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Background and motivation

Concrete structures are prone to cracking under service loads and environmental exposure
mainly due to the brittleness (low fracture toughness) and low tensile strength of concrete. Cracks
negatively affect the durability of exposed concrete members typically used in bridge construction
[1,2]. Although prestressed concrete bridge members are designed not to crack under service loads,
the low tensile strength of concrete necessitates large prestressing forces and member cross-
sections to meet this design criterion. Eliminating concrete cracks or reducing their number and

width is essential for extending infrastructure service life [3].

Various fibers have been used in concrete to manage the problem of cracking. Steel fibers
have been the most commonly employed fibers to enhance concrete’s tensile and flexural strengths,
improve post-cracking ductility, and limit crack openings. Straight, smooth steel fibers form a
weak bond with concrete, and therefore, their surface and geometry are often modified to enhance
stress transfer between the fibers and concrete [4]. Commercially, steel fibers are available in
various length/diameter aspect ratios ranging from 10 to 100. Fibers with diameters less than 0.3
mm are referred to as “microfibers”, whereas larger fibers are referred to as “macrofibers” [5].
While steel microfibers are more effective in reducing crack openings and are often used for
improving durability in volume fractions of up to 1%, steel macrofibers at volume fractions larger
than 1% (but usually not more than 3%) are used for improving flexural and shear capacities of
reinforced concrete structural elements [6-8]. Despite these positive effects of steel fibers on post-
cracking behavior of concrete, their influence on the cracking strength of concrete under tension

is marginal, as the fiber-reinforcement mechanisms are activated only after cracking [4, 5, 9].



Preventing or delaying concrete cracking under service loads requires increasing its
fracture toughness. From a fracture mechanics standpoint, fracture toughness can be improved by
either reducing flaw size/porosity or reinforcing the matrix at a much smaller scale. However, the
former approach increases the compressive strength of concrete, making it more brittle with worse
post-cracking behavior than normal strength concretes. Fiber reinforcement at a smaller scale to
delay crack formation through greater energy dissipation in the fracture process zone can be
achieved using smaller fibers such as polymer microfibers, carbon nanotubes, or steel wool.
Although polymer microfibers and carbon nanotubes have been demonstrated to enhance the
cracking strength of concrete, their high cost and specialized equipment needs for achieving good
dispersion in concrete limit their practical applications [10]. This research focuses on using steel

wool to improve the fracture toughness of concrete for crack prevention under service loads.

Steel wool (or chopped steel fibers) is commonly used in the form of rolls or pads for
applications in brake pad linings (as thermal shields), automobile exhaust pipes (as acoustic
shields), metal separation, water and air filtration, cleaning, and many more [11]. Figure 1 shows
a sample of steel wool used for prior research at the University at Buffalo (UB). Due to the random
chopping process, the lengths of individual fibers of this steel wool vary between 0.4 and 4.0 mm,
and their diameters vary between 0.04 and 0.20 mm. Steel wool is manufactured using bundle
drawing technology, wherein a single-sheath composite wire is annealed and drawn multiple times
to reduce the cross-section to a desired fineness. Steel wool is widely available worldwide in
various sizes and grades. There are several suppliers of steel wool in the USA, including American
Metal Fibers, Inc. (IL), International Steel Wool, Inc. (OH), IntraMicro, Inc. (AL), Global Material

Technologies, Inc. (IL), etc. The physical properties of the steel wool used for research at UB are



shown in Table / below. At 1% volume fraction, the added cost of steel wool in concrete is about
$100/yd?. This research utilized stainless steel wool with the same physical properties as those

shown in Table 1, but it is highly corrosion-resistant and costs approximately $2.5/1b.

- F

Figure 1: Steel wool particles

Table 1: Properties of steel wool

Material | Color | Specific | Tensile Elastic Average | Average Cost
Gravity | strength | modulus length diameter
Mild steel | Gray 7.85 44 ksi 30,000 ksi 0.06" 0.003" $0.75/1b
(300 MPa) | (210 GPa) | (1.5 mm) | (0.07 mm)

We conducted a preliminary study to investigate the effect of steel wool on the fresh and
hardened properties of a high-strength mortar (compressive strength ~18 ksi). Five mixes were
prepared with the volume fraction (Vr) of steel wool ranging from 0% to 2% of the total mix
volume with increments of 0.5%. Figure 2 shows the change in properties relative to the mix that
did not contain steel wool. The workability was reduced slightly due to the addition of steel wool,
but it was improved by increasing the amount of plasticizer used. The main observation was that
although the compressive strength increased only by about 20% at Vi = 1.5%, the flexural strength
increased by about 70%, and the fracture toughness increased by about 50% at Vi = 1.5%. This
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shows the effectiveness of the micro-reinforcement provided by the steel wool, which improves
the crack resistance under tension. A closer examination of the fracture surface in the fracture
toughness specimens revealed that the tortuosity of the crack path increased with the increase in
steel wool content, which supports the approach proposed in this research to increase the crack

resistance of conventional concrete.

100% Compressive strength
Flexural strength
75% Fracture toughness
% Workability
50%
% (]
L
Z
5 25%
.
0%
0.0% 0.5% 1.0% 1.5% 2.0%
-25%
-50%

Steel wool volume fraction (Vy)

Figure 2: Effect of steel wool on concrete properties

Problem description, approach, and methodology

The primary problem addressed in this research is the cracking of reinforced and
prestressed concrete structural elements under service loads. The goal of this research was to
investigate the use of steel wool in concrete to increase its crack resistance. An experimental
approach was employed wherein several concretes with increasing volume fractions of steel wool
were produced, and corresponding mechanical properties, including compressive strength, flexural

strength, and fracture toughness, were evaluated using standard test methods. Fracture toughness
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and flexural strength were used as indicators for concrete’s cracking resistance and tensile capacity.
Finally, an optimum volume fraction of steel wool in concrete was determined based on the test

results. The research tasks completed in this research are as follows:

1. Preparation of base concrete mixtures and specimens

The investigators obtained two mixture designs in Table 2 for concretes used by two
different precast concrete manufacturers in their products. These two mixtures served as the base
concrete mixtures (without steel wool) for this study. The precast concrete manufacturers also
provided the constituent materials for these concretes. Both the mixtures were designed to attain a
slump of 6-9 inches and an average compressive strength of 6,000 psi at 28 days. The investigators
prepared the two base mixtures in their laboratory using a concrete gravity mixer with a volumetric

capacity of 3.5 ft3, following the procedure in ASTM C192 [12].

Table 2: Composition of base concrete mixtures

Constituents Mix 1 Mix 2
(Ib/yd? concrete) (Ib/yd? concrete)
Cement 799 720
Coarse aggregates 1,648 1,600
EEIeE (NMAS* = 0.50") (NMAS = 0.75")
Fine aggregates 10,540 1,279
320 259
Water (w/c** = 0.40) (wle = 0.36)
Air-entraining
admixture 0.3 0.4
Plasticizer 2.8 2.5

* NMAS = Nominal maximum aggregate size
** w/c = water/cement weight ratio
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2. Evaluation of slump and compressive strength of base mixtures

Slump and compressive strength of the base mixtures were evaluated as quality control to
ensure that these properties determined at UB were consistent with those observed at the precast
manufacturers’ facilities. Following the ASTM C143 [13] procedure, the measured slump for
Mixes 1 and 2 was 7" and 9", respectively, which was similar to that observed by the precast

concrete manufacturers at their facilities.

For measuring the 28-day uniaxial compressive strength, four cylindrical specimens of
diameter 3" and height 6" were prepared for Mix 1, and four cylindrical specimens of diameter 4"
and height 8" were prepared for Mix 2. Larger cylinders were used for Mix 2 considering the larger
nominal maximum aggregate size of 0.75"” in Mix 2 compared to 0.50” in Mix 1. Four additional
cylinders of respective sizes were cast for each mixture to determine the early-age compressive

strength. The curing procedure followed for each mixture is described below.

To characterize the early age strength, the Mix 1 specimens were demolded 12 hours after
casting and then kept submerged in water at 90°C in an oven for 12 hours. The container holding
the water and specimens was covered with aluminum foil to minimize water loss. This curing
procedure accelerates the cement hydration reactions and simulates the 12-hour steam curing
procedure typically used at precast concrete production facilities. A similar procedure was used
for characterizing the early age strength of Mix 2, but instead of demolding the specimens 12 hours
after casting, they were demolded 24 hours after casting as Mix 2 specimens took longer to gain

the strength and stiffness necessary for demolding. The curing procedure for determining the 28-
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day strength of both the mixtures involved demolding the specimens 24 hours after casting,
submerging them in water for 21 days, and then leaving them exposed to air for 7 days. Figure 3

below shows the aforementioned steps.

Casting Demolded specimens Specimen submerged in water

Figure 3: Specimens through various stages of curing

Immediately after curing, the cylindrical specimens were tested under uniaxial
compression following the procedure in ASTM C39 [14]. The average compressive strengths of
Mix 1 and 2 were 3,977 psi and 4,845 psi at early-age, respectively, which increased to 7,139 psi
and 7,262 psi at 28-days. These strengths were consistent with those obtained at the respective

precast concrete manufacturers’ facilities, enabling us to proceed with the next steps.

3. Preparation of concrete mixtures with steel wool

Four concrete mixtures with increasing steel wool volume fractions of 0.5%, 1.0%, 1.5%,
and 2.0% (percentage of concrete volume) were prepared corresponding to each base mixture to
investigate the influence of steel wool content on the mechanical properties of concrete. The
mixing and curing procedures were similar to the base concrete mixtures, as detailed in Tasks 1

and 2 above. The only addition in these mixtures was stainless steel wool, which was added at the
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end after mixing the rest of the base concrete ingredients. The plasticizer amount was regulated

(up to £20% of the plasticizer amounts in Table 2) to maintain slump in the range of 6-9 inches

while accounting for the additional steel wool and laboratory’s environmental conditions

(temperature and humidity) on the days of mixing.

4. Specimen preparation and testing of concrete mixtures with steel wool

Three different types of specimens were cast for each of the 10 mixtures investigated in

this study. These included specimens for determining uniaxial compressive strength, modulus of

rupture (flexural strength), and fracture toughness. Table 3 shows the number, type and dimensions

of specimens cast for each mixture. The details of experiments are given below.

Table 3: Test matrix

(4"%4"x14" notched beams)

Steel wool volume fraction = (0% 0.5% 1.0% 1.5% 2.0%
Experiment type
(Specimen dimensions) Number of specimens
Compression
(3"x6" cylinders) 4 4 4 4 4
Mix Flexure
1 (1.5"%x3"x12" beams) 4 4 4 4 4
Fracture Toughness
(1.5"x3"x12" notched beams) 4 4 4 4 4
Compression
(4"x8" cylinders) 4 4 4 4 4
Mix Flexure
2 (4"x4"x14" beams) 3 3 3 3 3
Fracture Toughness 3 3 3 3 3
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Uniaxial compression tests: Although the focus of this study was to investigate the effect of steel

wool on the cracking and tensile behavior of concrete, change in the tensile behavior influences
the passive confinement of concrete, which in turn affects the compressive strength. Therefore,
uniaxial compressive strength of each mixture was characterized following the procedure in
ASTM C39 [14]. Besides, it is customary to report the compressive strength of concrete as it serves
as a good data point for quality control and most other properties of concrete can be correlated to
compressive strength. Figure 4 shows sample specimens of base Mixes 1 and 2 at the end of their
uniaxial compression tests. As explained above, larger specimens (4" dia x 8" height cylinders)
were used for Mix 2 compared to Mix 1 (3" dia x 6" height cylinders) due to larger nominal
maximum aggregate size used in Mix 2 compared to Mix 1. The loading rate in all the uniaxial

compression tests was maintained between 28 and 42 psi/s as per ASTM C39 [14].
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(a) Base Mix 1 specimen (b) Base Mix 2 specimen

Figure 4: Sample specimens under uniaxial compression
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Four-point flexure tests: This test assesses the flexural strength or modulus of rupture of concrete

and provides information about the concrete’s ability to resist cracking and failure under bending
loads. The four-point bending experiments were conducted according to ASTM C78 [28] and the
average modulus of rupture was determined for each mixture. Figure 5 shows sample specimens
of base Mixes 1 and 2 during the four-point flexure experiments. These tests were performed with
beam specimens of dimensions 1.5” (width) by 3" (height) by 12” (length) for Mix 1 and with
beams specimens of dimensions 4” (width) by 4" (height) by 14" (length) for Mix 2. Larger
specimens were used for Mix 2 due to its larger aggregate size. A constant machine head
displacement rate of 0.015 inch/minute was used for Mix 1 and that of 0.020 inch/minute was used

for Mix 2, accounting for the difference in heights of the specimens.

(a) Base Mix 1 specimen (b) Base Mix 2 specimen

Figure 5: Sample specimens under four-point flexure

Fracture toughness tests: Fracture toughness is an indicator of a material’s ability to resist crack

initiation and is a critical property for estimating concrete’s durability and resistance to cracking.
In this study, three-point bending experiments were performed on notched beam specimens to

determine fracture toughness according to ASTM E399 [15]. Figure 5 shows sample specimens of
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base Mixes 1 and 2 during the four-point flexure experiments. The notched beam specimens had
the same overall dimensions as the beams used for the four-point flexure tests. A notch of depth
equal to approximately 40% of the beam depth was precut in each specimen before performing the
tests. A vertical load was applied at a constant displacement rate of 0.0075 inch/minute for Mix 1

and that of 0.010 inch/minute for Mix 2.

(a) Base Mix 1 specimen (b) Base Mix 2 specimen

Figure 6: Sample specimens in three-point bending for fracture toughness test

Results and discussion

Compressive strength

The average compressive strength (f'c) of all concrete mixtures and corresponding standard
deviations (as error bars) are shown in Figure 7 at early age and at 28-days. Figure 8 shows the
change in compressive strength of mixtures containing steel wool compared to the respective base

mixtures at early age and at 28-days.

The addition of steel wool in concrete led to substantial improvements in early-age

compressive strength. Mix 1 with 2.0% (by volume) steel wool had the highest increase in
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compressive strength of 27% relative to the base Mix 1. Similarly, using 1.5% steel wool in Mix
2 led to a maximum increase of 38% in compressive strength relative to base Mix 2. In contrast,
the effect of steel wool on 28-day compressive strength was significantly smaller (less than 10%
for most cases). Furthermore, it is interesting to note that even the absolute gains in compressive
strength due to steel wool addition were lower at 28-days compared to early age. This could be
due to the reduced effectiveness of passive confinement provided by the steel wool at 28-days
compared to early age, which in turn could be caused by the greater lateral strain in concrete
cylinders near peak compressive stress at 28-days compared to early age. In other words, steel
wool fibers might be too small to bridge the vertical microcracks formed in concrete cylinders near

the peak compressive stress at 28-days.

The 28-day results compressive strength results in this study are comparable to those in the
literature for steel fibers [8, 16-18], which show that although adding steel fibers increases ductility
and post-peak performance, it does not significantly affect compressive strength. When higher
volumes of steel fibers are used, the compressive strength could decrease due to inadequate
dispersion of the fibers within the concrete matrix creating discontinuities in concrete. We could
not find a study in the literature that systematically shows the effect of steel wool on the

compressive strength of concrete.
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Figure 8: Percentage change in compressive strength
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Modulus of rupture

The base Mixes 1 and 2 exhibited average modulus of rupture (MOR) of 515 psi and 441
psi, respectively, at early age, and that of 549 psi and 504 psi, respectively, at 28 days. The MOR
of these mixes at both early age and 28-days were consistent with their compressive strengths. The

ACI 318 formula of 7.5Vf'c provides a good estimate for the experimentally obtained MOR.

Steel wool yielded significant increases in MOR both at early age and at 28-days. Figure 9
shows the average MOR (f'r) and corresponding standard deviations for all mixtures at the two
ages. Figure 10 shows the percentage increase in MOR relative to the respective base mixtures as
a function of steel wool volume fraction. The early age MOR of Mix 1 increased by up to 27%
with 2.0% steel wool. The maximum increase in the early age MOR of Mix 2 was 51% and
occurred when 1.0% steel wool was added by volume. At 28-days, the MOR increased by up to
49% with 1.5% steel wool for Mix 1 and increased by up to 51% with 2.0% steel wool for Mix 2.
For Mix 2, when the steel wool dosage was increased from 1.5% to 2.0%, there was a slight
reduction in the percentage increase of MOR. This decrease can be attributed to a less effective

dispersion of steel wool, likely because of the larger aggregate size.
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These notable improvements can be attributed to the steel wool’s bridging effects, which
prevent the formation and propagation of microcracks [19]. While there are no comparable studies
in the literature on concrete containing steel wool, studies on concrete containing conventional
steel micro- and macro-fibers [20-23] reported higher (up to 120%) increases in MOR compared
to concretes without fibers. This significant increase is attributed to the larger length of steel fibers
compared to steel wool. Longer fibers can increase the post-cracking tensile strength and ductility
more due to a stronger bridging effect [21, 24]. Nevertheless, the gains in MOR with steel wool
are significant considering their much lower cost and minimal impact on workability due to its

significantly smaller size than conventional steel fibers.

Fracture toughness

Figure 11 shows the average fracture toughness (Kic) and the corresponding standard
deviations for all the mixtures at an early age and at 28 days. Figure 12 depicts the change in the
fracture toughness compared to the base mixtures. The base Mixes 1 and 2 exhibited early-age
fracture toughness of 409 psiVin and 618 psiVin, respectively. Mix 1 with 2% steel wool by volume
showed the highest increase in early-age fracture toughness (48%) compared to the base Mix 1.
For Mix 2 series, the highest increase (29%) in early-age fracture toughness was achieved at steel
wool volume fraction of 1.5%. At 28-days, the fracture toughness of base Mix 1 and 2 were 549
psivin and 669 psiVin, respectively. Similar to their early age trend, Mix 1 and 2 achieved

maximum increases in fracture toughness at 2.0% and 1.5% steel wool by volume, respectively.
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Previous research [19, 25, 26] has reported a similar increase in fracture toughness of
cementitious materials with the addition of microfibers. The explanation provided in the literature
for the underlying toughening mechanism due to microfibers is as follows. All concretes contain
inherent flaws in the form of entrapped air bubbles, porosity, and weak aggregate/cement paste
interfaces. Under an applied tensile load, stress concentrations are developed at the ends of these
flaws. The stress intensity factor (Ki) mathematically represents the magnitude of stress
concentration at each flaw. Ki increases with the applied tensile stress, and according to linear-
elastic fracture mechanics, a crack is formed at the flaw where Ki equals the fracture toughness
(Kic). However, before such formation of a crack (or a “macro” crack), several microcracks are
formed near each flaw in a region of high tensile strain called the fracture process zone (FPZ), as
shown in Figure 13. The added fibers in concrete can bridge these microcracks in the FPZ, but
only if the added fibers are sufficiently small and bond well with the cementitious matrix [27]. The
bridging of the microcracks allows stress redistribution and energy absorption in the FPZ, as well
as increases the size of the FPZ [28], which in turn increases Kic as it is related to the energy a

material absorbs before crack formation.
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Figure 13: Steel wool bridging microcracks in FPZ
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Typically used steel fibers in fiber-reinforced concrete cannot bridge the microcracks in
the FPZ due to their large diameter and weak bond with the cementitious matrix, which, therefore,
do not improve the cracking strength of concrete. On the other hand, due to their small size
(thickness), steel wool can bridge the microcracks in the FPZ, increasing the size of the FPZ and
Kic. Figure 14 from Scott et al. [28] depicts a larger FPZ for a notched concrete beam specimen

containing steel wool compared to a specimen without steel wool.

(a) Without steel wool (b) With steel wool
I I [ [ .
0 exx [%] - Lagrange 0.1

Figure 14: Fracture process zone in notched beam specimens [28]

For Mix 2, there was a noticeable decline in fracture toughness when the dosage of steel
wool was increased from 1.5% to 2.0%. This is attributed to less efficient steel wool dispersion,
likely due to the larger aggregate size in Mix 2 compared to Mix 1, resulting in poor workability

and larger air voids.
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Conclusions and recommendations

Adding steel wool up to 2% volume fraction in two different concrete mixtures (obtained
from two different precast concrete manufacturers) significantly enhanced their fracture toughness,
thus improving their resistance to crack formation. Like other microfibers, steel wool’s bridging
of the microcracks in the FPZ around a flaw redistributes stress, increases energy absorption, and
increases the size of the FPZ before crack formation, thus increasing the fracture toughness. Steel
wool addition also improved the MOR of concrete substantially, signifying their post-cracking
contribution to the tensile capacity of concrete through crack bridging. However, the beneficial
effects of steel wool on MOR and fracture toughness diminished at a volume fraction greater than
1.5% due to adverse effects on workability (especially in Mix 2 with larger coarse aggregates) and
homogeneity of the material. Therefore, this study recommends using 1.5% volume fraction of
steel wool in concrete for optimum mechanical properties and good workability. The maximum
gains in concrete properties at early age and at 28 days and the corresponding steel wool content

are summarized in the tables below.

Early-age:
Compressive strength MOR Fracture toughness
Mix 1 +27% with 2% SW* | +25% with 2% SW +40% with 2% SW
Mix 2 +38% with 1.5% SW | +51% with 1% SW | +40% with 1.5% SW

* SW = steel wool
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Compressive strength MOR Fracture toughness
Mix 1 +8% with 1% SW* | +49% with 1.5% SW | +48% with 2% SW
Mix 2 +15% with 2% SW +51% with 2% SW | +29% with 1.5% SW

* SW = steel wool
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