed inside 
a concrete cylinder. Vertical displacement was applied to the 
steel reinforcement at a constant rate of 5 mm/min (0.197 
inches/min) until failure. A flat stabilizing plate at the top 
of the concrete cylinder holds the cylinder in place by pre-
venting upward movement of the concrete sample. Applied 
force and steel displacement were measured simultaneously 
throughout the tests.

Fig. 1   (a) Dimensions of the 
plate rebar geometries, and (b) 
images of the steel reinforce-
ment types. Top to bottom 
order: Circle cut, inverse semi-
circle cut, triangle cut, and typi-
cal ribbed No. 6 reinforcement

(a)

(b)
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In addition to the pullout tests, uniaxial compression 
tests were conducted to measure the compressive strength 
of the concrete. A sample compression rate of 60 kN/min 
(13.5 kips-force/min) is used. All testing was performed 
on a Baldwin Universal Testing Machine.

Concrete casting

To prepare the reinforced concrete test samples, the rein-
forcement specimens were placed in cylinder molds and 
27.6 MPa (4,000 psi) Quikrete concrete mix meeting ASTM 
C 387 compressive strength requirements was cast into the 
mold. Twelve large cylinders measuring 15.2 cm × 30.5 cm 
(6 in × 12 in) were used. The rebar testing molds were only 
filled to a height of 22.9 cm (9 in). For each sample, two equi-
lateral triangular wooden plates of thickness 1.3 cm (0.5 in) 
were manufactured, whose vertices were rounded and defined 
by a circle of diameter 15.2 cm (6 in) (see Fig. 3). These fit 
snugly within the rebar test cylinder molds. Circular holes 
were drilled at the center of these triangles to make a tight fit 
around the rebar samples, holding them in place.

Two concrete batches were prepared for the experiments. Three 
small 10.2 cm × 20.3 cm (4 in × 8 in) cylindrical molds were cast from 
each batch to test the plain concrete strength. All rebar types were fab-
ricated with at least one sample from each of the two concrete batches.

All samples were hydrated while curing to limit cracking. 
After 21 days, the samples are demolded and tested, with the 
bottom wood plate kept in place during the tests.

Calculation of bond strength

Maximum bond strength u
m

 of ribbed rebar has classically 
been calculated using the following formula [37]:

where U is the force per unit length and Σ
o
 is the sum of 

the perimeters of the bars developed at a section. For this 
experiment, U = F

/

l
 , where F is the ultimate load at fail-

ure and l is the embedded length of the rebar, and Σ
o
= P

s
, 

where P
s
 is the perimeter of a section of the reinforcing bar. 

For typical rebar,P
s
= �d , where d is the diameter of the 

steel. For these experiments, No 6 rebar was used, giving 
P
s
= �(19 mm) = 5.98 cm . Because the WC samples were 

designed to have equal cross-sectional surface area, their 
perimeter is different, with P

s
= 7.08 cm . All section areas 

and parameters are summarized in Table 1.

(1)u
m
=

U

Σ
o

=
F

(l)(P
s
)

Fig. 2   Pullout test configuration

Fig. 3   Testing mold configuration for rebar samples
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Results and discussion

Experimental results

The results of the compressive concrete tests showed that 

the ultimate strengths of concrete batches 1 and 2 were 
33.6 MPa (4.87 ksi) and 32.4 MPa (4.70 ksi) respectively, 
a 4% difference in strength from each other and 21% and 
17% higher than the expected strength of 27.6 MPa (4 ksi).

The results of the pullout test experiment are shown in 
Fig. 4 that gives the load–displacement curves for all tested 
samples, grouped by reinforcement type. All results show 
a linear elastic response followed by a rapid failure. The 
graphs show no indication of plateauing before failure, 
which suggests that none of the steel has yielded before 
the failure of the steel–concrete bond. Sudden dips in the 
force–displacement curves suggest poor bonding between 
the concrete and reinforcing steel, as they may indicate slip-
page between the concrete and rebar, or microcracking at the 
material interface. The specimens with standard rebar and 

Table 1   Effective cross-sectional areas [cm2] and cross-sectional 
perimeters [cm] of the four reinforcement types

Typical Triangular Inverse semi-
circular

Circular

Area, As 2.83 2.84 2.84 2.84
Perimeter, Ps 5.98 7.08 7.08 7.08

(a) (b)

(c) (d)

Fig. 4   Experimentally obtained load versus displacement for all pullout test samples (a) typical rebar; (b) triangular; (c) Inverted Semicircular; 
(d) Circular
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triangle ribbings both have smoother, more linear curves 
when compared to the others, indicating superior bonding. 
No dips are observed for the specimens with WC triangu-
lar reinforcement (Fig. 4b). Similarly, almost no dips are 
observed for the standard rebar specimens for loads below 
F = 60 kN (13.5 kips), except one sample that exhibits 
a slight dip between 1 mm and 1.5 mm of displacement 
(Fig. 4a). Conversely, the results for the specimens with 
inverted semicircular and semicircular WC reinforcement 
both show points of more sudden dips in the range between 
15 and 50% of the final strength (Fig. 4c–d).

Bond strength analysis

As discussed in Sect. 3, bond strength is usually analyzed as 
a pressure force MPa (Eq. (1)). However, in this experiment, 
the surface areas of the typical rebars is not equal to that of 
the WC steel. For this reason, the initial analysis will focus 
on the maximum force applied before failure, rather than 
the force per area over the steel sample. Table 2 shows the 
ultimate load for each sample. The standard rebar achieves 
the maximum average applied force. The triangular pattern 
samples are the weakest, with an average value of 84% to 
that of the standard rebar. This result is surprising, given 
that the force–displacement curves showed no sudden dips 
in any tested samples. The specimens with semicircular and 
inverse semicircular WC rib patterns are very close in aver-
age maximum pullout force and achieve over 90% of the 
standard rebar.

Figure  5 summarizes the information from Table  2. 
Although all maximum load levels are similar, it is seen 
that on average the typical rebar will outperform the WC 
reinforcement. However, all WC specimens are observed to 
require a relatively high pullout force and the ribbing design 
is seen to have a slight influence on the average performance.

As discussed in Sect. 3, the bond strength is calculated 
with the perimeter of the rebar’s cross-section in the denomi-
nator. It is thus important to consider how the WC samples 
compare to typical rebar after correcting for their discrepan-
cies in perimeter length. Figure 6 shows the experimental 
result averages, normalized by the results of the typical rebar 
pullout test. The plot also shows normalized results when 
samples are divided by their respective minimum perimeter. 
When the different perimeter size is taken into account, the 
relative performance of the WC samples drops. This sug-
gests that their overall performance is improved by their 
higher surface area.

Bond failure

In Fig. 7, close-ups of a typical standard rebar and the WC 
reinforcement specimen are shown. For the purpose of these 
images, some concrete has been removed from the damaged 
specimens. In typical ribbed rebar, mechanical interlock-
ing from the ribs works with frictional forces to generate 
the steel–concrete bond [32]. For the WC configuration 
(Fig. 7b–d), it is seen that concrete remains embedded within 
the grooves of the ribbing geometry, but does not remain 
adhered to the smooth surface of the steel. This suggests that 
the concrete and steel have successfully interlocked to form 
a mechanical bond along the deformed surfaces, but not the 
smooth surface. These results are consistent with experi-
ments done by researchers such as Tirassa et al. [38], who 
demonstrated the importance of steel–concrete interlock for 
bond strength in conventional rebar, especially after concrete 
cracking. Figure 7a shows that this bond is intact on parts of 
the circumference of the ribbed rebar. More importantly, it 
is observed that the weakest location in the steel–concrete 
bond of the typical rebar specimens varies from sample 

Table 2   Experimental values for maximum applied force [kN] before 
failure

Sample No Typical Triangular Inverse semi-
circular

Circular

1 82.9 79.1 78.4 74.8
2 83.4 72.0 81.7 84.3
3 105.0 76.5 94.7 88.0
Average 90.4 75.5 84.9 82.4

Fig. 5   Experimental results for 
pullout tests
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to sample. This is in stark contrast to how Fig. 7b–d show 
that the flat face of the WC steel retains very little concrete. 
Despite all tested rib patterns requiring average pullout loads 
in the range of 84–91% that of the standard rebar, the unde-
formed faces of WC reinforcement seem to clearly reduce 
the bond performance. Potential strategies to improve the 
bond strength of WC reinforcement for DFC would thus 
benefit from addressing this issue.

Conclusion and outlook

This work has experimentally evaluated the bond per-
formance of four different steel configurations for rein-
forced concrete via pullout tests. Three configurations 

were digitally manufactured by WC steel plates with dif-
ferent ribbing patterns. These designs were compared to 
a standard steel rebar with the same effective cross-sec-
tional area. The results show that all tested WC specimens 
require pullout loads of 79%- 100% compared to that of 
the average standard rebar. Designs with curvature in the 
ribbing patterns are found to have slightly better average 
performance (90% and 91% for semicircular and inverse 
semicircular) than the triangular design (84%). Since the 
WC specimens in the current study had higher surface 
perimeters than the standard rebar, the bond strength was 
seen to be in the range of 4.67 – 5.25 MPa, suggesting 
that the increased surface area contributes to the bond 
capacity. Based on these results, this new method of digi-
tal fabrication of reinforcement appears viable for highly 

Fig. 6   Ratio of the average of 
each reinforcement type’s maxi-
mum force and bond strength to 
the average bond strength of the 
typical rebars

Fig. 7   Closeup view of experimental samples after failure, with (a) a 
No.6 rebar (b) triangular WC (c) Inverse Semicircle WC (d) circular 
WC samples after failure. In (b–d), the flat face of the reinforcement 

remains clean, while (c) and (d) highlight concrete embedded along 
the ribbed edge
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complex structural concrete designs and/or medium scale 
prototyping.

From the observed cracking patterns, it is stipulated that 
further improvement of the steel–concrete bond can be 
obtained by increasing the mechanical engagement along 
the flat plate surface. For example, a steel plate with manu-
factured surface deformations could be used in future works, 
as such designs are readily commercially available. Other 
potential strategies may include the addition of welded 
grooves, chemical treatment, or sandblasting to create a 
rougher texture, and/or the addition of intermediate holes 
to the reinforcement. Additionally, investigations of effects 
of the size of the ribbing patterns as well as thickness of the 
WC steel plate are recommended.
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