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Abstract: The inclusion of rubber in concrete has been suggested and used in recent research.
However, the reason for the inclusion of rubber into concrete is typically the need to offset the
carbon footprint of concrete and other environmental concerns. The research presented here indicates
that the inclusion of rubber into concrete allows for the concrete to accept fasteners and withstand
withdrawal, or pullout, of the fasteners, similar to the function of wood. We refer to this as making
the concrete “nailable”, in that the concrete can be nailed together either by hand or with tools
designed to be used with wood. While other methods have been used to make concrete nailable, this
method is novel as no known research exists indicating that there exists a rubber concrete mix that
provides similar withdrawal strength as wood. Testing indicates that the concrete can be produced at
a low cost due to the inclusion of the low-cost rubber infill with reinforcement wire. The result is a
reinforced concrete with an allowable load that is 13% greater than in spruce and a withdrawal force
up to 25% greater than the maximum in spruce. The intended function of this material is replacement
of treated lumber. The proposed rubber concrete, which is a reinforced concrete, is anticipated to
have a service life of 50–100 years, while treated lumber decks in the Southeastern United States have
been surveyed to have an average life of only 10 years due to environmental degradation. This leads
us to conclude that if a deck were to be constructed of this nailable rubber concrete, it would last
approximately five times longer in a temperate environment, such as the Southeastern United States.
This improvement can be provided at a relatively low cost while providing an alternative that both
prevents the use of arsenic- and copper-containing compounds used in treated lumber and provides
an additional recycling method for tires.

Keywords: rubber concrete; rubbercrete; concrete fasteners; pullout tests; withdrawal tests

1. Introduction

Wood has been used throughout human history and pre-history for dwellings and other
uses [1–3]. The relatively high strength-to-weight ratio [3,4], high stiffness [3], ease of access,
and ease of workability [4] have all aided in it becoming a desirable building material.

However, wood rotting has been a continual issue in humid environments. In fact, very
early humans had multiple ways of preventing wood from rotting, with some examples
being ancient Egyptians using natural oils to preserve wood and ancient Greeks elevating
wood from contacting the ground by placing lumber on supporting stones [5]. Preservation
methods have improved over time to the present day and include the use of creosote,
non-polar petrochemicals, and water-borne arsenicals, such as chromated copper arsenate
(CCA) [6].

CCA-treated wood has been found to have detrimental effects on the environment
due to leaching, primarily of arsenic contained within the treatment chemicals [7]. Treated
lumber disposal is also a common issue in the treated wood industry. For example, in
ref. [8], it is indicated that New Zealand has no effective means for the safe disposal of
CCA-treated wood. This is likely an issue in many countries that do not have existing
infrastructure and systems in place to dispose of CCA-treated wood. Significant efforts
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have been applied toward determination of life cycle assessments for lumber treatment
alternatives from a health perspective [9,10]. However, CCA treatment is not the only
method of treating wood against fungal and insect degradation; other treatments are
possible, but these commonly contain copper-bearing chemicals, which can be damaging
to aquatic environments [11].

Treated lumber, while superior to untreated lumber in exterior applications with expo-
sure to weather, moisture, insects, fungus, etc., typically lasts for far fewer years than many
other materials used for structures. For example, wood and even plastic decks typically
last 10 years [12]. Saxe et al. [13] provides an excellent summary regarding the longevity of
treated lumber in real-world applications. Saxe et al. concludes that Cooper [14] indicates
the following: researchers determined that CCA-treated wood has a 50-year service life,
which caused Saxe et al. to assume that a 25-year service life was appropriate. However,
in ref. [15], it is asserted that when 527 decks were replaced based on years of service, it
was determined that the average age of disposal in the Southeastern United States was
only 9 years, with a standard deviation of 5 years. Ref. [16] surveyed 580 contractors in the
Southeastern United States, and it was found that decks were demolished after 13 years,
on average. Saxe et al. [13] suggests that an average deck life of 10 years is an appropriate
assumption when discussing a deck constructed from CCA-treated wood.

However, by using a low-cost rubber concrete with steel reinforcement, the unique
properties of wood may be approximated such that the concrete can be installed using
fasteners designed for use in wood, which is a concept postulated and tested in this
research. This may allow for a concrete that functions as a drop-in replacement for wood but
with superior longevity in wet environments. For example, properly designed reinforced
concrete structures can have a service life of 50 years and, if using corrosion-resistant steel,
up to 100 years, even in harsh environments [17].

Rubber tires and their proper end-of-life use have been an ongoing global issue; this
is often referred to as a crisis due in large part to the non-degradability of tires [18]. The
large quantities of tires produced globally cause environmental hazards [19]. The current
primary disposal methods for waste rubber are combustion as fuel, burying of the rubber
in landfills, and regenerating the rubber to be reused as tires [20]. The addition of recycled
rubber from tires to concrete mixes is a widely researched topic [21]. While rubber is known
to weaken concrete due to lack of cohesion between the rubber and concrete, it can still
exhibit mechanical strength comparable to more typical concretes at up to 20% rubber
substitution for aggregate [22]. More recent articles, such as ref. [23], indicate that the
strength of a rubber concrete mix can be improved through the addition of silica fume and
fly ash replacing cement.

Recycled rubber tires have also found use as ground tire rubber applied to asphalts.
This use of ground tire rubber may prove to be superior in certain climates, such as the wet
and cold climates of Michigan [24–26].

The technology proposed in this paper suggests that two problems can be solved
simultaneously regarding environmental issues; that is, an effective use of waste tires
can be provided resulting in a structural element that can function as a replacement for
treated lumber. This could address the global tire recycling problem and the release of
arsenic and other chemicals from treated wood. Therefore, while most technologies focus
on fixing a single environmental issue, this technology has the potential to address two
issues simultaneously.

The terminology of a “nailable” concrete has been proposed before. For example,
ref. [27] presents a patent for nailable concrete. Such concretes, however, functioned
through the use of materials different from those proposed here. Ref. [27] indicates that a
combination of exfoliated mica and vitrified clay work to provide concrete with nailability.
Additionally, there exists a magazine article (ref. [28]) that indicates that nailability can
be attained by the inclusion of sawdust into a concrete mix. Other mentions of “nailing”
concrete can be found in refs. [29–32], which refer clearly to the use of rubber concrete for
architectural applications, a notable distinction from what is proposed here.
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The concept presented here is that a concrete can have both reduced nail insertion
force and increased nail withdrawal, or pullout, strength through the inclusion of rubber
into the concrete mix. While other nailable concretes do exist in earlier research, the use of a
common, low-cost rubber is not previously known to have been possible as prior examples
use mica, talc, or wood pulp.

To test these properties, the research presented here focuses on verifying that the
strength of the developed concrete mix, which includes a high infill of crumb rubber, can
be provided in such a way that it meets strength requirements that are comparable to
wood. As wood construction commonly involves the use of mechanical fasteners, it is
appropriate to test the most commonly used mechanical fasteners by physically inserting
these fasteners into the concrete samples and withdrawing them, measuring the force
required to withdraw the mechanical fastener.

2. Design Intention

This paper focuses on a unique concrete mix. The design intention for this mix is a
material that can be produced at a low cost and comparable strength to wood-type materials
while providing increased longevity and the same or similar fastening techniques. We feel
this is necessary, as it provides a substantial advantage over alternative materials. There is
a gap in materials that properly fill the niche of

• Low cost compared to other wood alternatives.
• Fast and known installation methods (similar to wood construction).
• Increased longevity compared to wood.
• Use of recycled infill to reduce carbon footprint of the material.
• Material that is more resilient to ignition from fire compared to wood.
• Material that readily accepts paint with minimal preparation.
• Material that poses less environmental risk than treated wood.

Therefore, while the material itself may not have an obvious use case when compared
to reinforced concretes, the material does have a use case when used as an alternative for
treated lumber.

To clarify, by treated lumber we mean the regularly available material. Within the
United States of America, there are various grades of treated lumber, with standards
controlled by the American Wood Protection Association (AWPA), which typically feature
chemicals applied to the wood to reduce damage due to fungal, insect, and other sources.

2.1. Design Methodology

While there are multiple potential reasons for the inclusion of rubber into a concrete, it
was our goal to increase the friction of fasteners driven into the concrete while maintaining
a lower driving force. As the addition of rubber to concrete often decreases the strength
of the concrete mix, rubber is known to have a high frictional coefficient value when
comparing the static friction of material.

For example, one potential equation for nail withdrawal (typically referred to as
pullout within the concrete industry) strength in wood can be expressed as (see ref. [33])

F = µπDL
√

σc‖ + σc⊥, (1)

where µ is the frictional coefficient, D is the diameter of the nail, L is the fastener length
within the material, σc‖ is the compressive strength parallel to the grain, σc⊥ is the com-
pressive strength perpendicular to the grain, and F is the withdrawal strength.

For a concrete mix, we can assume that the compressive strength parallel and per-
pendicular to the grain is similar. This equation suggests that there is a direct relationship
between the frictional coefficient between the steel of the nail and the wood that is directly
proportional to the withdrawal (pullout) strength of the material.

Additionally, as mentioned in the introduction section, there is commonly a direct
relationship between the percentage of included rubber and the reduction in strength of a
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concrete. While not directly proportional, it can be suggested that this increase in rubber
content decreases compressive strength. This is key to developing a concrete mix that can
have nails driven into it using minimal force.

The attempt to increase this frictional value resulted, in our study, in rubber concrete
mixtures. The ideal situation is to decrease the force required to drive a nail while increasing
the force required to remove the nail. Rubber concrete mixtures can be produced that fit
these requirements, allowing the rubber concrete emulation of the properties of wood that
allow its installment with quickly applied mechanical fasteners.

2.2. Practical Applications

The primary practical applications for the nailable rubber concrete typically involve
end use in applications where the material can be used most effectively. Here are the key
improvements this material provides from an application perspective:

• Applications where exposure to water is possible.
• Applications where exposure to biological damage (fungal, insect, etc.) is possible.

This would produce the following primary applications:

• Exterior wood applications, such as decks, fences, walls, open structures, agricultural
structures, etc.

• Interior wood applications where exposure to water is possible, such as bathrooms,
kitchens, and bottom or toe boards in stud wall construction methods.

It should be noted that, as this concrete has the potential for a workability similar to
wood, the potential end uses can be considered to be nearly as ubiquitous as those of wood.

3. Materials and Methods

For the materials and methods section, we review the concrete mixture we are detailing
in this study, the methods of manufacturing the samples (including the reinforcement), the
apparatuses used for testing the bending moment and the pullout or withdrawal strength,
and the ways in which we tested the nail insertion strength.

3.1. Concrete Mixture

This paper uses the concrete mix shown in Table 1. This is a single mix that was found,
qualitatively, to function as intended. Superior mixes that increase or decrease certain
properties are likely to exist that can be developed for specific applications. Therefore, it is
expected that this research will lead to many other improved concrete mixes that utilize the
inclusion of rubber to allow for nail withdrawal strength similar to that of wood.

Table 1. The concrete mixture used, shown as masses used to make the mixture.

Weight (kgs)

Sand Portland Cement Crumb Rubber Sum (kgs)
10.0 34.3 12.4 56.7

The water-to-cement ratio was maintained at 30% on a mass ratio basis. This resulted
in a clay-like texture. The sand used was Sakrete Multi-Purpose sand, a coarse construction
sand, with 1% passing a 45 micron sieve and a soluble silica content of 1.8+/−0.3% [34].
Portland cement that was used was ordinary, type I/II Portland cement manufactured
by Sakrete. The properties of this cement can be found in ASTM C150. Plasticizers and
superplasticizers were not applied to the concrete mixes in this study.

By reviewing the mix shown in Table 1, it was found that this concrete contains high
portions of Portland cement by mass. However, the volumetric ratios are much higher
for the crumb rubber. To show this, Figure 1 below is provided. As the density of rubber
is much lower than that of the other components, the resulting mixture volumetrically
contains more crumb rubber than may be assumed.
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Figure 1. An example beam cross-section showing the recycled crumb rubber infill proportion. The
high volumetric ratio of the crumb rubber can be seen.

The concrete mixtures tested contained no rock. Rock was excluded from the mixture
as a coarse aggregate may interrupt the proper driving of fasteners in the material, causing
the fastener to strike a large, hard component such as stone.

The crumb rubber used was recycled crumb rubber with a 5–10 mesh size. The rubber
was soaked in water for at least 24 h prior to mixing into the concrete.

Due to the small sample size, concrete was mixed by hand in a small bucket until
homogeneous. We mixed larger samples using a standard, drum-type concrete mixer, but
those samples are not presented here.

3.2. Reinforced Concrete Sample Manufacturing

Samples were created and tested against a wood beam of the same exterior dimensions.
The beams created for these tests had the following properties:

• Beam width: 38.1 mm (1.50 inch),
• Beam depth: 41.3 mm (1.63 inch),
• Concrete cover: 3.2 mm (0.13 inch).

Reinforcement was spaced according to the necessary cover and beam dimensions. As
such, and due to the relatively small size of the samples, smaller reinforcement had a larger
effective spacing when measured between the centerlines of longitudinal reinforcement.

Different attempts were made to provide shear reinforcement for the concrete samples.
Due to the small size of the samples, the method that was found to work most correctly
was the use of small ties that were individually bent by hand and slid into place using a
manufacturing jig. An example of the bending method is shown in Figure 2.

The shear reinforcement wire used was 2.0 mm (0.08 inches) in diameter and composed
of low-carbon 1006–1008 steel with annealed heat treatment and a yield strength of 483 MPa
(70,000 psi).

Several different reinforcement types and attachment methods were attempted. In
some configurations, off-the-shelf hot melt adhesive (HMA) was used as an alternative
to welding the wire reinforcement. Due to the small size of the reinforcement, some
more common methods did not work. HMA was attempted due to the assumed low
load conditions as the beams were intended to be low cost. As described later, welding
of the shear reinforcement proved to be significantly superior from a bending moment
strength perspective.

A cage connected using HMA is shown in Figure 3A, while a welded cage is shown in
Figure 3B. Note that the process shown in Figure 3C–F must be repeated four times before
the wire cage can be removed. After removal, the remaining shear reinforcement was
installed and welded in the same way. The jig is necessary to guarantee alignment during
the initial welding. A MIG welder was used to create the welded cages. The MIG welder
used was an HYL MIG180Y welder. The welding wire was E71T-11, 0.030′′ (0.76 mm)
Gasless Flux Cored MIG Wire.
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Figure 3. (A) An example of a wire cage manufactured with HMA as the fixture. (B) An example of
a welded wire reinforcement cage after removal from the manufacturing jig. (C–F) The red arrows
indicate the progression of steps of placing the shear reinforcement, sliding it into place, connecting
the grounding wire for welding, and welding the shear reinforcement into place.

Beams are denoted as RC (nailable rubber concrete). Beams RC-1 through RC-5 are
shown before casting in Figure 4 below. These beams were attached using HMA. Figure 5
shows beams RC-6 through RC-9.
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Figure 4. Beams RC-1 through RC-5 are shown before casting. Reinforcement cages, which are
attached using hot melt adhesive, are shown out of the formwork as well as inside the formwork.
The cages are approximately 248 mm (9.75 inches) long and the individual test beams after casting
are 254 mm (10 inches) in length.
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Figure 5. Beams RC-6 through RC-9 are shown before casting. Beam RC-9, the only beam tested with
welded fixture of the shear reinforcement, is the most significant sample tested to date.

The repeated process is shown in Figure 5, but this includes the beam with welded
reinforcement, RC-9.

Due to the sample beams having many configurations, Table 2 shows the testing
conditions of each beam.

Table 2. The properties of each sample used for testing for the bending moment strength. Note that
some beams may have been used for bending moment, withdrawal testing (see RC-6 and RC-7), or
both. Note that all tested beams included a 2.0 mm (0.08 in) shear reinforcement wire diameter.

RC Sample Curing Time
(Days)

Attachment
Method

Longitudinal
Diameter, mm (in) Additional Notes

RC-1 5 HMA 4.8 (3/16)

RC-2 12 HMA 4.8 (3/16)

RC-3 28 HMA 4.8 (3/16) Sand blasted longitudinal reinforcement

RC-4 28 HMA 4.8 (3/16) (4) Extra longitudinal reinforcement, used
only for withdrawal tests

RC-5 28 HMA 4.8 (3/16) (4) Extra longitudinal reinforcement, used
only for withdrawal tests

RC-6 N/A HMA 4.8 (3/16) Used only for withdrawal tests

RC-7 N/A HMA 6.4 (1/4) Used only for withdrawal tests

RC-8 4 HMA 6.4 (1/4) Threaded longitudinal

RC-9 4 Welded 6.4 (1/4) Threaded longitudinal

RC-10 >28 Welded 6.4 (1/4) Threaded longitudinal

RC-11 >28 Welded 4.8 (3/16)

RC-12 >28 Welded 4.8 (3/16) Threaded longitudinal
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3.3. Apparatuses

An MTS 858 Universal Testing Machine was used for all tests. The different com-
ponents utilized while operating the machine are indicated in Table 3 below. This table
includes model numbers and information regarding each component.

Table 3. The components utilized alongside the MTS 858 machine. The only additional component
used is the apparatus detailed in Figures 6 and 7 that was utilized for withdrawal testing.

Item Model Additional Information

Stroke Actuator 359-XX MTS 3000 PSI 3.3 KIP 4′′ Stroke Actuator
Wedge Set 647.01B Flat/Serrated-Sawtooth 0.74–1.02 inch (18.9–25.9 mm)
Load Cell 661.19F-04 25 kN Maximum Load, Force Transducer Load Cell

Bend Fixture 642.01A 3-Point Bending Moment Fixture, 30 kN (6700 lbf) Force Limit
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Due to the lack of accessibility to a nail withdrawal testing system, a testing apparatus
had to be constructed for the pullout or withdrawal tests. Note that this apparatus is
representative of devices typically used for conducting nail withdrawal tests according to
ASTM D1037. Figure 6 shows detailed drawings on how the nail withdrawal apparatus
was constructed.

Figure 7A,B show the lower section of the withdrawal device. To simplify construction,
a section of hollow, square, structural steel was purchased. The section shape was 102 mm
× 102 mm × 6.3 mm (4 inches × 4 inches exterior dimensions with a 0.25-inch thickness).
A 3 mm (0.125 inch) slot was milled into the shape, halfway through. A sample was placed
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inside the device with a nail protruding. The head was slipped into the device as shown in
Figure 7C so that the MTS 858 could withdraw the fastener, as shown in Figure 7D.
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Figure 7. (A,B) The lower section of the nail withdrawal tester is shown. (C) The 3 mm (0.125′′) nail
withdrawal tester is shown with a nail in the holder while a sample is within the hollow structural
steel. (D) The withdrawal testing device is shown with a sample inside. The sample is currently
being suspended by the nail protruding into the pulling device above the hollow section below.

3.4. Pullout or Withdrawal Strength Methods

The nail withdrawal tests were conducted in a method similar to the testing method
outlined by ASTM D1037. Due to the presence of available samples with dimensions
smaller than the requirements of ASTM D1037, the dimensional requirements could not be
met. However, the testing method was representative in that the nails included a standoff
and tests were conducted on similarly sized samples of both concrete and wood.

The terminology used in this paper needs to be clarified regarding pullout or with-
drawal strength. Throughout this paper, we refer to both terms. This stems from a difference
in terminology used in the reinforced concrete and lumber industries. What we are specif-
ically referring to is the ability of a material to resist the extraction of a fastener applied
to said material. Within the reinforced concrete industry, the term used is often “pullout”
strength, but within the lumber industry, the term used is “withdrawal” strength.

Because the material we are studying bridges a gap between the two industries, we
use both terms as this research may be relevant to both groups.

While many fasteners can be used with wood, we tested smooth shank fasteners as
these are the most commonly used type of nail. Many building codes allow for the use of
smooth shank fasteners in most applications involving structural lumber.

The specific smooth shank fasteners tested were Metabo HPT 2–3/8′′ × 0.113′′

(60.3 mm length × 2.9 mm diameter) Plastic Strip, Full Round Head, Bright, Non-Coated,
Smooth Shank.
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The nails were driven using a Metabo Cordless Strip Nailer, though other fastener sys-
tems can be used, including pneumatic systems or a hammer. To drive the nail consistently
to the same depth, the Metabo Cordless Strip Nailer was set to its minimum driving depth
and a 12 mm thick strip of wood was held against the sample to produce the necessary
minimum protrusion of approximately 20 mm.

3.5. Nail Insertion Force Tests

Another concern is whether nails can be inserted into a material. This is a key feature
of the nailable concrete concept; despite being composed of concrete, the material can be
hammered by hand.

To test this concept, MTS 858 was again set up using the nail withdrawal fixture. A
disk magnet was attached to the slot to discourage slipping of the nail. The device was
run in compression mode to cause the nail to be inserted into the material instead of being
withdrawn. The test setup can be seen in Figure 8 below.
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insert a nail into the rubber concrete and the wood. The red numbers shown indicate testing locations
while the black number 4 indicates RC-4.

4. Results and Analysis

As multiple mechanical properties are investigated simultaneously, it is more appro-
priate to review the results and analysis for each mechanical property tested separately.

4.1. Bending Moment
4.1.1. Bending Moment Test Results

The bending moment test results are shown in Figure 9 below. Note that there is
a US Customary version of this figure in Appendix A, Figure A1. There are multiple
points to mention regarding this figure. RC-1 through RC-3 were composed of smooth
longitudinal reinforcement and were fixed using hot melt adhesive (HMA). This resulted
in poor performance. RC-8 used HMA with threaded longitudinal reinforcement, which
greatly improved performance. RC-9 used threaded longitudinal reinforcement and welded
connections, which produced the greatest performance when not fully cured. RC-10
performed superiorly when compared to the anticipated allowable loads of the different
materials. However, RC-11 and RC-12 suggest that, if the introduction of ridges into
longitudinal wire requires threading, it may be more economical to simply use the wire
without requiring the additional manufacturing step of threading.
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Figure 9. The RC-10 beam is tested and shown in comparison to the others. Note the substantial
increase in strength. Note that this is for a simply supported beam loaded at its middle point with a
152 mm (6-inch) span. See Appendix A, Figure A1 for a US Customary version of this figure.

Another interesting note from Figure 9 is that the RC-8, RC-9, and RC-10 beams tend
to have a much lower deflection per load when compared to the wood control beams. This
is described in more detail in Section 4.1.4.

Bending moment tests were performed iteratively as the results were progressively
improved through improved manufacturing methods. As an example, see Figure 10, which
shows the RC-3 and RC-8 beams (note that half of the beam was cut and re-used for
withdrawal or pullout testing) after failure. RC-3 appeared to have prematurely failed
due to the shear reinforcement sliding along the length of the longitudinal reinforcement.
These are indicated by the red lines, which show the current location of the nearest shear
reinforcement while the red arrow indicates the location of where a shear reinforcement
tie was located at the time of manufacture. RC-8, shown in Figure 10B, included a shifting
of the tensile longitudinal reinforcement during failure as it pulled away from the end of
the beam.

Many ideas were pursued as a fix for the issues shown in Figure 10. These were
successfully improved by the introduction of threaded reinforcement, but this alone was
insufficient (Figure 10B). By also welding the reinforcement to the threaded rods, significant
force was required to shift the reinforcement, as shown in Figure 11 below, even with a
short cure time.
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Figure 10. Examples from two failed beams. (A) RC-3 is shown with the shear reinforcement
dislocated from its original position, having shifted along the length of the longitudinal reinforcement
due to improper attachment. The arrow is pointing to a location where the lower part of a shear
reinforcement tie is supposed to be located. (B) The RC-8 beam is shown with the longitudinal
reinforcement shifted forward, as indicated by the red arrows and lines.
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Figure 11. The failed RC-9 beam is shown.

However, when looking at the strength comparison of RC-11 and RC-12, the strength
of RC-11 was greater than RC-12, despite all conditions being similar except RC-12 having
its reinforcement threaded. This means that, given the option of using threaded and smooth
reinforcement, it may be superior to simply use smooth reinforcement, as threaded rein-
forcement will be both weaker and have a higher cost than smooth reinforcement. Threaded
reinforcement will inherently have a greater cost as it is the same as the smooth wire but
has been further processed by cutting threads. This is a distinction with reinforcement bar
typical for concrete, which is deformed to have its shape instead of machined.

4.1.2. Bending Moment Analysis

To better understand how these beams perform, it is necessary to determine the
strength of the beams anticipated by calculation. Here, we conservatively assume that the
concrete contributes little to the strength and the strength of the beam can be assumed to
be nearly that of the reinforcement.

The analysis calculations can be found in Appendix B. In this section, we calculate the
estimated bending moment strength of the steel rods by assuming that the concrete only
functions to allow the steel the function of a section.

This analysis results in an assumed bending moment strength of 313 kN mm
(2700 lbs/in) when assuming 4.8 mm (3/16′′) diameter steel rods.
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It should be noted here that while the assumption that the concrete contributes little
strength may seem overly conservative, in the following section, we indicate that this
assumption is appropriate as an approximation.

4.1.3. Safety Factor Considerations

In Figure 9, we can see two obvious differences in the failure type of the RC and
the spruce control. As the spruce control fails suddenly, this is suggested to be a brittle
failure mode.

Conversely, the RC samples, regardless of the fastening method or the inclusion of
threads on reinforcement, have a ductile failure mode due to the obvious strain hardening
that occurs during failure.

For the sake of simplicity in explanation, to calculate the allowable loads, standard
safety factors of 1.67 for ductile failure and 2.00 for brittle failure were assumed. This is
equivalent to assuming, for comparison purposes, a strength reduction factor of 0.9 for
ductile and 0.75 for brittle failure of materials when comparing beams.

Considering these factors, the allowable loads for the different samples vary according
to what is shown in Table 4 below.

Table 4. The maximum and allowable loads are shown, as measured by the MTS 858 system using
a 3-point bending fixture with a spacing of 152.4 mm (6′′). The maximum and allowable bending
moments are calculated. Values are shown in SI and US Customary units (in brackets). Bold indicates
the best test case and wood control specimen values for easier comparison.

Sample Maximum Load,
kN (lbs)

Allowable Load,
kN (lbs)

Maximum Bending
Moment, kN-mm (lbs/in)

Allowable Bending
Moment, kN-mm (lbs/in)

RC-1 3.16 (711) 1.89 (426) 121 (1067) 72 (639)
RC-2 4.80 (1079) 2.87 (646) 183 (1618) 109 (969)
RC-3 4.13 (928) 2.47 (555) 157 (1391) 94 (833)
RC-8 6.46 (1453) 3.87 (870) 246 (2180) 147 (1305)
RC-9 8.10 (1822) 4.85 (1091) 309 (2732) 185 (1636)
RC-10 8.60 (1934) 5.15 (1158) 328 (2901) 196 (1737)
RC-11 7.14 (1604) 4.27 (961) 272 (2406) 163 (1441)
RC-12 5.53 (1243) 3.31 (744) 211 (1864) 126 (1116)

Spruce Control 9.15 (2057) 4.57 (1029) 349 (3086) 174 (1543)

It should be noted that while RC-11 was threaded, and should therefore perform to a
higher load, it performed more poorly when compared to RC-12. This means, however, that
while the concrete theoretically performs superiorly when using a grooved longitudinal
reinforcement, it may be preferential to incorporate a larger diameter rod due to the
increased surface area.

Additionally, considering the results indicated in Table 4, the maximum bending
moment calculated using the assumption that the concrete attributes little strength resulted
in a bending moment strength of 313 kN mm. Looking at the table, this value is nearly the
value of RC-9. This is appropriate as the concrete mix in RC-9 had insufficient time to cure,
meaning that the concrete does contribute little to the strength of the section. Additionally,
RC-9 uses a larger 6.4 mm threaded rod. However, a 6.4 mm threaded rod has a nearly
4.8 mm diameter at the unthreaded section as threaded rod diameters are referenced from
the outside of the threaded rod.

Additionally, RC-10 has a greater maximum bending moment strength, meaning that
the concrete does supply some strength in these sections. However, RC-11, which has
sufficient concrete curing and unthreaded, 4.8 mm diameter rods, results in a lower bending
moment strength. We assume that this reduction is due to the sliding of the reinforcement
relative to the concrete.
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4.1.4. Serviceability Considerations

As has been mentioned in previous sections, deflection or serviceability requirements
often dictate design of structures, in particular wood structures. This is a function of the
relative stiffness (resistance to deflection) with respect to the strength of the material.

Accordingly, the deflection of the different beams tested are compared in Table 5
below. This table includes columns that indicate that the deflection of the beams both at the
equivalent wood-allowable load anticipated for the design and the individual allowable
load for each beam. In general, the reinforced concrete beams have a greater resistance to
deflection, due primarily to the inclusion of steel reinforcement.

Table 5. The allowable loads are shown for reference. The deflections are shown assuming the
allowable wood beam control allowable load as well as the best possible for each beam. Bold
indicates the best test condition for the rubber concrete and the values for the wood control beam. SI
units are shown alongside US Customary units (in brackets).

Sample Allowable Load,
kN (lbs)

Deflection at Allowable Load 4.57 kN Deflection at Allowable for Each Beam
mm (in) L mm (in) L

RC-1 1.89 (426) N/A N/A 2.05 (0.081) L/74
RC-2 2.87 (646) N/A N/A 2.54 (0.100) L/60
RC-3 2.47 (555) N/A N/A 2.51 (0.099) L/61
RC-8 3.87 (870) 2.35 (0.092) L/65 2.01 (0.079) L/76
RC-9 4.85 (1091) 2.86 (0.113) L/53 2.99 (0.118) L/51

RC-10 5.15 (1158) 2.01 (0.079) L/76 2.23 (0.088) L/68
RC-11 4.27 (961) 3.97 (0.156) L/38 3.83 (0.151) L/40
RC-12 3.31 (744) 3.03 (0.119) L/50 2.26 (0.089) L/67

Spruce Control 4.57 (1029) 3.43 (0.135) L/44 3.43 (0.135) L/44

RC-10 is the beam with the greatest bending moment strength. This beam resulted in
a deflection that was 41% less than the wood equivalent. This suggests that certain designs
using the concrete may actually allow for fewer concrete beams for a given structure, but
this is highly dependent on the specific design. For example, the most lenient deflection
criteria in the 2015 IBC (1604.3 Serviceability, Table 1604.3 Deflection Limits, ref. [35]) is
L/120, which means all of the tested beams would be required to be loaded far below the
allowable load.

4.2. Pullout or Withdrawal Strength

Prior to reviewing the test results, it is necessary to indicate the testing parameters
from which the tests were conducted. These testing parameters are included in Table 6
below. Note that for any beam indicated here that is also included in Table 4, the bending
moment tests occurred first. This means that the beams were tested after bending moment
failure by cutting an intact section of the failed beam and nailing into that section.

Table 6. The testing parameters of the different RC withdrawal samples.

RC Sample Number of
Tests

Casting Date
(Day/Month/Year)

Testing Date
(Day/Month/Year)

Curing Time
(Days)

RC-4 3 2/11/2022 7/12/2022 35

RC-5 2 2/11/2022 7/12/2022 35

RC-6 2 10/11/2022 7/12/2022 27

RC-7 2 10/11/2022 7/12/2022 27

RC-9 1 10/11/2022 7/12/2022 27
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4.2.1. Pullout or Withdrawal Strength Test Results

As previously mentioned, nail withdrawal was tested using smooth shank nails. The
tests conducted are shown in Figure 12 below. There is a US Customary version of Figure 12
located in Appendix A, Figure A2. Note that in this figure, all the tests were aligned
at approximately 0.08 kN. The misalignment resulted from the testing apparatus being
misaligned at the onset of some tests.
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Figure 12. The smooth shank tests are shown for all samples with the data shifted for alignment. See
Appendix A, Figure A2 for a US Customary version of this figure.

When reviewing the beam properties (Table 2, page 8), it can be seen that RC-7, the
beam with the greatest withdrawal (or pullout) strength, is a simplistic design, but it was
not previously tested to bending moment failure. It is assumed that there is some degree of
variability in withdrawal (or pullout) strength due to variability inherent to the insertion
method of the fasteners (e.g., misalignment when nailing, nails striking a wire, etc.) or
otherwise caused by testing the beam to bending moment failure beforehand.

As the graphs included in Figure 12 are difficult to interpret, Figures A3–A8 in the
appendix contain subsets of each set of readings in both Metric and US Customary units.

4.2.2. Pullout or Withdrawal Analysis

To understand how the RC is performing, cavities were cut in the concrete from
different tests. Examples of this can be seen in Figure 13 below. In these figures, two test
results are shown for the smooth shank nail.
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Figure 13. The cavities from two smooth shank nail tests are shown in (A) through (E). In (B,C), a red
dye was applied while a blue dye was used in (D,E). The dye helps to highlight the region from which
the nail had to be pulled through to remove it from the concrete. It is assumed that the rubber at these
interfaces works to increase the frictional force required to extract the nail. Note that the ruler shown is
in US Customary units, but the cavity shown in both images is approximately 3.2 mm (0.125′′).

An analysis was performed to estimate the shear strength of the concrete at the
interface. The interface was approximated as a simple cylinder with a diameter of 3.2 mm
and a length of 41.3 mm. The load assumed was the maximum withdrawal load of 1.14 kN
for the RC-7-2 test. The analysis is shown in Appendix B, Equations (A9) through (A12).
The result of this analysis is that the shear strength of the concrete mix is approximately
2.77 MPa (401 psi).

Table 7 below is a summary of the test results for the nail withdrawal tests, which
includes the shear stress analysis as well as the withdrawal load measured based on the
embedment length.

Table 7. A summary table of the smooth shank nail withdrawal tests in which the withdrawal
maximum load is expressed as both the total load and the load per length. The shear stresses
calculated are also shown for each nail. We assume that for all samples, the cavity retains a 3.2 mm
(0.125′′) diameter. Also note that the assumed withdrawal length is 41.3 mm (1.625′′), though some
damage from nails protruding through the entire depth of the beams may have resulted during
testing. Bold indicates the best test case and wood control specimen values for easier comparison.

Testing Condition Withdrawal Maximum
Load, kN (lbs)

Withdrawal Maximum Load,
N/mm (lbs/in)

Maximum Shear Stress,
MPa (psi)

RC-4-1 0.69 (155) 16.7 (95) 1.68 (243)
RC-4-2 0.79 (177) 19.1 (109) 1.92 (277)
RC-4-3 0.55 (123) 13.3 (76) 1.34 (193)
RC-5-1 0.65 (146) 15.7 (90) 1.58 (229)
RC-5-2 0.77 (174) 18.7 (107) 1.87 (273)
RC-6-1 0.92 (206) 22.3 (127) 2.23 (323)
RC-6-2 0.66 (149) 16.0 (92) 1.60 (233)
RC-7-1 0.96 (215) 23.3 (132) 2.33 (337)
RC-7-2 1.14 (256) 27.6 (158) 2.77 (401)
RC-9-1 0.82 (184) 19.9 (113) 1.99 (288)

RC Average 0.80 (179) 19.3 (110) 1.93 (280)
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Table 7. Cont.

Testing Condition Withdrawal Maximum
Load, kN (lbs)

Withdrawal Maximum Load,
N/mm (lbs/in)

Maximum Shear Stress,
MPa (psi)

Spruce Control-1 0.87 (196) 21.1 (120) 2.11 (307)
Spruce Control-2 0.91 (205) 22.1 (126) 2.21 (321)
Spruce Control-3 0.76 (171) 18.4 (105) 1.85 (268)

Spruce Average 0.85 (190) 20.5 (117) 2.06 (299)

Note that it is assumed that other fasteners likely have a similar failure stress as those
expressed here, but the failure surface assumed may have a larger or smaller diameter
than shown.

4.3. Nail Insertion Force Results and Analysis

It is necessary to test nail insertion to fulfill the concept or criteria of “nailability;” that
is, we need to prove that this material could be nailed together as though it were wood and
can be accomplished by hand.

The nail insertion force is shown in Figure 14 below. This figure is recreated in US
Customary units in Appendix A, Figure A9. In this figure, the forces necessary to push
a nail slowly into the concrete and the spruce sample (for comparison) are shown per
distance. As the nail drives further into the materials, the frictional force increases. It
should be noted that this is not directly comparable to driving a nail conventionally, as the
loading speed here is over the course of 120 s.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 18 of 27 
 

 

 

Figure 14. The nail insertion tests for the wood control beams and RC-4. Note the region from 0 to 

5 mm in which the RC-4 beam has a greater rate of increase in insertion force. See Appendix A, 

Figure A3 for a US Customary version of this figure. 

Table 8. The maximum forces from the graph shown in Figure 14 are shown. These reference values 

are taken at 20 mm for consistency. 

Testing Condition Insertion Force at 20 mm, kN (lbs) 

RC-4 1.31 (294) 

wood control 2 0.96 (216) 

While this value of insertion force seems excessive, as there is a harder surface on the 

RC samples, it is likely that the nail insertion force maintains a consistent 0.35 kN increase; 

this means that as a nail is driven further, the percentage difference in insertion force de-

creases as the shell of stronger Portland cement becomes less significant. For example, if 

driven to a depth of 75 mm, the concrete would only require a 9.5% increase in driving 

force. 

5. Discussion 

As mentioned previously, this concrete mix, despite having less strength than tradi-

tional concretes, still provides key properties that allow it, when reinforced with steel 

wire, to provide a material with a similar strength to that of treated lumber in several key 

parameters. A summary of the bending moment tests is provided in Table 9 below, which 

highlights the best test results for the best design of the reinforcement. 

Table 9. A summary of the tests conducted for the bending moment strength. 

Sample 

Curing 

Time 

(Days) 

Failure Mode 

Maximum Bending 

Moment, kN-mm 

(lbs/in) 

Allowable Bending 

Moment, kN-mm 

(lbs/in) 

Deflection at Allowable 

Load for Spruce 

Mm (in) L/# 

RC-9 4 Ductile 309 (2732) 185 (1636) 2.86 (0.113) L/53 

RC-10 >28 Ductile 328 (2901) 196 (1737) 2.01 (0.079) L/76 

Spruce Control N/A Brittle 349 (3086) 174 (1543) 3.43 (0.135) L/44 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 5 10 15 20 25

In
se

rt
io

n
 F

o
rc

e 
(k

N
)

Insertion Distance (mm)

Nail Insertion Force Per Distance

Spruce Control RC-4

Figure 14. The nail insertion tests for the wood control beams and RC-4. Note the region from 0
to 5 mm in which the RC-4 beam has a greater rate of increase in insertion force. See Appendix A,
Figure A3 for a US Customary version of this figure.

The region of Figure 14 from 0 to 5 mm is important. The concrete sample is shown to
have a greater rate of insertion force increase here. While this increase seems arbitrary, this
is likely caused by a region of high Portland cement content and lower rubber inclusion.
The material seems to automatically form a harder shell of Portland cement during casting.
This may make setting nails difficult with this specific mixture (a negative, particularly if
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hammering by hand) but may lead to an automatically forming protective coating that may
reduce wear at the cast surfaces of this concrete (a potential positive in many applications).
This is somewhat speculative and should be investigated more thoroughly.

Table 8 is a brief summary of the results shown in Figure 14.

Table 8. The maximum forces from the graph shown in Figure 14 are shown. These reference values
are taken at 20 mm for consistency.

Testing Condition Insertion Force at 20 mm, kN (lbs)

RC-4 1.31 (294)

wood control 2 0.96 (216)

While this value of insertion force seems excessive, as there is a harder surface on
the RC samples, it is likely that the nail insertion force maintains a consistent 0.35 kN
increase; this means that as a nail is driven further, the percentage difference in insertion
force decreases as the shell of stronger Portland cement becomes less significant. For
example, if driven to a depth of 75 mm, the concrete would only require a 9.5% increase in
driving force.

5. Discussion

As mentioned previously, this concrete mix, despite having less strength than tra-
ditional concretes, still provides key properties that allow it, when reinforced with steel
wire, to provide a material with a similar strength to that of treated lumber in several key
parameters. A summary of the bending moment tests is provided in Table 9 below, which
highlights the best test results for the best design of the reinforcement.

Table 9. A summary of the tests conducted for the bending moment strength.

Sample Curing Time
(Days) Failure Mode

Maximum Bending
Moment, kN-mm

(lbs/in)

Allowable Bending
Moment, kN-mm

(lbs/in)

Deflection at Allowable Load
for Spruce

Mm (in) L/#

RC-9 4 Ductile 309 (2732) 185 (1636) 2.86 (0.113) L/53
RC-10 >28 Ductile 328 (2901) 196 (1737) 2.01 (0.079) L/76
Spruce
Control N/A Brittle 349 (3086) 174 (1543) 3.43 (0.135) L/44

Table 10 below is a summary of the withdrawal tests, comparing the averages and the
maximum withdrawal strengths of the smooth shank nails tested. While the spruce control
beam had a greater withdrawal strength average, the maximum withdrawal strength of
the concrete was much higher. This could result from two possibilities: (1) the concrete
mix has an inherently greater standard deviation that cannot be substantially improved, or
(2) the concrete manufacturing process or the mix can be improved to attain the indicated
maximum withdrawal strength more consistently.

The specific cause of the withdrawal strength difference for the concrete mixes between
the average and maximum may be inconsequential in practical application. The slight
difference in withdrawal strength can easily be overcome with an additional nail installed
or the use of longer nails. The time required to install an additional nail or drive in a longer
one is insignificant when comparing it to the installation speed of fasteners into traditional
concrete mixtures.
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Table 10. A summary of the tests conducted for the withdrawal strength.

Statistic Withdrawal Maximum Load,
N/mm

Withdrawal Maximum Load,
lbs/in

Nailable Rubber Concrete

Average 19.3 110
Max (RC-7-2) 27.6 158

Spruce Control

Average 20.5 117
Max (Spruce Control-2) 22.1 126

Limitations

Limitations can occur in many ways within a study. Our notable limitations include
the following aspects:

• The samples tested are of reduced dimensions due to size limitations of the available
testing apparatus.

• Due to size limitations, reduced sample sizes were tested. This prevented us from
following ASTM D1037. To avoid bias in the results, we tested both the wood control
specimens and nailable rubber concrete with the same methods.

• Compressive strength tests were not included. Due to the high rubber infill, this
concrete begins to behave more like a foam. This results in a difficult-to-define com-
pressive strength when comparing it directly to that of a typical concrete, as it is
unknown whether it is preferential to indicate the compressive strength before or after
densification as the rubber particles are crushed within the concrete.

6. Conclusions

The research presented here regarding a novel mix of rubber concrete that allows the
concrete transformation into “nailable” provides the following conclusions:

• Rubber concretes, when mixed in the correct proportions, can be developed to have
withdrawal strengths similar to those of typical wood species used in construction.
This allows withdrawal strengths of up to 25% greater than those of comparable
wood samples.

• The resulting nailable rubber concrete can be reinforced to remain economical while
providing up to a 13% greater allowable load.

• The nailable rubber concrete can also be manufactured economically to allow for a
41% reduction in deflection. This is a significant improvement, as one of the com-
mon issues in engineering design is minimizing deflection as opposed to strictly
maximizing strength.

• The nailable rubber concrete mix researched here requires only a slight increase in
driving force, compared to the wood samples tested, in practical application. For
example, driving to a depth of 75 mm requires only a 9.5% increase in driving force.

• These benefits of the researched nailable rubber concrete can be attained while both
providing an alternative to arsenic-bearing treated wood and a cost-effective use for
recycled rubber tires.

• This nailable rubber concrete is a reinforced concrete that is anticipated to last five
times longer than treated wood alternatives within the Southeastern United States, as
this concrete does not suffer from environmental degradation due to fungi, insects, etc.
This further strengthens the economic argument regarding use of this material as a
treated wood alternative.

Accordingly, we conclude that this nailable rubber concrete may be a superior alternative
to treated lumber, especially when considering the environmental and economic benefits. We
recommend this nailable rubber concrete for construction professionals and policymakers.
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Future Work

The future aim for work in regard to this technology is to determine superior concrete
mixes. As we only tested a single mix, though we have proven that this concept of a nailable
rubber concrete is possible, future work will likely yield superior mixes that maximize the
withdrawal strength while considering economical design.

7. Patents

A nonprovisional patent was filed on 14 March 2023 for the invention included in this
research paper, with the current patent number US Patent Application No. 18/183,271, as
the application has not been granted yet.
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the manuscript.
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Appendix A

Appendix A includes additional figures recreated in US Customary units.
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Figure A1. Figure 9 is recreated in US Customary units. These are the 3-point bending test results
comparing the spruce control beam against the nailable rubber concrete beams of various designs.
See Table 2 for information regarding the specific properties of each section.
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Figure A2. Figure 12 is recreated in US Customary units. This is the force developed as the nails are
pulled from the various samples.
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Figure A3. Figure 12 is reduced to the samples shown, for clarification, and in Metric units.
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Figure A4. Figure 12 is reduced to the samples shown, for clarification, and in US Customary units.
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Figure A5. Figure 12 is reduced to the samples shown, for clarification, and in Metric units.
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Figure A6. Figure 12 is reduced to the samples shown, for clarification, and in US Customary.
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Figure A7. Figure 12 is reduced to the samples shown, for clarification, and in Metric units. Note that
these are the control beams.
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Figure A8. Figure 12 is reduced to the samples shown, for clarification, and in US Customary units.
Note that these are the control beams.
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Figure A9. Figure 13 is recreated in US Customary units. This is the force required to insert a nail
into the different materials shown. Note the steeper incline for the RC sample from 0 to 0.2 inches.
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Appendix B

In Appendix B, we perform calculations to determine the strength of the steel asso-
ciated with the tested concrete beams, assuming that the concrete provides little to no
strength. (A1)–(A4) estimate the bending moment strength using SI units while (A5)–(A8)
use US Customary units.

Arod =
π

4
d2

rod =
(π

4

)(
4.8 mm)2 = 18.1 mm2, (A1)

d = h− 2 · cover = 41.3 mm− 2(3.2 mm) = 34.9 mm, (A2)

I = nArody2 = nArod

(
d
2

)2
= (4)

(
18.1 mm2

)(34.9 mm
2

)2
= 22, 046 mm4, (A3)

σI
C

= M =
(248 MPa)

(
22, 046 mm4)

34.9 mm
2

= 313 kN·mm, (A4)

where Arod is the area of the longitudinal rods, individually, drod is the diameter of the
longitudinal rods, d is the effective depth of the reinforcement of the section, h is the total
depth of the beam, cover is the concrete cover thickness, I is the second geometric moment,
y is the distance from the reinforcement to the neutral axis, c is the distance from the neutral
axis to the reinforcement (which is the same as y in this example), M is the bending moment
at the considered stress, and σ is the stress considered, which is the yield stress of the steel
in this example.

The process is repeated using US Customary units:

Arod =
π

4
d2

rod =
(π

4

)
(0.1875in)2 = 0.028 in2, (A5)

d = h− 2 · cover = 1.625 in− 2(0.125 in) = 1.375 in, (A6)

I = nArody2 = nArod(
d
2
)2 = (4)(0.028 in2)(

1.375 in
2

)2 = 0.052 in4, (A7)

σI
C

= M =
(36000 psi)(0.052 in 4)

1.375 in
2

= 2732 lbs · in. (A8)

The following analysis is performed to estimate the shear strength of the concrete at the
nail withdrawal (or pullout) interface. The interface is approximated as a simple cylinder
with a diameter of 3.2 mm and a length of 41.3 mm. The load assumed is the maximum
withdrawal load of 1.14 kN for the RC-7-2 test. The analysis is shown in Appendix B,
Equations (A9) through (A12). The result of this analysis is that the shear strength of the
concrete mix is approximately 2.77 MPa (401 psi):

SAcavity = πdcavityhembedment, (A9)

τwithdrawal, f ailure =
Fwithdrawal, f ailure

SAcavity
, (A10)

τwithdrawal, f ailure =
Fwithdrawal, f ailure

πdcavityhembedment
, (A11)

τwithdrawal, f ailure =
1.14 kN

π(3.2 mm)(41.3 mm)
= 2.77 MPa, (A12)
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τwithdrawal, f ailure =
256 lbs

π(0.125′′)(1.625′′)
= 401 psi, (A13)

where SAcavity is the surface area inside the section of the material after the nail is removed;
dcavity is the diameter of the cavity created by the nail being extracted; hembedment is the
depth of the hole inside the material; τwithdrawal,failure is the failure shear of the interface; and
Fwithdrawal,failure is the failure load.
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