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DESIGNING “STAR” STRUCTURES FOR PROPULSION
SYSTEMS USING CEMENTITIOUS COMPOSITES

ABSTRACT

This paper demonstrates how composite materials, fabricated by placing a low modulus, lightweight concrete over multiple layers of a
relatively stiff reinforcement, can be designed to offer more design flexibility than traditional advanced aerospace composites fabricated from
materials, such as graphite or Kevlar, and epoxy.  This new generation of highly compliant compositesmaterials is studied by applying the
rule of mixtures and a modified transform section theory.  Tensile tests are conducted on composite samples to verify this approach; and,
when the effective material properties are used to characterize the deflections of composite beams subjected to pure bending, an excellent
agreement is obtained.   Laminated composite plate theory is also being investigated as a means for analyzing more complex composites
reinforced with multiple graphite layers oriented in different directions.

Results show that the plates can be used to build strategically tuned, absolutely resilient (STAR) structures capable of storing relatively large
amounts of strain energy.  Provided that the materials remain elastic when the service loads are applied, the stored energy can be completely
recovered and released in a controlled fashion to do work.  Advanced systems will be designed to function as smart structures that include
sensing elements to monitor the structural integrity and control elements to adjust the dynamic response.

In the future, we propose to incorporate these unique mechanical energy storage devices into advanced propulsion systems.  Since the
materials are more inert and less sensitive to corrosion, nuclear bombardment, and electromagnetic radiation than their counterparts, they
should function better in the hostile environment sfound in space and on the battlefield.

INTRODUCTION

Strategically embedding layers of graphite mesh in a highly compliant cementitious matrix produces a composite material with relatively
high tension and compressive properties as compared to steel-reinforced structures fabricated from a standard concrete mix. [1]  Although
these composite systems are somewhat similar, the methods used to analyze steel-reinforced composites often fail to characterize the
behavior of their more advanced graphite reinforced counterparts.  Since only a few investigations have been carried out on the materials in
question, there is a pressing need to develop analyses tools suitable for design purposes.

OVERVIEW OF TEST PROGRAM

A finite element model of a multi-layered composite beam was produced and run with boundary conditions for a beam in pure bending.  The
same beam was analyzed using the transform section method.  The elastic modulus ratio was varied from 1 to 80 for each analytical method.

The results of the analyses diverged as the elastic modulus ratio increased, and the observation was made that the traditional transform
section method of analysis does not work well for ratios greater than 20.

The next step was to design, produce, instrument, and test a number of highly compliant graphite reinforced cementitious composite
specimens.

A relatively flexible concrete was designed with the following mix proportions: Portland cement (266.2 kg/m 3), latex (51.7 kg/m3), acrylic
fortifier (16.4 kg/m3), micro-balloons (104.3 kg/m3), and water (318.4 kg/m3).  The air content by volume in a standard compression test
cylinder was 12.7 percent and the water to cement ratio of the mix was 1.20.  Tension and compression tests revealed 28-day tensile and
compressive strengths of 1.77 MPa and 4.80 MPa, respectively.  The elastic modulus and Poisson’s ratio were 0.8 GPa and 0.28,
respectively.

The composite samples were reinforced with a layer of a non-impregnated graphite mesh having 3k fibers per tow spaced at 3.18 mm
intervals.  Each tow was 0.19 mm thick by 1.07 mm wide.  The fibers were held in place using 0.08 mm diameter Kevlar strands.  The elastic
modulus and tensile strength of the graphite were 231 GPa and 3.65 GPa, respectively.

A Plexiglas mold was used with a graphite tensioning device to produce a 2.54 mm thick “cookie” sheet of composite material having a
single layer of mesh positioned in the center.  Porosity was controlled by working with small amounts of cementitious material and floating it
in the mold.  The cookie sheet was cut into 5 cm wide by 35 cm long strips using a band saw.  The strips were machined using a router and
template into test specimens having geometries that matched ASTM composite standards.  The specimens were sanded to adjust the
thickness and polish their surfaces.  Then, strain gages were attached to the front and back surfaces to account for bending and/or twist.

After “path-finder” specimens were used to verify the test procedure and instrumentation, tensile tests were conducted to determine the
elastic modulus (2.8 GPa) and Poisson’s ratio (0.14).  Iosipescu specimens were used to determine the shear modulus (517 MPa).

The rule of mixtures was applied in an attempt to predict these effective material properties.  As a result, it was demonstrated that a modified
transform section approach could be used to analyze simple composite beams.

A MathCad solution sheet was developed to make the required calculations.  When the material properties predicted by the rule of mixtures
were compared to test data, it was found that the elastic modulus in the direction of loading, E x, compared well to the test data.  However,
Poisson’s ratio, the shear modulus, and the transverse modulus, E y, did not compare well.  This result was somewhat anticipated, since other
investigators have reported this trend while studying composite lay-ups made from traditional materials.

The next step in the test program was to apply laminated composite plate theory to highly compliant graphite reinforced lay-ups, and make
comparisons with test data and finite element analyses.

A MathCad solution sheet was developed to make the required calculations.  When the method was applied to a composite plate with known
material properties, the results were found to be more accurate that those derived using other well established solution methods.  The 
MathCad results agreed well with those obtained using a very reliable MSC/Nastran model.  The method for analyzing beams with various
ply angles and lay-ups is described below.

COMPOSITE LAMINATED PLATE THEORY 

The constitutive equations for graphite reinforced cementitious laminated plates were derived from classical laminated plate theory and three
graphite reinforced cementitious beams were produced to verify the results of the solution technique.

The beams consisted of two layers of mesh confined within the cementitious matrix.  The mesh has the same elastic modulus in the x and y
directions.  However, because of the very large difference in stiffness between the matrix and the graphite (~300), rotating the mesh changes
the effective modulus of the composite significantly.

The orientation of the graphite reinforcement was [90,90] in the first beam, [45,45] in the second beam and [45,90] for the third beam.  The
dimensions of a beam after sanding were 22.86 cm long, 2.84 cm wide and approximately 0.635 cm thick.  Since the construction process
was not exact, small variations in orientation and thickness were present.  

Each beam was subjected to four-point bending.  The ends of the beams were placed on rollers to produce the desired boundary conditions. 
Beam deflection data was measured using a dial gage located at the center of each beam.  Incremental loads were applied to produce a load
vs. deflection curve, and the load data corrected for the variation in thickness among the test articles.

Beam 1 [90,90] was much stiffer than Beam 2 [45,45].  As expected, Beam 3 [45,90] had a stiffness value between Beam 1 and Beam 2. 
The fact that the 45o layer was on the tension side in Beam 3 may explain why the behavior was close to that of Beam 2.

The results of the composite beam tests were compared to analytical results based on the effective elastic modulus values calculated from the
constitutive equations.  To achieve this, an elastic beam equation was developed to calculate the beam deflections corresponding to the
loading and geometry at hand.  A MathCad solution sheet was used to determine the integration constants and perform the calculations
required to solve the elastic beam equation.

The predicted deflections for Beam 1 [90,90] were in good agreement with the test results.    The effective elastic modulus used in the
predictions, Ex = 2.84 GPa, adequately predicted the behavior of this two-layer composite.  The test data for Beam 2 [45,45] also compared
very well with the test results.  The effective elastic modulus calculated for this beam, E x = 1.72 GPa, indicates that the solution methods for
the constitutive equations remain accurate regardless of the orientation of the composite layers.

The test data for Beam 3 [45,90] also compared very well with the test results.  This is significant, since the lay-up is non-symmetrical. The
effective elastic modulus calculated for this beam, Ex = 2.29 GPa, was computed using the same method applied to obtain those
corresponding to the symmetric cases.

CONCLUSION

Highly compliant graphite reinforced composites can be produced by placing a relatively flexible concrete over a stiff mesh.  The stress can
be driven from the cementitious matrix to the reinforcement by adjusting the geometry and the system designed to absorb or store large
amounts of strain energy.  Although the structural behavior of these composites is somewhat different from that of traditional composites, it
can be studied by using a modified transform section method or composite laminated plate theory.
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The roots of “STARS” technology can be traced back to 1986 when UAH
built its first concrete canoe.  Since then, over 300 students have become 
involved in this project and UAH has proudly represented the Southeast
12 times at the national level.  Four national wins and three second place
finishes give testament to the participants’ survival skills.  This year’s
boat is dynamically tuned to surge forward between strokes and swim.

When properly designed, the composite sections developed for these
unique crafts can withstand more stress and absorb more energy than an
advanced aerospace composite made using materials such as graphite
and epoxy.  Another student group at UAH recently put this claim to the
test by designing, building, and launching the world’s first reinforced
concrete rocket.  The rocket was successfully launched on April 19, 2001.

The rocket design team was led by Dr. Marlow Moser of UAH’s MAE
Department.  The people involved were (front row L-R) Kevin Pulliam,
Shane Smith, Tammy Wenslow, Brian Barnette, April Burgess, Frances
Pitruzzello, Kevin Buch, and Tim Weaver, (back row L-R) Richard
Ponder, Dr. Moser, Ricky Campbell, and Daniel Chhitt.  Andre Danson,
provided the team with the specifications for the mix design

We began by producing several birefringent models to enable us to study
different reinforcement schemes using the method of photoelasticity. 
Qualitative and quantitative comparisons revealed that stresses could be
transferred from the concrete to the reinforcement by strategically
positioning layers of reinforcement in the section.  The more compliant
the concrete, the better the stress transfer.

We found that the best way to resist reverse bending is to design an
“adaptive” section by placing layers of reinforcement symmetrically in the
composite section.  We began by reinforcing our sections with steel mesh
but quickly realized that graphite provided more strength with less
weight.   Contrary to popular belief, we found that concrete compressive
strength is not a critical design parameter. 

We found that the best way to resist reverse bending is to design an
“adaptive” section by placing layers of reinforcement symmetrically in the
composite section.  We began by reinforcing our sections with steel mesh
but quickly realized that graphite provided more strength with less
weight.   Contrary to popular belief, we found that concrete compressive
strength is not a critical design parameter. 

Over 200 polymer enhanced concrete mixes were batched and tested using
different aggregates and admixtures before producing a viable mix.   The
concrete had to be flexible enough to transfer stresses to the
reinforcement; it had to be strong enough to withstand tensile stresses
without cracking; and, the aggregates needed to be carefully selected to
prevent the reinforcement from buckling.

We used latex to provide our mix with the flexibility needed to transfer
stresses from it to the reinforcement.  The latex also helped to obtain the
tensile strength required to prevent cracking.   We added acrylic fortifier
to make the mix water resistant.   Micro-balloons were added to lighten
the mix and to hold the reinforcement in place.  This prevented the fibers
from buckling on the compressive side of the composite section.

Typical “STAR” Mix
[proportions in kg/m3 (lb/ft3) of concrete].

Strain gages were mounted onto concrete specimens made from the
“STAR” mix.  The tensile strength, elastic modulus, and Poisson’s ratio
were carefully measured.  The final mix has an average 7-day  tensile
strength of 1.77 MPa (256 psi), a Poisson’s ratio of 0.28, and an elastic
modulus of 0.8 GPa (115 ksi).  Compression tests were performed but only
for comparison purposes.  

The maximum compressive strength of our mix is 4.8 GPa (696 psi),
making the tensile to compressive strength ratio 0.37.  Ideally, the elastic
modulus should be equal in tension and compression, and the Poissons
ration should be as close as possible to that of the reinforcement.  Our
mix meets all of these specifications; and, no other investigators have
been able to accomplish this.

Several different composite section designs were studied using analytical
and experimental methods.  Flexure tests were conducted to compare
performance and efficiency.  Hundreds of composite samples were tested
in an accelerated seven day program.  Microscopic analyses were used to
evaluate properties such as bond strength, composite failure, and water
resistance.

Graphite Fiber

Polymer BondCrushed Aggregate

Micro-Balloons

We finally decided to use three layers of a non-impregnated graphite
mesh to reinforce our section.  Two of the layers are positioned as close as
possible to the upper and lower surfaces of the section with the third layer
placed between.  We chose to develop a 7.6 mm (0.30 in.) thick section. 
The latter was designed so that a 2.54 cm (1 in.) wide plate could
withstand a service load of 31.2 Nm(23 in.-lb).

Stress in GraphiteStress in Concrete

We studied this configuration using a standard transform section theory and
computed the maximum stresses in the concrete and in the graphite under
the maximum service load as the two outermost layers of mesh were
progressively separated in our section.  The red lines indicate the locations of
our reinforcement; the tensile and compressive stresses in the concrete and
reinforcement are 910 kPa (132 psi) and 237 MPa (34.4 ksi), respectively.

As previously mentioned, the small and uniformly sized micro-balloons
create a dense grain structure that  prevents the graphite fibers from
buckling on the compressive side of the composite section.  The materials
are so light weight that the composite section is positively buoyant.  It is
also very strong and capable of storing the large amount of strain energy
required to produce advanced mechanical energy storage systems.

As explained in the text, we developed a new deflection theory that relies
on material properties extracted from composite tensile specimens.  The
plot labeled classical data corresponds to results predicted earlier using
the standard transform section method.  The modified data corresponds
to a linear version of the modified theory.  We obtained the non-linear
behavior y applying an iterative method developed by Balaguru.

In the future, we propose to use this unique composite to build mechanical
energy storage devices for incorporation into advanced propulsion
systems.  Since the materials are more inert and less sensitive to corrosion,
nuclear bombardment, and electromagnetic radiation than their  counter-
parts, they should function better in the hostile environment found in
space and on the battlefield.


