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Abstract

In this study, we experimentally evaluated the effectiveness of bone-shaped short
(BSS) steel wire reinforcement in improving the mechanical properties of cement.
Results from four point bending tests revealed that BSS steel wire reinforced
cement is substantially stronger, tougher, and more crack resistant than
conventional straight short (CSS) steel wire reinforced cement and unreinforced
cement. The BSS steel wires provided effective crack bridging by a combination of
their ductility and the mechanical interlocking between their enlarged spherical ends
and the brittle cement matrix. In the BSS-wire reinforced cement specimens,
multiple cracks formed along the length of the specimen before final failure;
whereas in the CSS-wire reinforced cement and unreinforced cement specimens, a
single central crack initiated and propagated across the specimen. Some BSS wires
bridged the main crack and were eventually plastically deformed to failure. Also
secondary matrix cracks radiated away from the main fracture surfaces, providing
significant contributions to the toughness of the composites. In contrast, the
bridging CSS wires were easily pulled out of the matrix without much deformation
in the wire itself and surrounding cement. Therefore, they were not nearly as
effectivein bridging crack and improving toughness as the BSS wires.

1. Introduction

Unreinforced concrete has low tensile strength and low toughness. This common
structural material is usually used in civil engineering infrastructures such as sidewalks,
streets, highways, stadiums, bridges and house foundations. Thermal stresses caused by
temperature change, as well as service stresses, often cause cracks years later, after these
concrete infrastructures are built. The major mechanica properties that affect the
performance of a concrete infrastructure include first crack strength, maximum strength,
and toughness. Concrete applications where safety is crucia, such as components in
bridges and buildings, are often reinforced with high strength, ductile steel rebars to make
the concrete crack-resistant, and improve overall strength and toughness. However, rebars
must be manually tied together to create a framework before concrete is poured, which
significantly increases the labor cost and construction time. Conventional straight short
(CSS) fibers made of glass, polymer or steel have been recently used to reinforce concrete
with some success [1-4]. Using short fiber-reinforced concrete reduces the amount of
costly rebars and improves the overall mechanical properties of concrete infrastructures [5-
7]. The advantage of CSSfibersis that they can be directly mixed with materials used in
forming concrete, and therefore would not add any labor cost or additional construction
time.



Materials reinforced with short discrete fibers (or wires) have been extensively
studied for several decades[8-12]. The effectiveness of short fibers has been demonstrated
in avariety of fiber-matrix systems [8-15], where constituent materials are polymeric,
metallic, or ceramic. In nearly all systems, it has been a chalenge to simultaneoudy
increase the strength and fracture toughness of composite materials reinforced with short
fibers. Increasing the strength of composite materials usually compromises material fracture
toughness, or the capability of resisting crack propagation. High composite strength can be
achieved by choosing an appropriate high strength fiber or ensuring a strong interface
between the matrix and the fiber. However, a strong interface may result in lower
toughness, because it does not alow interfacial debonding, a mechanism that relieves stress
concentrations produced by an oncoming crack. Debonding also alows the crack to
propagate around the fiber, leaving the fiber intact in its wake.

Figure 1. Bone-shaped steel wires. The wirelength is25 mm.

In many brittle matrix-ductile fiber reinforced composite systems, like the cement
matrix-steel short fiber composite studied here, the interface is relatively weak. These short
fibersin a composite can potentially bridge propagating cracks, consequently improving
fracture toughness. Bridging short fibersin the wake of a crack can be debonded from the
matrix, pulled out, stretched, broken, or reoriented, as the crack propagates. The type and
combination of responses of the bridging short fibers as the crack surfaces displace
determine the crack bridging forces and their ability to resist crack propagation. For
instance, if the frictional resistance of the debonded fiber-matrix interfaceis very weak, and
hence, the fibers easily pull-out, these forces will be small and not be effective in resisting
crack propagation [16]. This is the case for the CSS fiber reinforced concrete. This
explains why the CSS fiber concrete performance is still not satisfactory in resisting crack
propagation, though providing some improvement in strength and toughness over blank
concrete.

Recently, a novel approach of using bone-shaped short (BSS) fibers with two
enlarged ends to reinforce materials has demonstrated potential in improving both the
strength and toughness of materials significantly and simultaneously [16-19]. In these



previous studies, the composite systems were polymer fiber-polymer matrix, wherein the
BSSfibers, bridging matrix cracks, were pulled out and did not fracture. In these cases,
the primary toughening mechanism was large-scale deformation of the surrounding matrix
as the enlarged fiber ends pulled out. In thiswork, we explore the potential of BSS steel
wires, as shown in Fig. 1, to bridge cracks and to improve the toughness of concrete more
effectively. Concrete is usually referred to a mixture of cement and aggregates. Inthis
study, for simplicity, cement without aggregates is used as the composite matrix. Although
the pure cement matrix may display less crack resistance than aggregate concrete, the
results obtained from this study should still be applicable to the concrete since they both are
brittle materials. For this system, we find that most BSS stedl wires bridging matrix cracks
plastically deformed, and in most cases, to the point of fracture.

The knowledge obtained from this study on short steel wire reinforced cement may
be applicable to a broad range of ductile fiber reinforced brittle matrix composites. In such
composite systems, toughness is usually the primary concern. If properly utilized, plastic
deformation of the ductile reinforcement is one mechanism that can potentially increase the
material toughness. The other mechanism for increasing toughness is fiber pull-out. By
changing the reinforcement from CSS wire to BSS wires, we ater the dominant
toughening mechanisms from the latter to the former. The enlarged ends of the BSS steel
wires prevent these bridging wires from being pulled out of the cement matrix and enable
them to deform platically to failure.

The objective of thisresearch is 1) to study the feasibility of using BSS steel wires
as an effective, low cost way for improving the toughness of concrete infrastructures, and
2) to study the effectiveness of plastic deformation of BSS wires over that provided by the
pull-out of CSS wires in improving first crack strength, maximum strength, and
toughness.

2. Experimental procedures

Three types of four-point bending test specimens, BSS steel wire reinforced
cement, CSS steel wire reinforced cement and blank cement, were fabricated. These tests
allowed us to identify and compare the roles played by discrete CSS and BSS wires on
strengthening cement.  The dimensions of the specimens were approximately 240 mm x 38
mm X 25 mm.

The short steel wires were made from commercial utility wires with ayield strength
of 260 MPa, and afailure strain of 12.6%. Figure 2 shows the typical tensile stress-strain
curve of these wires. Both BSS and CSS short wires have a diameter of 0.84 mm and a
length of 25 mm. The BSS steel wires were made by first cutting the wire into alength of
28 mm and then melting both ends with atorch, resulting in enlarged wire ends with an
average diameter of 1.6 mm (see Fig. 1).

The cement matrix was prepared by blending 210 ml water and 600 g Portland
cement (water/cement ratio of 20/7 ml/g) until a uniform mixture was obtained. The
water/cement ratio of 20/7 ml/g was determined by the fact that at this ratio the viscosity of
the cement matrix is optimum for limiting the size and amount of air bubbles in the
specimens while at the same time preventing the wires from sinking. In the case of
unreinforced cement specimens, the cement/water mixture was directly poured into a
mould, and the mould was shaken to ensure that the cement filled the mould fully and to
release trapped air bubbles.
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Figure 2. The stress-strain curves of steel wires.

For the fabrication of CSS and BSS steel wire reinforced cement, four layers of
steel wires were carefully laid into the cement specimens, equaly dividing the 25 mm
thickness. The template used for manually laying steel wiresin each layer is shown in Fig.
3. Thetemplate was flipped over about its longer side for each alternate layer to ensure a
uniform distribution of wires. Such awire arrangement prevents the alignment of wire ends
of adjacent wiresin the transverse direction. The alignment of wire ends may promote
crack formation and propagation in the plane of alignment. With this scheme, the steel
wire volume fraction was approximately 0.86 % and 1 % for the CSS- and BSS-wire
reinforced specimens, respectively. The difference in volume fraction is caused by the
enlarged ends of BSS wires.

28 mm

Figure 3. Schematic illustration of the template for manually laying steel wires.

For all three specimen types the curing was carried out in sealed plastic bags for 20
days and thenin air for 15 days prior to the four point bend tests. This procedure
prevented the loss of moisture during the curing process so that the chemica reactions
between water and cement took place as expected. Otherwise, quick drying of the cement
and insufficient curing time tend to dramatically reduce the strength of the cement because
the reactions need water and are slow [20].

Four-point bending tests were used to examine the fracture properties of these
cement specimens. The experimental test set-up is schematically shown in Fig. 4. During



the tests, a cross-head displacement rate of 0.5 mm/min was maintained; the evolution of
the load as afunction of the cross-head displacement was recorded.
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Figure 4. The setup of four-point bending flexural test.

3. Results

3.1  Load-Displacement Response

Figure 5 compares curves of the load P as a function of the cross-head
displacement (hereafter smply referred to as displacement) typical of the unreinforced and
CSS- and BSS-wire reinforced specimens. From these curves, the first crack point,
defined as the point on the load-displacement curve at which the form of the curve first
becomes nonlinear [4]; the maximum load, P,; and the apparent toughness, are of interest.
The apparent toughness is cdculated as the area under the load-displacement curve.
Consequently, toughnessis defined hereafter as the total energy consumed by the specimen
up to complete failure. Since all specimensin this study have the same dimension, it is
valid to use this definition of toughness for comparison.

The curve for the unreinforced cement displays typical brittle fracture behavior with
amaximum load of 965 N at a displacement of 0.19 mm. This maximum load also
coincides with the first crack load, P,, where a single crack formed around the midpoint of
the specimen and promptly propagated and failed the specimen. The immediate failure of
the whole specimen after the initiation of the crack led to alow toughness of only 0.08 J

(Fig. 5).

The curve for the CSS steel wire reinforced cement specimen indicated
improvements in mechanical properties over that of the unreinforced cement. A careful
examination of the curve reveals a sharp change of slope at aload of 1185 N. Thiswas



caused by the initiation of thefirst crack. Therefore, the addition of 0.86 vol. % CSS steel
wiresincreased the load of thefirst crack point by 22.8%. After initiation of thefirst crack,
the load continues to increase quickly with increasing displacement until it reaches a
maximum load of 1280 N. This yields an increase in the P, by 32.3% over the
unreinforced specimen. Quick growth of the first crack caused the steady drop in load after
theP,. The general feature of this curveistypical of CSS steel wire reinforced concrete [1,
21, 22].
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Figure 5. Load asafunction of cross-head displacement for unreinforced and BSS- and
CSS-steel wire reinforced concrete specimens.

Note that the descending portion of the load-displacement curve, after P, is
reached, is very similar to that of the pull-out curve [23-25] of asingle CSSwire. This
suggests that crack propagation after the formation of the first crack was dominated by the
debonding and pull-out of the steel wires. The CSS steel wires enable the specimen to
retain some degree of structural integrity and post-crack resistance, which significantly
improves the toughness over that of the unreinforced cement. The toughness of the CSS
steel wire reinforced cement specimen is 2.11 J, which is 26 times that of the unreinforced
specimen.

Also shown in Fig. 5 is the curve for the BSS steel wire reinforced cement
specimen, which is remarkably different from those for the unreinforced and CSS steel



wire reinforced cement specimens. The first crack was initiated at 1500 N, an increase of
55.4% over the unreinforced cement. After the first crack point, the load continued to
increase gradually with increasing displacement until it reached a plateau of 1780 N. This
load plateau was maintained up to a displacement of 4.3 mm, beyond which the load
dropped sharply. The sharp drop in load at the end of the plateau was caused by the
fracture of the BSS wires bridging the main crack. In addition, afew smaller abrupt load
drops were observed, possibly caused by the fracture of individual BSS steel wires. This
response illustrates the superior crack-bridging capability of BSS steel wires. The
toughness of the BSS steel wire reinforced cement specimen is 7.62 J, which is ~94 times
that of the unreinforced specimen and 3.6 times that of the CSS steel wire reinforced
cement specimen. Therefore, BSS steel wires are significantly more effective than CSS
steel wiresin increasing both the strength and the toughness of blank cement. Note that
these improvements occur with amere 1.0 vol.% BSS steel wire. As suggested by the
initial slopes of the curves shown in Fig. 5, this volume percent of reinforcement does not
significantly alter the cement stiffness.

Flexural strength is one of the most important material properties in designing
concrete infrastructure. For the four-point bending test shown in Fig. 4, the flexura
strength S can be calculated as [26]
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where Pistheload, L isthe span length; w and h are the width and the height of the
specimen, respectively.

TABLE 1 Theload (P,), flexural strength (S,) and displacement (D,) at the initiation of the
first crack, maximum load (P,) and flexural strength (S,), and toughness (G) obtained
from four-point bending tests for unreinforced cement, CSS wire reinforced cement and
BSS wire reinforced cement specimens. The wire volume fraction is 0.86 vol.% and 1.0
vol. % for CSS- and BSS-steel wire reinforced cement specimens, respectively.

Mechanical Unreinforced CSSwirereinforced BSS wire reinforced

Properties cement cement cement
Measured Increase* Measured  Increase*

P, (N) 965 1185 22.8% 1500 55.4%
D, (mm) 0.19 0.27 42.1% 0.75 294.7%
S, (MPa) 4.07 5.00 22.8% 6.32 55.4%
P.(N) 965 1274 32.0% 1780 84.5%
S,, (MPa) 4.07 5.37 32.0% 7.50 84.5%
G 0.08 211 2540% 7.62 9430%

*The increase over the unreinforced cement specimen.



Theload (P,), flexural strength (S,) and displacement (D,) correspond to the first
crack point, maximum load (P,) and flexural strength (S,), and toughness (G) are listed in
Table 1. The points at which some of these mechanical quantities were measured are
indicated in Fig. 5. Datafrom Table 1 show that the BSS wires are much more effectivein
improving the first crack displacement, the first crack and maximum strength and
toughness of cement than CSS steel wires. Thefirst crack strength, maximum strength and
toughness of BSS sted wire reinforced cement are 26%, 40% and 260% higher,
respectively than those of CSS steel wire reinforced cement.

3.2 Post Failure Observations

An examination of the post-test specimens can provide some insight on how the
shape of the steel wires affects the mechanisms of crack initiation and propagation and
crack bridging. Figure 6 shows that the unreinforced cement failed catastrophically by a
single crack, which isvirtually perpendicular to the longitudinal direction of the specimen.
The blank cement fracture surfaces are flatter and smoother than those of the composite
specimens are. Between the two composite types, the fina fracture patterns are very
different. Figure 7 shows a specimen reinforced with CSS steel wires, which also failed
by asingle crack. In contrast, multiple cracksinitiated in BSS steel wire reinforced cement
(Figure 8) adong the tensile side of the specimen. Multiple matrix cracking before
composite failureis similar to that observed in concrete reinforced with continuous steel re-
bars under tensile stresses [1,31], further attesting the effectiveness of BSS wires in
reinforcing cement. Figure 8 shows that multiple cracks are located along the longitudinal
direction periodically with an average distance of 18 mm. This crack density is governed
by the length and periodic arrangement of wires, as shown in Fig. 3, which produced
periodic weak cross-sections of alternating aligned wire ends approximately spaced 18 mm
apart (see Fig. 3).

Figure 6. Photograph of the broken blank concrete specimen following four-
point bending test.

In the BSS steel wire reinforced specimens, several secondary cracks developed
and propagated at an angle with respect to the direction of the main crack. Branching of a
propagating crack were perhaps promoted by the stress state crested from microcracks
formed at the enlarged wire ends and from the enlarged wire ends attempting to pull-out of
the fracture surface. These secondary cracks were not observed in unreinforced cement



specimens and were observed in the CSS wire reinforced specimens only at the end of the
test. Inthe unreinforced cement specimens, the central crack propagated catastrophically
across the specimen. In the CSS wire specimen, the crack branched off in the horizontal
direction at the end of the test, possibly caused by the debonded fiber-matrix interfaces
ahead of the crack, shear stresses generated parallel to the top surface and alteration of the
crack tip stress state by bridging of the main transverse crack by the CSSfibers.

Figure 7. Photographs of the broken CSS stedl wire reinforced concrete
specimen after four-point bending test.

Figure 8. Photographs of the broken BSS steel wire reinforced concrete specimen
following four-point bending test. A) multiple cracks and b) Magnified main crack.



The mechanical interlocking between the enlarged ends of BSS steel wires and
matrix prevented most of the bridging BSS wires from pulling out and forced the wire to
deform instead. As shown in Fig. 8, fracture occurred for most BSS steel wires and
complete pull-out occurred for others, primarily those wires where one end was near the
main crack surface. Therefore those BSS steel wires, which were well anchored into the
matrix at both ends, could carry load and eventually deform plastically, work harden, and
fail, amechanism which significantly increased resistance to crack opening and propagation
and the maximum strength of the composite. In contrast, nearly all CSS steel wires were
easily pulled out without much deformation. The CSS steel wires depend on interfacial
friction for crack bridging, which is not nearly as effective as the plastic deformation
mechanism for BSS steel wires. Examining the stress-strain curve of the individual wires
in Fig. 2, one can see that work hardening during the plastic deformation of steel wires
further increases their load carrying capability. The total plastic deformation (12.6%)
before failure consumes large amounts of energy. For those BSS wires that were pulled
out, significant damage to the cement matrix occurred as aresult. Furthermore, the main
crack propagated in a tortuous way, which aso consumed energy and enhanced the
toughness.

3.3  Effective Wire Bridging.

Fiber bridging of a crack in concrete has been modeled by several researchers[21,
22, 27-29]. The discrete fiber bridging forces are usualy treated as a continuous

distribution of bridging forces (or stresses s(d)) on the fracture surfaces of the crack. In
the literature, two limiting configurations of bridged cracks in fiber composites have been
developed. The first limit, the Aveston, Cooper, and Kely (ACK) limit [30], is
characterized by along crack, entirely bridged by intact fibers. When the crack islong and
the bridging fibersfail in the far wake, the linear elastic fracture mechanics or small scale
bridging limit is reached. Under this condition, additional energy is supplied by these

bridging forces. This bridging energy contribution, DG, can be caculated as the area
under the bridging law [21, 27]

DG = §'s(d)dd ?)

where s(d) isthe bridging law or stress acted on the crack by the bridging fiber at the total

crack opening of d. In Eq. (2), d,isthe critical crack opening at the edge of the fiber
bridging zone at which the ligament breaks (see Fig. 9a). Figure 9b illustrates hypothetical

s(d) curves under various bridging conditions.

For both the CSS and BSS wire composites, the bridging zone appears to be
approximately the same length and nearly equa to that of the specimen thickness.
Therefore, it islikely that our four point bending specimens are too small to allow the
bridging zone to fully develop. Therefore, it is unclear which of the two limiting
configurations best approximates fracture in this cement-steel wire system. Despite this,
the difference in the composite bending load versus displacement curvesin Fig. 5 reflects

those between the CSS and BSS wire bridging law s(d). Nonetheless, more informative
studies on bridging mechanisms for different morphologies of wires will need specimen
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configurations allowing for complete bridging zone development. Readers are referred to
[28, 29,31] for more details on fiber bridging models for concrete composites.
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Figure 9. Schematic illustration of a) the crack-bridging zone and b) bridging stress-crack
opening curves for three bridging situations.

The effectiveness of steel wires in improving toughness depends on both s(d) and
d, (see Eq. 2). Based on the response of the CSS steel wire reinforced cement specimen
after the first crack stress, we believe that the bridging stress s(d) provided by the CSS

wires decreases monotonically with d (see curve 1 in Fig. 9b) [21] as these CSS wires
simply pull out of the matrix.

Depending on the fiber geometry and properties of the fiber and matrix, BSS fibers
can either fracture or pull out in the wake of a propagating matrix crack. The overall

bridging stress s(d) in either cases will most likely be higher than those of the CSS wires
(see curves 2 and 3 in Fig. 9b). Consider first the case in which most BSS fibers are
pulled out of the matrix. Due to their enlarged ends, BSS fibers require higher forces to be
pulled out than the CSS wires. As shown in DCB fracture tests of a polyethylene
reinforced polyester composite system, bridging BSS fiber composites had higher
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resistance to crack opening than CSS fiber composites [16], even without fiber deformation

and fracture. The higher resistance to pull out will result in higher bridging stresses, s(d),
by BSS fibers (see curve 2 in Fig. 9b) than by CSSfibers.

Consider the second case wherein the BSS fibers fracture. If thewireis brittle and
does not sustain much deformation before fracture, the crack bridging zone and d, could be
very small, resulting in small DG as calculated using Eq. 2. On the other hand, if the wire

isvery ductile, as the steel wires used in this study, d, could be relatively large, and s(d)
may take the shape of curve 3in Fig. 9b.

As mentioned previoudly, for the BSS wire reinforced cement in this study, most of
the bridging BSS wires were deformed to failure. Asaresult, the bridging law for the
debonded BSS wire will be similar to that obtained from a wire tensile test with the crack
opening displacement (plus debond length) acting as a gauge length. Therefore, the

bridging stress s(d) will resemble curve 3 in Fig. 9b, in which the s(d) will be

monotonically increasing over alonger range of d in the bridging zone. However, other
energy absorbing mechanisms can occur as well, like matrix cracking and debonding
process, not accounted for in asimple tensile wire test.

Since the CSS bridging fibers were easily pulled-out and did not plastically deform,
d, can be approximated as half of the fiber length or 12.5 mm. Since most BSS wires were
monotonically strained to fracture, we calculate d, as the wire failure strain times wire

length, which is 3.2 mm. Though d, is higher for the CSS case, the BSS steel wires are
much more effective than the CSS steel wires at enhancing cement toughness, as shown in

Fig. 5, because BSS wires render a much higher bridging force, s(d).

Lastly we mention that it was reported that the ends of BSS fibers promote early
crack initiation in polyethylene fiber reinforced polyester matrix composites[16, 17]. This
isnot found in the BSS steel wire reinforced cement, as indicated by the higher first crack
stress and displacement in the BSS wire reinforced specimen than in the CSS wire
reinforced specimen.

4. Discussion and Recommendations

We have demonstrated in this paper the effectiveness of BSS steel wires in
strengthening and toughening cement. The load-displacement curve for the BSS wire
reinforced cement shown in Fig. 5 has many desrable characteristics for concrete
infrastructures, such as a high stress plateau and strain-to-failure. However, it islikely that
these results will not be common among all variations of BSS steel wire reinforced
concrete. Namely the shape of the BSS fiber ends, fiber aspect ratio, volume content and
distribution and interfacial properties are major factors that affect the mechanical properties
of BSS steel reinforced concrete. Much modeling and experimentation are still needed to
optimize these parameters for the best mechanica properties, such as strength and
toughness. Aswith any fiber composite, in designing the optimal BSS wire concrete
system, the interface, matrix, and fiber properties need to be accounted for together. There
are complex interactions between these phases that govern the failure mechanisms that
occur when the composite is stressed. For instance, if the matrix strain-to-failure is
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substantially lower than that of the fiber, the matrix fails first and fibers are left to either
break or bridge as an immediate response to the matrix cracks. Since the concrete-steel
bond isrelatively weak, the interface debonds, leaving the intact wire to bridge the matrix
crack. The fibers bridging the crack are overloaded and can either break, pull-out, stretch or
deform as the crack attempts to open up further under loading.

The BSS steel wires promote significant plastic deformation in bridging ligaments
and the formation of multiple cracks, both of which consume more energy in fracture, and
consequently improve composite toughness. When bridging matrix cracks, plastic
deformation and work hardening of the steel wires plays a key role in obtaining high
toughness and strength. In order to harness this response, we believe that there is a
maximum enlarged end size to wire diameter ratio below which the fiber will not break.
Also, for agiven wire diameter and size of the enlarged ends, a minimum wire length is
required for the wire to deform plastically and fracture instead of breaking the concrete
matrix and being pulled out. Thisis because the wire needs to be embedded in the matrix
for a certain depth in order to be held by the concrete matrix. A weak interface is also
desired so that the wire debonds from the matrix, ideally over the length of the fiber minus
the two ends, leaving an unconstrained section to deform and possibly neck before

fracture. Thiswill yield alarger d, and consume more energy. Multiple cracking is another
effective mechanism for improving the composite toughness. Asshown in Fig. 8, multiple
cracks developed in the BSS-wire reinforced cement specimen. Distributed multiple
cracking alows more bridging BSS wires to plastically deform.

Lastly, for agiven length, there is amaximum volume fraction of wire above which
it isdifficult to achieve a uniform distribution of wiresin concrete. Also there exists a
minimum length below which the desirable multiple cracks will not be generated. A
uniform distribution of the reinforcing steel wiresin the matrix isimportant since clustered

fiber ends will present weak spots where matrix cracks might initiate.

4. Conclusions and Future Work

Reinforcing cement using bone-shaped short (BSS) steel wires has been studied
and proven to be more effective than using conventional straight short (CSS) steel wires.
Thefirst crack strength, maximum strength and toughness of BSS steel wire reinforced
cement was 26%, 40% and 260% higher, respectively, than those of CSS steel wire
reinforced cement. In this system, a substantial contribution to toughening was provided
by the bridging BSS fibers, in the wake of the matrix crack, most of which plastically
deformed to failure rather than pulling out. Therefore, if properly designed so that the
majority of BSS wires undergo large plastic deformation and work hardening instead of
pulling out, the BSS steel wire reinforced cement will be able to sustain high flexural
stresses for alarge deflection, i.e. significantly improving the toughness.

In both the BSS and CSS composites, matrix cracks diverted around the fibers,
debonding the interface, indicating alow interfacial strength and matrix strain-to-failure, as
compared to the strength of the steel wire. In four point bend testing, multiple cracks were
generated in the BSS steel wire reinforced cement similar to that observed in continuous
steel wire (or re-bar) reinforced concrete under tensile stresses [31]. In contrast,
unreinforced and CSS wire reinforced specimens failed by a single central crack, with the
former failing catastrophically. The multiple cracks generated in the BSS wire composite
had smaller crack openings than the single crack in the other two specimen types. Thisalso
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further increased the overall toughness by allowing more steel wiresto participate in crack-
bridging and plastic deformation.

In this study, the cement matrix material did not contain aggregates, which tend to
force cracks to follow tortuous, non-planar paths. The effectiveness of BSS steel wiresin
toughening concrete commonly used in civil infrastructures will be studied in future work.
Also further studies, such as BSS wire pull-out tests and stochastic modeling of concrete
fracture, is necessary to provide more insightful information on the roles of the geometry,
volume fraction, and distribution of BSS wires on the mechanical properties of BSS-steel
wirereinforced concrete. Lastly we suggest using larger specimens or an dternative
specimen geometry, so that the bridging zone may fully develop and important bridging
mechanisms may be better understood and modeled for this BSS system. Indoing so, it is
crucial to keep in mind that fiber composites and brittle materials, such as aggregate
concrete, are well known to exhibit size effects; that is, the strength decreases with size
[31].
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