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where OV% is the optimal volume fraction needed to achieve 4,000 psi (40.5 MPa), Poy is the
pressure at optimal volume fraction, Pogo, ca 1S the pressure at 25% composite aggregate, and

P37 504 ca 1S the pressure at 37.5% composite aggregate. Based on Equation 1, a volume fraction
of 32.3% composite aggregate is required to achieve a 4,000 psi (40.5 MPa). For the purposes of
this study, the volume fraction 32.5% composite aggregate and 67.5% limestone aggregate was

used in the mixture proportions in Phase 2 of the experiment.

2.4.2 Phase 2

2.4.2.1 Results of ASTM C39 compression test

Based on the optimal size and volume of composite aggregate determined in Phase 1, the
Phase 2 tests were produced. The results of the ASTM C39 compression test are shown in
Figure 11. At each of the three cure times, the samples stored in the 100% humidity
environment had higher compressive than those stored in the hot bath. However, as the
compressive strength increased with time for those in the 100% strengths humidity, the strength

decreased for those in the hot bath.
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Figure 11: ASTM C39 compression test for different curing environments with cylinders
containing 32.5% composite aggregate

2.4.2.2 Results of ASTM C496 split tensile test

Similar to the results seen in the ASTM C39 compression test, the 100% humidity room
samples in the ASTM C496 tensile test show continuous strength increases over time. Likewise,
the hot bath samples see a decrease in their tensile strength. The results of the split tensile test are
shown in Figure 12. Unlike those found in the compression test, the samples at 90 days for the
split tensile test show only a slight increase or decrease in tensile strength compared to that

obtained 28 days, which implies continued curing may not have a large effect on tensile strength.
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Figure 12: ASTM C496 split tensile test for different curing environments with cylinders
containing 32.5% composite aggregate

2.4.2.3 Results of ASTM C157 shrinkage prism test
The ASTM C157 shrinkage prism test showed interesting results. As shown in Figure
13, those in the fog room showed a near zero change throughout the 90 day curing cycle.

Changes in fog room samples range from 0.02-0.03%. Those stored in the hot bath displayed
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significantly more expansion over the entire curing cycle although they started with only slightly
larger values than the fog room at the seven days measurement. Hot bath samples ended with
expansion values between 0.27% and 0.33%. A clearer representation of the expansion from

each sample can be seen in Table 3.
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Figure 13: ASTM C157 shrinkage prism test for different curing environments with
cylinders containing 32.5% composite aggregate

Table 3: Percent change in specimen during ASTM C157 test with cylinders containing
32.5% composite aggregate

Curing Environment Fog Room Hot Bath
Sample #| 1 2 3 1 2 3
Day 7| 0.01(0.01(0.02|0.05(0.03) 0.02
Day 28(0.02|0.01(0.02|0.15|0.15|0.10
Day 90| 0.02|0.02(0.03|0.33|0.31)0.27

2.4.2.4 Results of corrosion test
The corrosion test was different from the other tests performed in this study. This test did

not involve concrete. Instead, aggregate samples were stored in calcium hydroxide to mimic the



22

pH environment found in concrete to determine its effects on both the composite and limestone
aggregates. The calcium hydroxide was used to mimic the acidic environment seen in cement.
Similar to the shrinkage test, the corrosion test showed surprising results. The objective was to
measure mass loss due to corrosion; instead, mass gain likely due to water absorption was
observed. The composite samples showed weight gains of more than three times the amount of
the limestone aggregate at the age of 90 days. In the first seven days of soaking, limestone
samples gained an average of 0.45% of their total weight. Composite samples showed almost
double that weight gain with an average of 0.83%. The weight gain for both composite and
limestone slows after the first seven days. Composite samples would double their initial seven
day weight gain to end with 1.66% weight gain at the end of 90 days. Limestone aggregate
shows a much less drastic change, ending the 90 day curing cycle with 0.04% increase from its
initial seven day weight for a final average weight gain of 0.49%. The average weight gain
comparison between the limestone and composite aggregate can be seen in Figure 14. The actual

weights of each aggregate sample can be found in Table A3 and Table A4 in Appendix A.
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2.5 Discussion

With all the test results in mind, taking a deeper
analysis will be necessary determine whether or not the
composite material from wind turbine blades is a suitable
aggregate for concrete. To start, the effects of the aggregate
size and shape must be addressed.

Smaller composite aggregate samples were
expected to yield higher compressive strengths due to the
reduction in shear plane size between the surface of the

composite aggregate and mortar. However, no statistical

difference between the different aggregate sizes (%2 X %2 x
Yoand 1 x 1 x 1inch [1.27 x 1.27 x 1.27 cm and 2.54 x 2.54 x 2.54 cm])
were found. Although the smaller shear plane size between the aggregate and mortar did not
cause a difference in compressive strength, each sample preferentially fractured along the
smooth surfaces of the composite aggregate as seen in Figure 15. This was expected because
unlike limestone aggregate which is irregular in geometry, the composite aggregate pieces were
rectangular prisms. This geometry is thought to have caused a lower compressive strength since
irregularly-shaped coarse aggregates slightly increase the strength generated at the
aggregate/mortar interface [36]. A solution to this issue may be found in irregularly-shaped
geometry with increased surface roughness on smooth edges of the composite material. If a
process existed to create composite aggregate to have an irregularly-shaped geometry and

increase the surface roughness, similar to limestone aggregate, the overall strength of these
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samples would increase. An attempt to create such geometry and increase the surface roughness
to improve the bond strength between the mortar and composite aggregate face was made using a
rock crusher. It was unsuccessful due to the composite material splitting and cracking. This
cracking creates new interior surfaces that must be covered and bonded to the mortar, thus
increasing the amount of mortar needed. For example, if a composite aggregate has six sides and
cracks down the middle, now there is a 33% increase in surface area exposed.

While the composite aggregate had the disadvantage of cracking along its smooth sides,
each sample broke through the limestone aggregate during testing. Breaks through the composite
aggregate were not observed. Further research is needed to determine if irregular-shaped
composite aggregate and rougher surface finish on smooth sides of composite aggregate would
result in the composite aggregate fracturing, or if the bond strength between the composite
aggregate and mortar would remain the point of failure.

The aggregate size test discovered the threshold of 4000 psi (40.5 MPa) could be reached
using composite aggregate. The volume test was designed to determine the maximum volume
fraction of composite aggregate that would produce the 4000 psi (40.5 MPa). This threshold was
found to be 32.5% composite aggregate and 67.5% limestone aggregate at seven days with the
expectation that it would continue to increase as the concrete cured.

If the course aggregate was 32.5% composite aggregate, there is a significant weight
advantage to using the composite aggregate in addition to limestone. The substitution of
composite aggregate for limestone aggregate would result in almost a 5% decrease in overall
weight of the concrete due to the density difference between the two materials.

Although the decrease in weight is certainly an advantage to using the composite

material, there appeared to be negative effects of using the composite material as well. During
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the curing stage of the experiment, samples stored in the hot bath displayed external cracking. As
the experiment progressed from seven days of curing, to 28, and 90 days, the cracking continued
to propagate throughout the hot bath samples. These cracks appeared to have directly affected
how the samples broke. When the ASTM C39 compression test was performed, the samples
tended to break along the pre-existing cracks found on the hot bath samples. While cracks were
very prevalent on the hot bath samples containing composite aggregate, no visible external
defects were found on samples cured in the humidity room during any stage of the experiment.

Examples of each of these conditions can be found in Figures 16, 17, and 18 respectively.

B s & »
Figure 16: Sample stored  Figure 17: Cracking Figure 18: Compressive
in fog room displays no seen on samples stored failure along cracking
sign of cracking in hot bath caused by curing

There are several reasons this cracking was believed to have occurred. The first is
thermal cracking, which may have occurred due to the prolonged exposure to an elevated
temperature environment. The second is due to an alkali-silica reaction (ASR). Previous
experiments have also shown that using glass as aggregate can cause sample strength reduction

and excessive expansion due to the alkali-silica aggregate reaction [37]. This reaction can induce
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pressure, expansion, and cracking of the aggregate and surrounding cement paste [38].
Additionally, heat is also known to speed up the alkali-
silica reaction [39]. ASR appears in the form of a white
efflorescence paste between the interface of the glass
and mortar. When samples were removed from the hot
bath, efflorescence appeared to be emerging from the

cracks shown in Figure 19.

A further analysis of the cracking was done to

Figure 19: Efflorescence

determine the true cause using a FEI Quanta-FEG 250  emerging from cracks in heat
cured samples

scanning electron microscope (SEM). A sample from

each curing location, fog room and hot bath, were taken and a slice was cut out and polished to
be analyzed. During this process several interesting things appeared. First, both samples showed
cracking around the composite aggregate, limestone aggregate, the concrete paste as seen in

Figure 20. This was intriguing because cracking was only expected to be seen in the hot bath

samples. Second, porosity appeared near the edges of
the composite aggregate shown in Figure 21. Third
was a complete lack of bonding between the smooth
edge of the composite aggregate and the mortar.
Finally, there was no sign of ASR present in either

sample. The lack of ASR came as a surprise, but may

Figure 20: Cracking around both

have been hindered by the resin in the composite composite and natural aggregate

material not allowing for significant exposure of glass

to the mortar. This issue is discussed in more detail later.
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The cause of cracking around both the composite and regular aggregates and through the
concrete paste appeared in both samples is unknown. It is believed that a change in dimensions
in the composite aggregate caused this internal cracking to occur. It is unlikely that the change in
dimension could have been caused by thermal expansion due to the appearance in both the fog
room and hot bath samples. It is possible the cracking was induced by the vacuum chamber of
the SEM. The most likely scenario is that the change came from water absorption by the
composite aggregate causing it to swell and the mortar to crack.

The porosity was believed to be caused by water being absorbed by the composite
aggregate. The SEM showed that these sections contained a lower amount of oxygen level
compared to mortar around the limestone aggregate and throughout the concrete mixture. The
lower oxygen levels indicate a lack of water present in these sections. The porosity was also
found to be more significant along the sheared edges of the composite aggreate compared to the
smooth edges. The fractured material and larger surface area from the sheared side is thought to
have caused easier and more water abosorbstion than a smooth side. An example of the porosity
is shown next to the composite aggregate in Figure 21. Additionally, Figure 22 shows the more

extensive porosity along the sheared edge of a part.

Flgre 11 r05| in the mortar- Figure 22: Higher amount of
composite interface porosity along sheared edge of
composite



