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TECHNICAL MEMORANDUM

ANALYSIS OF GRAPHITE-REINFORCED CEMENTITIOUS COMPOSITES

1. THE PROBLEM

1.1 Introduction

In research on composite beams, Biszick! noted that the transform section method did not
accurately predict the behavior of the test articles being considered. Biszick documented that a highly
efficient structure; i.e., weight and strain energy, could be developed using a matrix with a very low
Young’s modulus (E/) and reinforcement with a very high Young’s modulus (E,). These test articles
were cementitious beams reinforced with a graphite mesh. The graphite mesh was used in the same way
as steel mesh in conventional reinforced concrete; i.e., the reinforcement reacts on the tensile loads,
while the concrete reacts on the compressive loads. Significant differences should be noted between a
graphite mesh and a similar steel mesh. First, the graphite mesh has no bending or compression stiffness.
The mesh drapes, if not supported, and does not resist a compressive force; i.e., cloth. Second, the
graphite appears to be saturated by the cement (matrix), such that an adhesive bond forms between the
cement and graphite. The cementitious mix used in the test articles was also unique and exhibited ductile
properties. Biszick’s research showed conclusively that maintaining a high elastic modulus ratio (7)),

Le., Egpe/Emaiixe DEtWeen the matrix and the reinforcement results in efficient composite structures. It
follows then, to fully utilize this discovery, the analytical methods must be understood and developed.

This Technical Memorandum (TM) investigates the analytical methods for the analysis of
graphite-reinforced cementitious composites where high 17’s are employed. A sample problem will
demonstrate the transform section method of analysis. A finite element model will then be developed
and the results compared to the transform section method of analysis. The errors associated with the
transform section method and high 1’s will be demonstrated. Alternative methods of analysis will then
be investigated. The rule of mixtures?> will be applied to a graphite-reinforced cementitious composite
to calculate effective material properties. These properties will be introduced into the transform section
method and the results compared to finite element methods and beam testing. Laminated composite plate
theory will then be discussed and applied to the graphite-reinforced cementitious composite. It will be
shown that laminated plate theory for composites can successfully be applied to this type of composite.
Extensive experimentation is used to develop the material properties used in the laminated plate theory.
Graphite-reinforced cementitious composite beams are analyzed using classical composite methods and
compared to finite element methods and experimental results.



1.2 Problem Statement

Section 1.2 illustrates a problem with the analysis of a composite beam that has a high elastic
modulus ratio. First, the expression for the moment of inertia (/) is derived in terms of 1. The moment
of inertia is then used to calculate the deflection of a beam subjected to pure bending. The deflection of
the beam is calculated as 71 ranges from 1 to 1,000. The analysis is then repeated using a finite element
model. The conclusion is made that the transform section method of analysis is not accurate for 1 > 20.

1.3 Composite Beam

Figure 1 illustrates a beam composed of two different materials. Since the beam is subjected to
boundary conditions and loads to produce pure bending between the supports (fig. 2), the transform
section property method may be used to determine the deflection in the beam for each of the load cases
described in table 1. These results can be compared to those obtained from a finite element model.”
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Figure 1. Beam cross section.
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Figure 2. Beam in pure bending.



Table 1. Loads and deflections for transform section method.

Case E E n Flange I, Deflection
1 3.00E+07 | 3.00E+07 1 0.347 0.0289 | 9.22722E-03
2 1.50E+07 | 3.00E+07 2 0.694 | 0.0542 | 9.84010E-03
3 7.50E+06 | 3.00E+07 4 1.388 0.1048 | 1.01781E-02
4 3.00E+06 | 3.00E+07 10 3.470 | 0.2566 | 1.03923E-02
5 2.14E+06 | 3.00E+07 14 4.858 0.3578 | 1.04341E-02
6 1.50E+06 | 3.00E+07 20 6.940 | 0.5097 | 1.04657E-02
7 1.00E+06 | 3.00E+07 30 10.410 0.7627 | 1.04904E-02
8 7.50E+05 | 3.00E+07 40 | 13.880 | 1.0157 | 1.05028E-02
9 3.75E+05 | 3.00E+07 80 27.760 2.0278 | 1.05215E-02

10 3.00E+05 | 3.00E+07 | 100 | 34.700 | 2.5338 | 1.05252E-02

11 2.50E+05 | 3.00E+07 120 41.640 3.0399 | 1.05277E-02

12 1.50E+05 | 3.00E+07 | 200 | 69.400 | 5.0640 | 1.05327E-02

13 1.36E+05 | 3.00E+07 220 76.340 5.5701 | 1.05334E-02

14 1.00E+05 | 3.00E+07 | 300 | 104.100 | 7.5942 | 1.05352E-02

15 7.50E+04 | 3.00E+07 400 | 138.800 | 10.1244 | 1.05364E-02

16 6.00E+04 | 3.00E+07 | 500 | 173.500 | 12.6547 | 1.05372E-02

17 5.00E+04 | 3.00E+07 600 | 208.200 | 15.1849 | 1.05377E-02

18 3.00E+04 | 3.00E+07 | 1,000 | 347.000 | 25.3057 | 1.05387E-02

1.4 Analysis Using the Transform Section Method

The equation for the deflection (y,,,,) of a beam (fig. 3) in pure bending can be derived using
the elastic curve equations and the boundary conditions:
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Figure 3. Free-body diagram.



The effective value of the moment of inertia can be calculated using the transform section
method;® A and A5 are made from a material with properties of E,. A, is made from a material with
properties of E;. The original cross section of the beam (fig. 4) is modified per the transform section
method. The moment of inertia is then calculated from the new geometry and summarized below:

Material properties of the composite beam: E; = 360 x 103 Ibf/in.2, E, = 30 x 10° Ibf/in.2

Transform section ratio: 1= E,/E{, n=283.33

Width of the composite beam: 8= 0.347 in.

Moment of inertia calculation:

(05 5 025 5 025 5
I = fo_zsy np dy I = I_O_zsy B dy Iy = J0_5 y np dy
=3.645x 10720 =1.0416x10728 =3.645x107°nB
I, =1.045in.* I, =0.004 in.* I; =1.045in.*
I=1+1,+1; [ =2.112in*
I nxp H
A y E
X
Ay
—> < f3
E
A3 E3

Figure 4. Transform section geometry.

It should be noted that the middle section of the beam (A,) is independent of 7). As 7] increases,
section A, becomes insignificant. The expression for I can be written in terms of 7] as follows:



1=3.645x10"2nB+1.0416 x 10723 + 3.645x 10721

[1=729%x102nB+1.0416x1072 . (2)

Let B=0.347 in., then

[=2.53x1072n+3.6x1073 in.? (3)

Now this expression can be substituted into the elastic curve equation:

_ Pax (é) @
Ymax =5 (0.00253n +0.0036)\ 2 )
E
Since = E_j )
_ Pax (é) ©)
Tmax = E (0.00253(E,  ,) +0.0036)\ 2)
so that

_ Pax (é) ©)
Ymax =0 0506 £, +0.0072E,\2 ) °

Equation (6) is used in a Microsoft® Excel spreadsheet to calculate the deflection for each case.
As shown in table 1, E, remains constant while £ decreases. As the Young’s modulus ratio (17)
increases from 1 to 1,000, the deflection value increases to 0.015 in. and then becomes essentially
constant.

1.5 Analysis Using the Finite Element Method

A finite element model of the beam was generated using the MSC/Nastran finite element code.”
The model is composed of quad4 plate elements with loads and constraints (fig. 5). The model returned
a maximum deflection of 9.19 x 1073 for 17 = 1. The results of the finite element model can be compared
to the results from the elastic curve equation for the same case:

_10.00919 - 0.00922|

_ |Ym0del - quuati0n| %100% = 0.39% . (7)
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Figure 5. Finite element model.

The analysis of the first case indicates that the transform section method and the finite element
model are in good agreement. The finite element model was run for each of the 18 cases. The results
were tabulated in the Excel spreadsheet (table 2).

Table 2. Results of the finite element analysis.

Error
Case E E n Iy Deflection Model (%)

1 3.00E+07 | 3.00E+07 1 0.0289 9.22722E-03 | 9.19E-03 | -0.39
2 1.50E+07 | 3.00E+07 2 0.0542 9.84010E-03 | 9.78E-03 | -0.66
3 7.50E+06 | 3.00E+07 4 0.1048 1.01781E-02 | 1.01E-02 | -1.10
4 3.00E+06 | 3.00E+07 10 0.2566 1.03923E-02 | 1.02E-02 | -2.01
5 2.14E+06 | 3.00E+07 14 0.3578 1.04341E-02 | 1.02E-02 | -2.30
6 1.50E+06 | 3.00E+07 20 0.5097 1.04657E-02 | 1.02E-02 | -2.24
7 1.00E+06 | 3.00E+07 30 0.7627 1.04904E-02 | 1.04E-02 | -1.29
8 7.50E+05 | 3.00E+07 40 1.0157 1.05028E-02 | 1.06E-02 0.51
9 3.75E+05 | 3.00E+07 80 2.0278 1.052156-02 | 1.19E-02 | 11.88
10 3.00E+05 | 3.00E+07 100 2.5338 1.05252E-02 | 1.29E-02 | 18.16
11 2.50E+05 | 3.00E+07 120 3.0399 1.05277E-02 | 1.39E-02 | 24.15
12 1.50E+05 | 3.00E+07 200 5.0640 1.05327E-02 | 1.84E-02 | 42.76
13 1.36E+05 | 3.00E+07 220 5.5701 1.05334E-02 | 1.96E-02 | 46.26
14 1.00E+05 | 3.00E+07 300 7.5942 1.05352E-02 | 2.42E-02 | 56.54
15 7.50E+04 | 3.00E+07 400 | 10.1244 1.05364E-02 | 2.96E-02 | 64.44
16 6.00E+04 | 3.00E+07 500 | 12.6547 1.05372E-02 | 3.44E-02 | 69.35
17 5.00E+04 | 3.00E+07 600 | 15.1849 1.05377E-02 | 3.85E-02 | 72.59
18 3.00E+04 | 3.00E+07 | 1,000 | 25.3057 1.05387E-02 | 4.86E-02 | 78.31




The deflection values from the two methods of analysis are plotted as 7 increases from 1 to 80.
Figure 6 illustrates that the transform sections method of analysis results in a constant deflection as 1
approaches 20. The finite element model and the transform section method are in reasonable agreement
until 17 reaches 40. Beyond 40 the significant differences in the analysis methods are obvious.
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Figure 6. Comparison of transform section method to finite element methods.

This sample problem illustrates the current state of the art for the analysis of graphite-reinforced
cementitious materials. This analysis leads to the conclusion that the transform section method of analy-
sis is not adequate for the analysis of graphite-reinforced cementitious composites. The literature search
included in section 2 was undertaken to determine an alternate approach.



2. LITERATURE REVIEW

Section 2 provides the background necessary to develop an understanding of the process required
to analyze graphite-reinforced cementitious composites. The basic theories used in the analysis are
discussed to provide context for subsequent derivation. The material presented here is intended to give
the reader a sense of direction for this TM.

2.1 Introduction

A fiber-reinforced material consists of two components: fiber and cement. The cement fills the
space around the fibers and keeps them in position. The hardened cement adheres to the fibers, allowing
a transfer of load. The type of fiber reinforcement may consist of a variety of materials: steel bars, glass
fabric, ceramic whiskers, or carbon strands, to name a few. There are many types of cement as well,
including epoxy, polyesters, aluminum alloys, and cementitious materials. In general, the cement mate-
rial is isotropic while the fibers are longitudinal components that can react to forces along their axes.
The fibers are typically much stronger and stiffer than the cement. The material properties of the fiber-
reinforced composite are typically orthotropic in nature. The elastic properties of the composite depend
on the properties of its constitutive materials, the mix ratio of the components, and the orientation of the
fibers.

The literature associated with composite analysis and development covers a phenomenal range
of applications, from the International Space Station to the common kitchen sink. However, the one
common and elusive goal of researchers is to develop a method to predict the elastic properties of a
composite from the properties and geometry of the constitutive materials. The purpose of this literature
search is to determine which methods will most likely work for the graphite cementious materials being
considered in this TM.

2.2 Structural Engineering Approach

The structural engineering approach is illustrated in the transform section method of analysis
(sec. 1.3). The most common form of the equation is explained in detail by Beer and Johnston.® This
approach is often associated with the analysis of steel bars embedded in a concrete matrix. Allen and
Haisler” modify the approach in a concept referred to as the modulus weighted section properties. In this
approach, the beam is divided into discrete homogeneous parts (fig. 7). The modulus weighted section
properties are then defined in terms of the Young’s modulus ratios as follows:
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Figure 7. Composite cross section for weight modulus properties.

This method of determining the section properties for a composite beam is considerably more
complex than methods described by Beer and Johnston.® However, the elastic modulus ratio (1 = E,/E))
governs this equation, and as the value of 7 increases, the accuracy of the method decreases.

Balaguru? developed another interesting approach to the analysis of composite beams.
Ferrocement is a composite material, consisting primarily of several layers of wire or fiberglass mesh
embedded in a cementitious matrix. Balaguru? developed an analytical model of the composite beams
from the stress-strain curves of the constitutive materials. The model uses section properties calculated



from the transform section method. However, Balaguru takes into account the nonlinear properties of the
materials. As the weaker of the materials becomes nonlinear, Young’s modulus is recalculated. The new
value is used to determine the section properties for the nonlinear load. Balaguru’s methods seemed
promising for the analysis of the composite considered here; particularly, since the method had been
used for the analysis of glass fibers with a cementitious matrix. However, on further investigation,8 it
was found that the analytical method suffered from the same limitations as those encountered with the
transform section method. Nonetheless, Balaguru’s methods were successfully used with a modified
transform section method (sec. 4.13) to determine the deflections of a composite beam considered here.

The common theory used for the structural engineering approach is the transform section
method. This approach is the primary cause of “the problem” discussed in section 1. Further investiga-
tion into the structural engineering approach would be unavailing.

2.3 Mechanics of Materials Approach to Composites

The mechanics of materials approach to composites is fundamentally different from the
structure’s approach discussed previously. This approach is based on the mix ratio (volume fraction)
between the fiber and cementitious materials. The mechanics of materials approach is often referred to
as the rule of mixtures for composites. The goal of this theory is to determine the “effective” elastic
material properties: Young’s modulus (£ and E,), shear modulus (G,), and Poisson’s ratio (v,) from
the material properties of the fiber and cementitious material. Numerous examples for the mechanics of
materials approach can be found in the literature,”-10 and the method is explained in detail in section 4.
The literature is unanimous?%-10 in declaring this method accurate for determining the effective material
property E, provided the fibers are continuous and aligned in the direction of the load. The remaining
material properties, E,, G,, and v|,, may not be accurately predicted by the rule of mixtures. Although
Jones!? provides detailed and convincing derivations for these material properties, he points out several
assumptions in the theory that would lead to errors in the calculation of the values. In addition, Jones!®
strongly points to the need for experimental data to verify the results. Balaguru® provides the equations
to determine the value of E{; however, he chose not to address the remaining properties. The literature
contains numerous variations on the rule of mixtures theory. These variations attempt to correct the
deficiencies in the theory.

Halpin-Tsai,?-!! for example, made significant contributions to the rule of mixture methods by
developing the Halpin-Tsai equations:

v (12)

E 1= E fibervfiber +E matrix

matrix

- 13
Vip = Vfibervfiber + Vmatrixvmatrix (13)

E2 _ (1 + gnvfiber) , where n= [ Efiber _ l]( Efiber n g) (14)
Enarix (1= MViiper) N

matrix matrix
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G12 _ (1 + gnvfiber) where 1 :( Gfiber _ 1]( Gfiber n GJ (15)
G ’ '

matrix (1 - nvfiber) matrix Gmatrix

The measure of reinforcement (¢) depends on the boundary conditions within the composite and
is an empirically derived value for the specific composite. Jones!? provided sufficient evidence that these
equations are accurate, provided ¢ is available for the composite being considered. However, no data

were available for graphite-reinforced cementitious composites.

Another promising variation on the rule of mixtures method is provided by Krenchel.? Krenchel
used an equilibrium approach that considered reinforcements in both the x and y directions. The methods
provided by Krenchel were applied to the composite considered here. The ply angles y; and y, are
measured from the direction of the load. The 3 term represents the volume fraction for the fiber. The k
term is given by k=1-/(1- V%omposite’ and must be estimated since v is not known. The

following equations are then solved simultaneously to determine E ;o oie:

composite

o Stress in direction of force —x:

2 2 . 2
E compositegx =E matrixk (gx + Vmatrixgy) + [E fiber[), COS(WI) (gx COS(Wl) + gy Sm(wl) ):|

+[Efiberﬁcos(w2)2(sx cos(w2)2 +E, sin(wz)z)] (16)

« Stress in transverse direction —y:

0= Ematrixk(vmatrixgx + gy) + [Efiberﬁ Sin(Wl )2 (gx COS(WI )2 Ty Sin(Wl )2 ):|

2 2 . 2
+ [Eﬁber[)’cos(l//z) (Sx COS(I//2> +é€, s1n(l//2) )] (17)
» Poisson’s ratio:
Vcomposite = e (13)

X
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The Krenchel approach provides significant promise because it considers the loads and forces
in both directions. His equations were solved for the example considered in section 4.6 and returned
correct values for £ and E, (app. A). However, the shear modulus (G ,) returned the same value as the
previous methods. Additionally, Krenchel had no verification data for the shear modulus calculations.

In summary, it can be said that the mechanics of materials approach will provide a set of effec-
tive material properties for a fiber-reinforced composite. Balaguru* and Krenchel? applied the method
for fiber-reinforced cementious materials. Krenchel’s methods can be manipulated to provide E and E,
for a composite. However, the literature indicates that estimates of the shear modulus and Poisson’s ratio
were questionable. Researchers were unanimous in their endorsement of establishing an experimental
database for any composite being characterized for the first time.

2.4 Experimental Methods

The literature search for experimental methods concentrated on the standard test methods pub-
lished by the American Society for Testing and Materials (ASTM). Two ASTM standards described the
possible geometry of a tensile test specimen. ASTM Standard D 3039° recommended a tensile test
specimen with bonded tabs while ASTM Standard E8!2 established the dogbone geometry. The purpose
of both configurations is to provide a strong grip area, causing the specimen to strain and break in the
center. Bonding grip tabs to the cementitious specimens were found to be difficult and impractical. The
grips used on the tensile test machine limited the thickness of the tabs. One specimen with tab ends was
successfully tested. However, the machined dogbone specimens (sec. 3.3) were much easier to produce
and worked well. The ASTM recommendation to use extensometers to measure the strain was a signifi-
cant impact to the tensile test. The extensometers were found to be unreliable because the knife blades
would not grip the test article properly. Strain gauges provided a much more reliable method for strain
measurement (sec. 3.5). Strain gauge installation was achieved by following the recommendations
of Measurement Group Bulletin 309D.!3 In addition, Measurement Group Tech Tip TT-611!4 was
reviewed for applicable information. Tech Tip TT—611'4 appears more suitable for large concrete
structures.

Several experimental procedures for determining the shear modulus were offered by Jones. !0
The most compelling was producing a specimen with the fibers running at a 45° angle, and testing the
specimen as a tensile test. Jones!0 provides the necessary equations to determine the shear modulus.
However, ASTM standard D 5379-9315 recommended an losipescu shear test for determining the shear
modulus. On further investigations, it was found that the ASTM standard also had problems. Conant and
Odom!6 identified numerous problems with the ASTM/Wyoming losipescu test fixture. The most
significant was the tendency for the specimen to twist during testing. They made improvements to the
design and termed it the Idaho shear test fixture. Ifju!7 describes a serious inadequacy in the instrumen-
tation recommended in the ASTM standard. !> Ifju!8 demonstrated that by using a strain gauge rosette,
which covered the entire shear area, the accuracy of the test could be ensured. In addition, Ifju showed
that by placing these gauges on each side of the specimen, the effects of twisting could be removed.

It was concluded from the literature search that the ASTM standard tensile>-!% and shear test!>
for a composite material were the most desirable methods for determining the material properties
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for a composite material. Interestingly, no reference was found to these tests being applied to graphite-
based cementitious composites.

2.5 Laminated Plate Theory

Halpin, Jones, and Tsai”~1! each considered the determination of the composite material proper-
ties as an intermediate step in the analysis of a composite. The next logical step is to use these effective
material properties to develop a laminated composite plate. Gurdal!® pointed out that a significant
advantage of a composite material is the ability to optimize the geometry of the fibers for a given load-
ing condition. Krenchel’s? equations provided a crude means to rotate fibers in a cementitious matrix.
However, his work was limited in that it assumes each layer will have the same geometry. The literature
search failed to find an example of the laminated composite plate theory being applied to a fiber-
reinforced cementitious composite.

The laminated plate theories provided by Jones!? et al.?-11:20 each contained similar derivations
and arrived at the same equations for determining the effective material properties of a laminated plate.
However, these authors each chose different methods to solve this complex system of equations. As
a result, there is a significant difference in the final effective properties determined by the authors.
Because of these conflicting results, the laminated plate theory is investigated. The equations are
arranged in such a way as to allow an exact solution to be determined. In addition, Jones et al. developed
separate solutions, depending on whether the laminated plate was symmetric or nonsymmetric in nature.
It is not necessary to make that distinction for the equations developed here. As shown by Nettles,20 the
laminated composite plate theory can be used to determine the deflections, stresses, and strains for the
multilayered composite plates. However, for complex loads or geometry, these methods are difficult
to apply. The finite element methods offer an opportunity to analyze complex layups and geometry.

2.6 Finite Element Modeling

Matthews?! illustrated that finite element analysis is applicable to composite materials, provided
the user adequately represents the properties and layup of the plates. MSC/Nastran?2 was chosen as the
finite element code because of the layered composite element capabilities. The example problem pro-
vided by Nettles20 was analyzed using the finite element model. MSC/Nastran defined the required
material input and the equations from laminated plate theory were used to generate the input data
for the finite element model. Although the literature contains references to finite element modeling
of fiber-reinforced cementitious beams, there was no reference for a multilayered plate.
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3. MATERIAL PROPERTIES TESTING

The process of preparing and testing the tensile and shear specimens is described in section 3,
along with details of mixing and placing the cementitious materials. The specimen geometry is briefly
discussed and presented. The process of producing a graphite-reinforced composite plate is then
described, followed by a unique method of machining the plates into tensile and shear specimens. The
use of several types of extensometers and strain gauges is demonstrated for the tensile test specimens.
A specialized losipescu strain gauge is described for the shear test. The tensile test procedure and the
results from six test specimens are provided. The shear test procedure and the results for two shear test
specimens are also included.

3.1 Mixing and Placing Cementitious Composites
Mixing and placing the cementitious matrix material is a very important aspect of specimen
development. The cementitious mix used in this investigation was developed for use in the American

Society of Civil Engineers’ concrete canoe competition. The mix development is not a part of this
investigation. Table 3 defines the mix used in all specimens.

Table 3. Ingredients of the cementitious mixture.

Cementitious
Mixture Grams
K-25 Microbubbles 218
Portland cement 558
Latex 310
Fortifier 150
Denatured water ~620

The constituents of the mix were each weighed prior to the mixing process (fig. 8). The K-25
microbubbles were then added to the cement in small amounts and stirred by hand. Care was taken not
to break the microbubbles. The mixing process was judged complete by its color. The latex, fortifier,
and half of the water were then poured together repeatedly to ensure a thorough mixing of the liquid
ingredients—a very important step. It was found that the consistency of the cementitious matrix was
smooth and creamy when the latex and fortifier were mixed with water before they were added to the
dry ingredients. If the latex and fortifier are added separately, the consistency of the mixture is lumpy
and coarse.

14



Figure 8. Tools used for mixing and weighing ingredients.

The liquid ingredients are then mixed with the cement and microbubbles. The remaining dena-
tured water (=50 percent of the original weight) is added until the mixture reaches the proper consis-
tency. The cementitious mixture should be smooth and creamy with the consistency of warm butter
(fig. 9). A mixture with too much water will leak out of the mold, leaving voids in the specimen. A
mixture that is too dry will not “flow” around the graphite mesh, weakening the bond between the
matrix and the reinforcement. In addition, a dry mixture will tend to displace the graphite as the mixture
is pushed through the mesh.

Figure 9. Cementitious mixture with proper consistency.
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Numerous attempts were made to remove air from the final mix before it was poured. Air in the
mix was apparent by the high porosity seen in some of the specimens during finishing and sanding (fig.
10). The mix was placed in a vacuum bottle with a small vacuum applied (fig. 8). This process should be
considered marginally successful. Too much vacuum pressure caused the mix to splatter and spill in the
vacuum bottle. Reducing the vacuum to levels that eliminated the splatter had little effect on the amount
of air in the mix. The mix was placed on vibrating and shaking tables, causing air bubbles to rise to the
top of the mix. However, it tended to separate the mix (liquids came to the top) such that some remixing
was necessary before placement.
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Figure 10. Specimen with high porosity.

Experience indicated that the best opportunity for reducing the specimen porosity was during
the placement process. The cementitious mix was added to the mold in small amounts. The thin layers
of cementitious mix were slowly “worked” into the molds and graphite mesh. Working or floating the
cementitious mix caused the air bubbles to rise to the top, and porosity was eventually reduced
to acceptable levels.

3.2 Tensile and Shear Specimens

Tensile testing is used to determine the composite material properties £, E,, and v,,. These
properties are needed to complete the compliance matrix (sec. 5.3) for an orthotropic material:

1 ™2
E K
g|Zvar L1 (19)
E, E,
1
0 0 —
| G]ZA

The first step in the process is to determine the size and shape of a tensile test specimen for an
orthotropic composite material. The ASTM provides standards for tensile testing for a wide variety of
materials. A search of the ASTM database!2 provided a number of testing standards for materials similar
to the considered composite. The mutual goal of these test methods is to develop a test specimen that
provides tensile strain data, modulus of elasticity, and Poisson’s ratio. ASTM Standard E8—99, “Standard
Test Methods for Tension Testing of Metallic Materials,”12 establishes the dogbone configuration for the
tensile test specimen, as shown in figure 11.
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This test method employs small specimens that have a reduced cross section at the center of their
length to avoid failure in the grip area. The transition from the full width of specimen to a reduced
section at the center is gradual to minimize stress concentrations. ASTM Standard D 638-99, “Standard
Test Method for Tensile Properties of Plastics,” demonstrates the use of the dogbone specimen for
reinforced composites, including orthotropic laminates. A unique characteristic of this composite is the
relatively wide spacing of the graphite tows. The mesh contains eight yarns per inch in both axial and
transverse directions (8 in. by 8 in. weave). Reducing the width of the gauge section limits the number
of graphite yarns in the tensile test. A decision to hold the gauge width to 1 in. made the specimen
geometry dimensions similar to the type III specimen of ASTM Standard D 638. In each specimen
geometry, the configuration is determined by the desire to produce failure in the gauge section without
inducing stress concentrations in the gauge section. The specimen length is substantially longer than the
width to minimize the bending stresses due to minor grip eccentricities. The final specimen configura-
tion is analogous to the specimens described in the ASTM standards,”-12 with the exception that the
gauge width was 1 in.

The geometry of the shear specimen is established in ASTM D 5379-93, “Standard Test Method
for Shear Properties of Composite Materials by the V-Notched Beam Methods.”!> This test is often
referred to as the losipescu shear test. Figure 12 illustrates the geometry of the shear test specimen.

Radius 0.05 in.
0.751n. 0.45in.

A

3in.

\

Figure 12. Shear test specimen.
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3.3 Tensile Specimen Production

Specimens were made in a plexiglass mold designed to place the graphite mesh at the center of
the laminated composite. As shown in figure 13, the graphite was placed in tension to prevent the weight
of the cementitious mixture from pushing the graphite toward the bottom of the mold.

Figure 13. Plexiglas mold with graphite tensioning device.

The cementitious mix was floated to the top level of the bottom spacer and a sheet of graphite
mesh was placed over the bottom spacer. The graphite tensioning device was then installed. The top
spacer was added and cementitious mix was floated to the top of the spacer. The tensioned graphite mesh
was trapped between two layers of the cementitious mix. The composite was allowed to cure at room
temperature for at least 21 days before the mold and tensioning device was removed. Even though mold
release agents were used, it was necessary to twist and flex the plexiglass to remove the specimens
without breaking them. After the specimens were removed from the molds, the graphite was trimmed.
The plexiglass side of the specimen had a smooth finish, while the top of each specimen had a coarser
texture. A bandsaw was then used to cut the “cookie-sheet” specimen into 2-in. by 14-in. strips for
machining.
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An undesirable aspect of the dogbone geometry is that it requires machining of the composite
laminate. Laminated composites can be difficult to machine;2 delaminations, notches, and uneven
surfaces can result from inappropriate machining methods. In an effort to fix edges damaged by a
milling machine, it was found that a bandsaw could be used to cut the cementitious and graphite com-
posite. The cuts were smooth and notch free. A dogbone specimen was then cut out using the bandsaw.
Taking the machining process further, it was found that a router would cut a smooth radius on the
specimen (fig. 14).

Figure 14. Router used to machine dogbone specimens.
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The router left the edges smooth and notch free. On further investigation, it was learned that
a template, shown in figure 15, used with a table-mounted router, provided an excellent method
of machining the dogbone specimens. A specimen configured with this template is shown in figure 16.
The specimen has a 5-in. gauge length, a 1-in. gauge section width, and a 14-in. length.

Figure 15. Template used for machining specimens.

Figure 16. Machined dogbone specimen.
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As previously mentioned, the top side of the specimen had a coarse texture. The textured surface
made it difficult to attach instrumentation. A flat backing plate equipped with fine grit sandpaper, shown
in figure 17, was used to finish the top surface of the specimen. This process was also used to ensure that
the graphite mesh was in the geometric center of the specimen. Occasionally, finishing the top surface of
the specimen resulted in the top layer being thinner than the bottom. In such a case, the bottom layer was
sanded to the same thickness as the top. Using shimming material as a guide ensured that the top and
bottom layers were the same thickness (fig. 18).

Figure 17. Flat plate used to polish surface.

Figure 18. Edge view of finished specimen.
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3.4 Shear Specimen Production

The geometry of the shear specimen was difficult to machine because of the small radius at the
base of the notch. Designing a router blade with a cutting diameter of 0.05 in. solved the problem. A
router template was then machined to the dimensions specified in the ASTM standard! (fig. 19). Shear
test specimens could then be machined using a router and table (fig. 20) in the same manner as the
tension test specimens.

Figure 19. Shear specimen router template.

Figure 20. Shear specimen router table.
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The router machines the shear specimen, leaving the edges smooth and the dimensions within
specification (fig. 21). The top surface of the specimen requires sanding for a smooth finish and allows
adjustment of the thickness if required.

Figure 21. Shear test specimen.

3.5 Tensile Specimen Instrumentation

The instrumentation for the tensile test specimen must simultaneously measure the longitudinal
and transverse strain. The ASTM standards recommend using extensometers,d noting that strain gauges
provide a viable alternative. However, proper techniques for mounting strain gauges are crucial to
obtaining accurate data.!3

Instrumentation of the specimens became a significant challenge to successful testing. Three
types of extensometers were available during testing. The 2-in. gauge length was used for axial strain
measurement (fig. 22).

Figure 22. Extensometer with a 2-in. gauge length.
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The extensometer was attached to the edge of the test specimen. The data were compared to the
axial strain gauge data. Plots of the strain gauge and extensometer data for the axial direction were in
good agreement (fig. 23), indicating that the strain gauge application methods were acceptable. The 1-in.
gauge length was intended for transverse strain measurement (fig. 24). This extensometer was attached
to the face of the test specimen. However, the thin specimen did not have adequate stiffness to support
the weight of the extensometer. The instrument appeared to deflect the specimen, causing the knife
edges of the extensometer to lose contact with the specimen surface. As a result, the data from the
transverse extensometer did not correspond to the data from the transverse strain gauge (fig. 25).

—a— Strain Gauge —— Extensometer
2,000

1,800 / ]

1,600 A// // o

1.400 A 7

bl
1,000 //
o ——l
ol A
200 /
A

0 1,000 2,000 3,000 4,000 5,000 6,000
Microstrain (uin./in.)

Axial Stress (psi)

Figure 23. Axial strain gauge and extensometer.
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Figure 25. Extensometer mounted on test specimen.

The biaxial extensometer, as shown in figure 26, was also considered. However, the instrument
weight deformed the specimen unacceptably. Efforts were made to support the weight of the instrument.
Unfortunately, the instrument relies on its weight to maintain contact between the knife edges and the
specimen. It was too difficult to reduce the deformation in the specimen and maintain adequate weight
on the knife edges of the instrument. The biaxial extensometer was abandoned in place of the previously
mentioned extensometers and strain gauges. Strain gauges were attached to both sides of the specimen
(fig. 27). The strain gauges were 90° Tee rosettes, model CEA—06—125UT-120, manufactured by Micro-
Measurements. The gauges were oriented in the axial and transverse directions.
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Figure 26. Biaxial extensometer.

Figure 27. Specimen with strain gauge installed.

All the strain measurements were made at room temperature (=75 °F). The strain gauge
installation was completed by the strain gauge manufacturer’s recommendation (fig. 28).13

Figure 28. Strain gauge installation.
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The specimen was smoothed using fine-grit sandpaper and was free from irregularities and
contaminates. An acidic cleaner, Prep Conditioner A, was applied to the gauge region. M—Prep Neutral-
izer SA followed the acid cleaner. Micro-Measurements M—Bond 200 and a catalyst were used to bond
the gauges to the specimen. The four strain gauges provided axial and transverse strain data for each
side of the specimen. This allowed the data to be corrected for any bending.

The strain gauge installation method worked well providing no porosity or surface “grit” was
present. As mentioned earlier, the order in which the ingredients are mixed and the manner in which
the molds are poured significantly affected specimen porosity and texture. Specimens with high porosity
or a texture that could not be sanded smooth were discarded.

3.6 Shear Specimen Instrumentation
ASTM D 537993 defines the instrumentation for the shear test article.!> This standard specifies

a strain gauge rosette with two 45° strain gauges be placed in the center of the specimen. The gauges
are oriented at £45° to the loading axis (fig. 29).

Strain Gauge

0.75in-f=======mmmmmmmmmmeme {ommmmmmmmmmmmmmmmm e

A
w
=
\/

Figure 29. Strain gauge location for shear specimen.

The recommended strain gauge configuration requires the use of correction factors to account for
the gradient of strain between the notches. Ifju!® developed a special strain gauge that overcomes many
of the problems associated with the ASTM recommended strain gauges. Micro-Measurements offers this
strain gauge configuration as N2A—08—C032A.18 It is a two-gauge rosette with the gauges at 45° and
—45° and records the average strain between the notches. These strain gauges were recommended in the
Micro-Measurements catalog as being specifically made for Iosipescu shear testing (fig. 30).23 The
strain gauge outputs the shear strain directly, avoiding the need for correction factors. The strain gauge
installation was the same as used for the tensile test specimens.
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Figure 30. Shear specimen with strain gauges.

The gauges are mounted on each side of the test specimen!8 in order to remove the effects
of twisting from the specimen. The strain gauges were connected into a full-bridge circuit as recom-
mended.!8:23 This configuration of four strain gauges, two on each side of the specimen, results in a
strain reading that is twice the desired reading. A metallic “pathfinder” specimen was used to verify the
lIosipescu test fixture and instrumentation (fig. 31). The pathfinder specimen had a known shear modulus
value of 10.8 x 10° 1bf/in.2 The percentage of error is shown in the following calculation:

10.8—10.93
Error% = T89 x100% =—1.2% . (20)

The test data compared very well to the actual value for the shear modulus.

y=10.93x-384.14
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0 1,000 2,000 3,000 4,000 5,000 6,000 7,000

Microstrain (win./in.)

Figure 31. losipescu pathfinder specimen.
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3.7 Tensile Test Procedure

The tensile test was run using an MTS 20-kip test machine with a numerical control system
(fig. 32). The strain gauge and extensometer data were recorded with a digital data acquisition system.
The load was applied at a rate of 0.05 in. per minute and data were recorded every 0.5 sec. Load was
applied until an auditable “snap” marked the initial failure point of the cementitious material; strain data
beyond that point were unreliable.

Figure 32. Tensile test machine.

As discussed in section 3.5, extensometers and strain gauges were initially used for strain mea-
surement. The axial extensometer and the strain gauge data were in fairly good agreement (fig. 23).
However, the extensometers could not be attached to both sides of the test specimens. In addition, the
knife edges of the transverse extensometers slipped and lost contact with the specimen easily. Therefore,
the extensometers were replaced with strain gauges.

Each tensile test specimen had four strain gauges, one axial and one transverse gauge on each
side. The strain gauges were located back to back on each specimen; this allowed the strain data to be
corrected for any bending caused by misalignment of the test articles. The data were corrected for
bending by taking the average of the two strain gauges (fig. 33).

The strain gauges in the axial direction provided consistent and reliable data throughout the test
program. However, the strain gauges in the transverse direction proved to be less trustworthy. The data
illustrated in figure 34 are typical of the transverse data recorded for most of the tensile specimens. The
strain data appear to be constant for a number of loads; then the strain suddenly increases. This pattern
repeats itself, forming a curve that resembles a step function. A linear best-fit line through the data will
be used to approximate the curve.
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3.8 Axial Properties From Tensile Test Data

Numerous tensile test specimens were produced and tested while developing the testing proce-
dures described in this TM. While this trial-and-error procedure was time consuming and labor intensive,
it eventually produced an acceptable test specimen and procedure. A final set of tensile test specimens
was produced using the lessons learned from previous experience.

The test specimens were each tested using the same procedure. Data from four strain gauges and
the machine load were recorded. The data acquisition system stored the load and strain data in a spread-
sheet for analysis and plotting. The stress values are calculated from the area of the test specimen and
applied load:

o= Load 1bf
~ (Width)(Thickness) jn 2 2D
As previously discussed, the strain values are the average from the back-to-back gauges:
ide 1 ide 2
_ (e ) o)
€axial = 2

The data were then plotted to produce a stress-strain curve (fig. 35) for each specimen.

900
800

y
700 /_,-/
600 //J

500 ~
400 A

Axial Stress (psi)

300
200

100

0 250 500 750 1,000 1,250 1,500 1,750 2,000 2,250

Microstrain (win./in.)

Figure 35. Typical stress-strain curve for each specimen.
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Young’s modulus is defined as the slope of the linear portion of the stress-strain curve.® The
value can be determined by placing a best-fit line through the data points. The slope of the line is then
taken as Young’s modulus for the specimen (fig. 36). This procedure was repeated for six test specimens.
A summary of tensile test data indicates consistent results (fig. 37). Appendix B contains the complete
set of data plots for the tensile test specimens.
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Figure 36. Calculation of Young’s modulus for each specimen.
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Figure 37. Summary of tensile test specimens.
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Young’s modulus values from the six tensile test specimens are summarized in table 4. The
“pathfinder” specimen CG—SG4 was made thinner than the other specimens. Several of the thinner
specimens were damaged during the sanding process, so a thicker mold and specimen were later pro-
duced. The remaining five specimens were made from the thicker mold and are represented in figure 37.
The average Young’s modulus value for the five specimens is 4.04 x 10° 1bf/in.2, with a standard
deviation of 0.20 x 107 Ibf/in.2

Table 4. Young’s modulus from tensile test.

Young’s Modulus

Width | Thickness Test Results
Specimen | (in.) (in.) (Ibf/in.2)
CG-SG4 1.004 0.120 5.00 x 109
Dec_28-4 | 1.016 0.190 3.88 x 10°
Dec_28-5 | 1.006 0.196 3.91x10°
Dec_28-6 | 1.000 0.216 4.07 x 109
Dec_28-7 | 1.003 0.210 3.98 x10°
Dec_28-8 | 1.000 0.180 4.40 x 100

3.9 Poisson’s Ratio From Transverse Test Data

The transverse strain values can be used to determine the Poisson’s ratio for the composite
material. By definition, Poisson’s ratio is given by the equation v, = — &/€;, assuming a uniaxial
stress.® The transverse strain data from each of the five test specimens is presented in detail in
appendix B. As mentioned in section 3.7, the transverse strain data presented here are the average
of two back-to-back strain gauges (fig. 38). In addition, a best-fit line is drawn through the data points.
The data were fairly consistent from one test article to another (fig. 39); the same “step function” pattern
was present in all the test articles (sec. 3.7).
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Figure 38. Typical transverse strain curve.
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Figure 39. Summary of transverse strain data.

The Poisson’s ratio calculations were made from the following straight-line approximation:

0 =0.388¢,,;,) +15.812 (23)
and
0 =-2.9036¢,,,, — 2.5466 . (24)
Solving the equations for the strain,
(0—15.812)
Caxial =7 )38 (25)
and
. _ (0 +2.5466) (26)
wans 29036
Substituting into the equation for Poisson’s ratio,
V=— gtrans (27)
€axial
then
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[(a + 2.5466):‘
-2.9036

_ 28
V= [(0—15.812)] : 8

0.388
Poisson’s ratio can now be calculated for each of the five test specimens (table 5).

Table 5. Poisson’s ratio.

Specimen | Experimental
Dec_28-4 0.136
Dec_28-5 0.135
Dec_28-6 0.142
Dec_28-7 0.131
Dec_28-8 0.144

The average Poisson’s ratio is 0.137 with a standard deviation of 0.00532. The small standard
deviation provides confidence that the data are reasonable.

3.10 Shear Test Procedure

ASTM standard D 5379-9315:16 documents the standard shear test for determining the shear
properties of composite materials. This test uses a specimen referred to as the V-notched beam (fig. 40).
This test is often referred to as the losipescu shear test, in honor of its developer. The test specimen is
placed in a massive test fixture referred to as an losipescu shear test fixture (fig. 41). The test fixture is
described in detail in the ASTM standards.
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Figure 40. V-notched shear specimen.
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Figure 41. losipescu shear test fixture.

The specimen is inserted into the fixture with the notches aligned with the center of the test
fixture. The two halves of the test fixture are compressed by the MTS testing machine while monitoring
load. The relative displacement between the two halves of the fixture loads the notched specimen. Strain
gauges are placed in the center of the specimen to measure the shear strain response during loading.18-23

3.11 Shear Properties From Iosipescu Shear Testing

The cost and availability of the strain gauges used on the test specimens limited the number
of Iosipescu shear tests. As a result, only six instrumented test specimens were available. The first test
specimen was a metallic pathfinder specimen that was used to verify that the test procedure, instrumen-
tation, and fixture could be used to determine the shear modulus for a well-characterized material
(sec. 3.5). The results from the pathfinder specimen were in excellent agreement with the known values
for the material. However, of the remaining five composite specimens, only two specimens were suc-
cessfully tested. The data from the first composite specimen were not usable due to a problem with the
data acquisition system. The increment for the load data was not properly set during the test. The strain
gauges on the third and fifth test articles failed to provide usable data during the test. The gauges appar-
ently debonded from the test specimens. The debonds were most likely caused by poor surface prepara-
tion during the strain gauge installation. It should be emphasized that the Iosipescu shear fixture and test
specimens performed well during testing. The results from the two successful tests confirm this observa-
tion (fig. 42). The strain gauge on specimen 4 failed at =3,000 u; however, the test article continued to
take load. The strain gauge on specimen 2 continued to provide strain data until the article failed.
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Figure 42. losipescu shear test results.
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curve.%13 The value can be determined by placing a best-fit line through the datapoints. The slope of the

line is then taken as the shear modulus for the specimen (fig. 43). This procedure was repeated for two

test specimens. A summary of shear test data indicates consistent results (table 6). Appendix B contains
the complete set of data plots for the shear test specimens.
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Figure 43. Iosipescu shear test article 2.
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Table 6. Shear modulus summary.

Width | Thickness | Shear Modulus
Specimen | (in.) (in.) (Ibtfin.2)
Shear 2 0.458 0.180 7.2%x104
Shear 4 0.457 0.186 7.8x 104
Average - - 7.5x104

A best-fit line is drawn through the datapoints to provide a means of accurately calculating the
shear modulus (fig. 43). The shear modulus is given by the slope of the straight line:!°

1bf 1bf

(305— —-89—>)
) ) Ibf
GA ticle 2 = 118 L8 = 72)( 104 T A (29)
raeleZ (4,000 u —1,000 p) in2
Ibf Ibf
(209— —-91—")
in.2 in.2 4 1bf (30)
G Article4 = ’ ——=7.8x10" —
(2,500 —1,00014) in.?

As shown in table 6, the average shear modulus is 7.5 X 10% 1bf/in.2, with a standard deviation
of 0.42 x 10% Ibf/in.2 The percentage of possible error is determined by the following:

Ibf Ibf Ibf
7.5><104%+0.42><104%=7.92><104,L2 31
1mn. 1mn. 1m.
and
Ibf Ibf
7.92><104,L2—7.5><104,L2
Error% = 10. Tbf .~ _569% . (32)
75)(10472
m.

3.12 Summary of Composite Material Properties

The material properties for this graphite-reinforced cementitious composite material were
successfully determined from standard test methods. It was found that the constituent materials can be
mixed and placed to form laminated composite plates. The plates were cured at room temperature and
without a vacuum bag. The composite material can be machined into various shapes using standard
machining tools such as a router. Strain gauges can be applied to the surface of the composite using
M-Bond 200 and following the standard methods of installation. The results of the material testing
were consistent and repeatable for both tensile and shear testing.

The materials property data can now be used as a basis for comparison to theoretically derived

values. In addition, these values will be used to develop the analytical tools needed to predict the
response of multilayered beams made from graphite-reinforced cementitious materials.

38



4. RULE OF MIXTURES FOR A COMPOSITE MATERIAL

The rule of mixtures is investigated as a method to predict the material properties of graphite-
reinforced cementitious composites. The equations for the effective material properties are derived using
the assumptions associated with the rule of mixtures. These material properties are then compared to the
results of the material properties testing. Several derivations are then made to illustrate that these mate-
rial properties can be used with the elastic curve equations to determine the deflection of simple beams.
Deflection results from a finite element model and a static test are compared to the analysis using the
elastic curve equations. The results illustrate the deflections can be predicted by using the material
property data from the rule of mixtures method. However, several deficiencies and limitations are
encountered. The conclusion is made that the rule of mixtures can provide a reasonable value for
Young’s modulus in the axial direction. However, the theory cannot provide accurate values for
Poisson’s ratio, the shear modulus, or Young’s modulus transverse to the direction of the fibers and load.

4.1 Material Properties in the Axial Direction

The rule of mixtures is a method for determining the effective properties of a composite material
based on the contributions of the individual constituents.!0 The properties of the composite are related to
the quantity of the fibers in the matrix. The fiber volume fraction (V) and the matrix volume fraction
(Vnatrix) @re used to measure the amount of fiber or matrix in a given volume of material. E in the direc-
tion of the fiber, £, can be determined by assuming the strains in the fiber direction are the same in the
fibers as in the matrix; i.e., €5y = Eparrix- S1NCE the strain in the fiber is the same as the strain in the
matrix, the sections normal to the fiber direction remain plane after stressing (fig. 44).
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Figure 44. Loading in axial direction.
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The strain in direction 1, the fiber direction, is given by the deflection divided by the original
length, €, = AL/L. Applying Hooke’s law and assuming both the fiber and the matrix are linear, then
Ofiver = Efiber€1 a0 Oy ivix = Emarix€1- This relationship can be compared to two springs acting in

parallel (fig. 45). The total load (P) is carried by the load in the fiber (P, .,) and the load in the matrix
(P

matrix)'

K

Figure 45. Spring in parallel.

The applied force (P), P = P + P aiix> Cts on the total cross-sectional area (A). The fiber
stress (Of;pe,) acts on the cross-sectional area of the fiber (Ag,..). The matrix stress (0, ,ix) acts
on the matrix area (A, ,.;,)- The force equation can then be written in terms of the stress and area,
01A1=OfiperAtiber T OmatrixAmatrix- INOW by substituting the Hooke’s law equations for the stress terms,
the force equation may be written in terms of strain and Young’s modulus as E,£A| = Egp. . &1Afper
+ E L atrix€1Amatrix- S1mplifying the equation results in an expression for Young’s modulus in terms

of the ratio of the areas:

El — E fiberAfiber + E matrixAmatrix ) (33)
A A
Vﬁber and Vmatrix can be defined as Vfiber = Afiber/ Al and Vmatrix = Amatrix/ Al'

By definition, the volume fractions must satisfy the equation V5., + Vi = 1. Thus,
the expression for the effective Young’s modulus in direction 1 can be written in terms of the volume

fractions:

E (34)

E 1= VfiberE fiber +V matrix °

matrix

4.2 Material Properties in the Transverse Direction

The effective property in the matrix direction, perpendicular to the fiber direction, can be
determined by assuming equivalent stress in the fiber and the matrix (fig. 46).
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Figure 46. Loading in transverse direction.

In the transverse direction, the cross-sectional areas are equal and the load is constant across the
area; therefore, ¢ is equal for the fiber and the matrix. Then the strains in the fiber and matrix can be
written in terms of the stress, &xpor = 0o/Eper AN € urix = O2/Ematrix- LD€E fiber and matrix transverse
strains are not assumed to be equal. Now consider figure 46. The total transverse deflection (Aw) is the
sum of 'the .ﬁber deflection ‘(Awﬁber) an.d matrix deflection (Aw, .. ): Aw = Avf’ﬁber + Awmam)}. Defining
the strains in terms of the fiber deflection, &, = Awfiber/Lfiber and the deflection of the matrix, &, ix
=M o/ Linatrix- 1h€ transverse dimension over which the fiber and matrix strains act can be written in
terms of Ve Leiner = Viber a0d Lo i = Vinawix®- The deflection equation can now be defined in
terms of strain: &w = Expor Viper) +Ematrix(Vmatrix®)- Now the w factor vanishes from both sides
of the equation. Hooke’s law equations can be substituted for the strains, 6,/E, = Vispor Oo/Efiper
+ Viatrix 92/E matrix- The stress term now vanishes from both sides, 1/E5 = Vi JEpy o+ Voo JE oo
Solving the above equation for the E, term gives an equation for the Young’s modulus in the transverse
direction as

E2 _ E fiberE matrix 35
v + Viiber £

matrix E fiber

matrix

4.3 Determination of Poisson’s Ratio

Poisson’s ratio (V) is defined as the ratio of the transverse strain over the strain in the fiber direc-
tion when stress in the fiber direction is present and all other stress is zero, V|, = —&/€;. In such a case,
the following definitions can be made: V. ix = Emarrix/€1 AN Viiper= Eriver/€1- Recalling that the deflec-
tion equation was previously defined as &w = &, (Viiper) T Ematrix(Vimairix?)» the latter can be divided
by &, and simplified to the equation &/€; = &xpe/€1 Viiber)  Ematrix/ €1V matrix)- Substituting the
Poisson’s ratio (V;,) as defined above in the equations results in the following expression:

Vip = Vfibervfiber + vmatrixvmatrix : (3 6)
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4.4 Determination of the Shear Modulus

To determine the shear modulus (G,), one assumes that shear stress (7) on the fiber
and the matrix are equal. As illustrated in figure 47, the shear for the composite plate is defined

Y

Matrix
Fiber

Direction 2

v Matrix
Direction 1

A

A
—~
\/

Figure 47. Shear loading.

This assumption means that the shear deformation for the matrix and the fiber can be written as
Ymatrix = GO matrix A4 ¥iper = UG iper- As shown in figure 48, the shear deflection (A) is a function of the
shear strain and the width (w): A= yw. In addition, Ais the sum of the fiber deflection plus the matrix
deflection: A = Agp. + A

matrix*

Deformed
T ‘ /_

7
Matrix 7 ;

’

Direction 2 ’

I. I'
v| 7 o
/' Matrix T_> Direction1

< |e— a2 —

A
~
A\

Figure 48. Shear deformations.
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As previously shown, the deflection for the matrix and fiber can be stated in terms of the volume

fractions, Vfiber and Vmatrix: Amatrix = Ymatrix(vmatrixw) and Afiber = yfiber(vfiberw) - Substituting into

the deflection equations and allowing the w factor to vanish results in the equation for shear strain:
Y=Y matrixVmatrix T Yfiber? fiber- Finally, one can substitute the Hooke’s law equations for shear strain
to obtain 7G5 =V, iix VOmatrix TV fiber VO fiber- This €quation can be simplified by allowing the shear

stress term to vanish and solving for G,:

G matrix Gfiber , (37)

Vmatrifoiber + Vfibeeratrix

Gy, =

4.5 Calculation of the Effective Material Properties

Equations (34)—(37) can now be used to calculate the effective material properties of a graphite-
reinforced cementitious composite. The material properties for the matrix were obtained from the
manufacturer of the graphite mesh. The properties for the matrix were obtained from previous research!
and confirmed with tensile tests (app. B). The material properties for the fiber and the matrix are defined
as follows:

Epper = 33.5 %106 Ibffin.2

E aix = 115.1 X103 Ibf/in.2
Viiber = 0.3

Vmatrix = 0.27

Priber = 0.064 1bf/in.3

Pmairix = 0-35 1bf/in.3

Giber = Efiber/2(1 + Viiper)
Gmatrix = Ematrix/ 2(1 + Vmatrix)'

The fiber area in the composite must be determined from the properties of the graphite.
Data provided with the graphite define the area in one graphite yarn (Ayarn)- The number of yarns
(Nyam) 1s determined for the test specimen and the total area of the graphite (Agy,,) is determined:
Ayarn = 0.000175 in.2, Ny, =8, and Ay = NyynA -

The total area of the specimen (A) is determined from the thickness and width of the specimen.
For the example presented here, the test article is labeled CG-SG4, and ¢ = 0.12 in., w = 1.004 in., and
A;=0.012 in.2 The fiber and matrix volumes, respectively, can be calculated as follows: V.. = Agpe/A;
and Vﬁber = 0012, Vmatrix = 1 — Vflbel‘ and V = 0988

matrix

Thus, the values for the effective material properties can be calculated as follows:
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* Young’s modulus (direction 1):

E1 =Viiver Efiber *Vmatrix £

matrix ~ matrix
E| =5.045x1071bf/in2 (38)
* Young’s modulus (direction 2):
E,= E fiver E matrix

Vinatrix Efiber + Viber Ematrix
E, =1.164x1071bf/in.2 (39)

* Poisson’s ratio:

Vig = Vfibervfiber + Vmatrixvmatrix

o Shear modulus:

GfiberO

Vmatrifoiber + Vfibeeratrix

matrix

G, =

Gy, = 4.62x10% Ibf/in.2 (41)

4.6 Comparison of Rule of Mixtures Properties to Test Data

Prior to each tensile test, the width and thickness of each specimen was recorded. Specimen
CG-SG_4 was the pathfinder specimen and was made thinner than the other specimens. The hand-
polishing of the specimen surface resulted in a variation in specimen thickness for the remaining five
specimens (table 7). These dimensions were used with the Mathcad® solution sheet for the rule of
mixtures to predict the Young’s modulus in the axial direction. The results of the analysis are presented
in table 7. The results from the rule of mixtures can be compared to the results from tensile testing.
Figure 49 is a stress-strain curve for specimen CG-SG_4.
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Table 7. Young’s modulus predicted from the rule of mixtures.

Young’s Modulus
Width | Thickness | Rule of Mixtures
Specimen | (in.) (in.) (Ibf/in.2)
CG-SG4 1.004 0.120 5.05 x 109
Dec_28-4 | 1.016 0.190 3.58 x 109
Dec_28-5 | 1.006 0.196 3.52x 100
Dec_28-6 | 1.000 0.216 3.31x 109
Dec_28-7 | 1.003 0.210 3.37 x 109
Dec_28-8 | 1.000 0.180 3.75x10°

y=0.4731x + 28.708
1,800

1,600

1,400

1,200

1,000

800

Axial Stress (psi)

600

400

200

500 1,000 1,500 2,000 2,500 3,000 3,500

Microstrain

Figure 49. Composite stress-strain curve (SG_4).
The testing of this type of specimen is discussed in detail in section 3. The data are presented
here to provide a comparison between the material properties calculated from the rule of mixtures and

the test data. Young’s modulus from the tensile test is calculated by taking the slope of the stress-strain
curve:
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1bf

(1,500~ 500) —
i Ibf
Etest = Lil. 6 Etest =5X 105 5
(3,000 —1,000) x 10 in.
Eey—E
Aerror = ==L 100% Agrror = 0.898% . @2
test

The analysis is repeated for each of the tensile test specimens. Comparing the Young’s modulus
data to predicted values provides insight into the accuracy of the rule of mixtures method (table 8).

Table 8. Comparison of predicted Young’s modulus with test results.

Young’s Modulus Young’s Modulus

Rule of Mixtures Test Results Measurement of Error
Specimen (Ibf/in.2) (1bf/in.2) (%)
CG-SG4 5.05x 10° 5.00 x 10° 0.89
Dec_28-4 3.58 x10° 3.88 x10° 7.70
Dec_28-5 3.52x10° 3.91 % 109 10.00
Dec_28-6 3.31x 109 4.07 x 109 18.60
Dec_28-7 3.37 x10° 3.98x10° 15.30
Dec_28-8 3.75x 100 4.40 x 100 14.80

The errors range from 0.89 to 18.6 percent; averaging the six test specimens yields an average
error of 11.23 percent with a standard deviation of 6.4 percent. In each case, the rule of mixtures under-
estimates the test value, suggesting that the predictions may be modified®-!0 to more closely match the
test values. Empirical modifications to the rule of mixtures would require a considerable test program to
generate a large enough database from which to derive an accurate factor. It is sufficient for this TM to
recognize that the rule of mixtures provides a reasonable estimate of the composite material properties.
The comparison establishes the fact that the rule of mixtures is applicable to a cementitious-based
composite and suggests that employing empirical modifications can increase the accuracy.

Young’s modulus in direction 2 was not accurately determined from the rule of mixtures. This
composite is made from a graphite mesh, which results in fibers running in both directions 1 and 2.
Since the composite has the same material composition in both directions, it is intuitively obvious that
the Young’s modulus in directions 1 and 2 would be equal. The rule of mixtures calculates the £, value
well below test results. This is not unexpected, since this theory considers only fibers in direction 1.%10
However, the equations developed by Krenchel3 can be used to transform the fiber direction and load to
accurately predict E,. Krenchel’s transformation equations depend on the orientation of the fibers to the
load. These equations are based on the same principles as presented in section 4.2. However, the proper-
ties in direction 2 can be calculated by mathematically rotating the load 90° (app. A). Regardless of the
apparent inadequate results in direction 2, the rule of mixtures can still provide the necessary data for the
analysis of simple beams.
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4.7 Comparison of Poisson’s Ratio From Tensile Test Data

Poisson’s ratio from the transverse data is presented in section 3.8. Poisson’s ratio for the five test
specimens presented in table 4 is calculated using the rule of mixtures equation (40), V{5 = ViperViiber

+ ViatrixVmatrix- L0€ results of the calculations are presented in table 9.

Table 9. Comparison of predicted Poisson’s with test results.

Error
Specimen | Experimental | Rule of Mixtures (%)
Dec_28-4 0.136 0.262 48.0
Dec_28-5 0.135 0.262 48.5
Dec_28-6 0.142 0.262 45.8
Dec_28-7 0.131 0.262 50.0
Dec_28-8 0.144 0.262 45.0

The error in the Poisson’s ratio calculation is substantial. However, it is not entirely unexpected
(sec. 3.5).2:10 The derivation for the rule of mixtures assumes the reinforcement fibers are present in the
axial direction only. The theory cannot account for fibers running in the transverse direction, emphasiz-
ing the need to develop a solution based on the laminated plate theory for composites.

4.8 Comparison of Shear Modulus Values

The shear modulus (sec. 4.4) of the matrix and the fiber can be obtained knowing the Young’s
modulus and Poisson’s ratio as follows:®

Gppain = — 0 4 55104 2L
A D (14 Vi) in2
E; Ibf
Giiper = — 12— =12.8x 100 % (43)
2(1 + vfiber) n.

The shear modulus of the composite is determined from the shear moduli of the constituents
and the volume fractions of the composite. Applying equation (41),

G

4

matrixGﬁber =4.6%x104 Ibf (44)
Vmatrifoiber + Vfibeeratrix n.

Gy, =

It is apparent from the G, value that the graphite fiber does not significantly increase the shear modulus
of this composite. However, the results of the shear testing do not support this observation (fig. 40).
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Comparing the predicted value and the value from the test article (table 10),

(4.6x10% - 7.2x10%)

T %100% = 36.1% . (45)
2Z X

Error% =

Table 10. Comparison of predicted shear modulus with test results.

Shear Modulus Shear Modulus
Rule of Mixtures Test Results Measurement of Error

Specimen (Ibf/in.2) (Ibffin.2) (%)
Shear 2 4.6 %104 7.2 x10% -36.1
Shear 4 4.6 %104 7.8 x10* -41.0

The average percent of error, 38.6 percent, indicates that the rule of mixtures significantly
underpredicts the shear modulus for this composite. The test results indicated the shear modulus is
greater for the composite than for the cementitious material.

4.9 Summary of Material Properties

In the axial direction, Young’s modulus can be determined from the rule of mixtures. The rule
of mixtures prediction is on average 11 percent less than the value obtained from tensile test data. As
expected, the rule of mixtures did not predict the Young’s modulus in the transverse direction. For the
composite considered here, E, ;.1 = E\ . erse- 1N addition, the rule of mixtures did not predict the
Poisson’s ratio for the composite material. The material property testing indicated a Poisson’s ratio value
=50 percent less than the value predicted by the rule of mixtures. The results of the shear test determined
a shear modulus that is on average 39 percent higher than the value predicted by the rule of mixtures.
Although only two shear test specimens were available, the good correlation in the two test specimens
gives credibility to the test data.

The limitations of the rule of mixtures are obvious from the review of these results. This observa-
tion leads to the conclusion that additional analytical methods must be investigated to determine all the
material properties for the composite. However, before pursing these additional analytical methods, it
should be recognized that many analytical problems could be solved using the information provided by
the rule of mixtures.

4.10 Calculation of the Deflection for a Beam in Pure Bending

The rule of mixtures method for calculating the effective material properties for a composite
beam has been compared to material test data. The results indicated that the rule of mixtures could be
used to predict the Young’s modulus in the direction of the fiber and load, E or E g, ;ye- The next
logical step is to combine this material property with an analytical method that can be used to predict the
behavior of a composite structure. As noted earlier, the transform section method was not accurate for
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this composite because the Young’s modulus ratio was extremely high. However, using the effective
materials property data, the Young’s modulus ratio (1) = E¢rociive/ Ematrix) 18 oW <20 and in the accept-
able range. The Biszick beam! can now be analyzed by using the effective material property data and the
transform section theory. The results will be compared to static test results to give an indication of the

accuracy of the methods employed.

The cross section of a composite beam, fabricated of the same graphite and matrix materials used
throughout this research, is illustrated in figure 50. An assumption is made that the beam is composed of
two materials; the “graphite section” is composed of graphite and matrix material. The £, dimension of
this section is the same thickness as the tensile test articles used to verify the effective material proper-
ties for the composite material. The transform section analysis method will assume the graphite-
reinforced section has the effective material properties calculated by the rule of mixture method. The
geometry of the test specimen is used to determine the dimensions of the graphite strands and the thick-
ness of the graphite section:

W, = 1.20 in.
hg =0.1151n.

|
|
} Graphite Section

A
B
Y

A } Matrix Section

Figure 50. Cross section of beam.

The remaining dimensions of the composite section are calculated as follows:

h.= 0.361' n. — hg
w,.=1.20 in.
h,.=2.46 X 101 in.

This test specimen has nine yarns across the width. The fiber volume can be determined
from the geometry of the test specimen:

Ao = 0.000175 in.2

yarn
Nyarn =9
Afiber =N, yarnAyarn

Al =(0.1151n.) (1.20 in.)
Viiber = Afiber/A1 ,
Vipe = 1141 x 102,
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The matrix volume is then calculated from the rule of mixtures:

Vmatrix =1- Vﬁber
V =9.886 x 101,

matrix

The material properties of the graphite and matrix are the same as previously defined:

Epper = 33.5% 10 Ibf/in.2
E, i = 115 % 103 Ibf/in.2

matrix

The effective material properties for the composite section of the beam can be calculated.

* Young’s modulus in direction 1:

E E, = 4.9602x10° % (46)

E1 =ViiverEfiber TV, o

matrix ~ matrix

The moment of inertia for the beam can now be calculated using the transform section method.
The Young’s modulus ratio for the transform section is calculated from the effective material properties
and the matrix material properties:

E
L n=4313 . (47)

77:E

matrix

The beam geometry is transformed by multiplying the width of the graphite section by 7:

_ _ : 48
W =TW, W, =5.176in. (48)

The centroid and the area of the graphite section are given by

h
yg=h6.+(?g] A, =hw, (49)

while the centroid and the area of the matrix material is

yC:—C A=hw. . (50)
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The centroid of the transform section is given by

Ay, +Ay
Y, =S58 ¢ Yiur = 2:4366x 107 in. D)
A, +A, ar

The cross section of the composite is symmetric in the X direction; thus, the X location
of the centroid is the center of the beam:

Xy = % Xpr = 0.6 in. (52)

The moment of inertia for the graphite-reinforced section of the beam can be calculated by using
the parallel axis theorem, [ =1 gt A gdz. The base of the top section is transformed by 1 and the height of

the graphite-reinforced section is given by h=h I The moment of inertia of the graphite-reinforced

section with respect to its centroid is given by the equation

3
;b (53)
$7 12

The area of the graphite-reinforced section is the base multiplied by the height:

A, =Dbh . (54

The distance from the center top section to the centroid of the section is

h
d=Y,, - [hc - TgJ : (55)
Applying the parallel axis theorem,
Iy tota =g +A,d? Iy o =2-7875x103in (56)

The moment of inertia for the matrix (bottom) section of the beam can be calculated using
the same method. The base and the height of the matrix section are

b=w h=h, . (57)

51



The moment of inertia of the matrix section with respect to its centroid and the areas are

3
I.= % A.=bh . (58)
The distance from the center of the matrix section to the centroid of the section is

h.
d =Ypar _(76) . (59)

The moment of inertia for the matrix with respect to the centroid of the composite beam
can be calculated as follows:

I, o =1.+Ad I, o =5.7864 10 3in, (60)
The total moment of inertia for the transform section is the sum of the moment of inertia for each
section:

Liotal = Lo _otat 1 I =85739x10 3in4 61)

total — ‘¢ _tota g _total total —

The beam was subjected to a three-section bending test. A rigorous deflection analysis of the
beam test was performed to establish a base of comparison to finite element modeling and test data.
The comparisons provide insight into the accuracy of the methods used for the analysis.

The equation for the elastic curve of this beam will be derived as part of this analysis. Although
a solution to this beam problem is available in the literature, it was important to develop the solution in
this TM because of variations in the boundary conditions. Laboratory testing strives to duplicate the
exact boundary conditions; however, it is sometimes impractical. The equations aided in determining
which boundary conditions had significant effects on the results being recorded. These equations were
solved for a variety of boundary conditions using a Mathcad!? solution sheet (app. C). It should be noted
that with the aid of these equations and WD-40® lubricant, the test fixture eventually duplicated the
proper boundary conditions.

In general, the elastic equation for a curve is given by EI(d?/dx?)y = M(x). The moment in each

section of the beam (fig. 51) can be derived by passing a section through that location. In section 1
(x < a), for example, the moment at x is computed from the free-body diagram shown in figure 52 as Px.
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Figure 51. Free-body diagram of the beam.

4—)(—»

Figure 52. Free-body diagram of section 1.

Substituting the later into the governing equation for section 1, x < a:

dZ
EIW})IZPX .

Integrating once,

El—y, =—
dxy1 2

Integrating again,

P
EIy1:%+C1x+C2 .

(62)

(63)

(64)
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Similarly, for section 2, figure 53, x > a but x < b:

d2
El- 5y, =Pa (65)

d
El—vy,=Pax+C (66)
a2 TR

P
Elyzzzax2+C3x+C4 ) (67)

< 2

A
>
Y

P

Figure 53. Free-body diagram of section 2.

Finally, for section 3, figure 54, x > (a + b),

2
El%yg) =2Pa+ Pb— Px (68)
X

Px2
Eliy3 —2Pax + Pbx———+Cs (69)
dx 2

2 3
6

Ely;= Pax3 +

— 411‘717411;113 "

b

% X ” |
b |

Figure 54. Free-body diagram of section 3.




Summarizing the equations and replacing the derivative with 6,

2

P
Ezem:%wl : (71)
Px?
E]93y3:2Pax+Pbx—T+C5 , (73)
Px3
Ely1:%+Clx+C2 : (74)
P, 5
Elyzzzax +C3x+Cy (75)
and

Pbx%  Px3

Elys = Pax® + m:——%—+c¢+c%. (76)

The equations must satisfy the boundary conditions. For example, at x = 0, y; = 0, equation (74)
can be written

P
ozg@+q%+g. (77
At x = a, equation (74) must equal equation (75); therefore,
P P
In addition, at x = a, y; = y,, and 6, = 6,. Equation (71) must equal equation (72):

Px2
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For the boundary condition x = (a + b), equation (75) equals equation (76):

2 p.3
szxz - % +Csxy +Cg (80)

P
2 — 2

Continuing in the same manner, at x = (a + b), y, = y3, and 6, = 65, then equation (72) equals
equation (73):

Px%

Finally, for the boundary condition x = L, equation (76) must equal zero:

2 3

Equations (71)—(76), with the given boundary conditions, represent a system of equations which
can be solved simultaneously for the constants C; through Cy. A Mathcad® solution was developed to
perform the calculations (app. C). Appendix C contains typical values for these constants. The elastic
curve equations may be restated as a function of x:

In section 1, x < a:

1 [ Px3
)’1(X)=E(T+C1X+C2) (83)
and
1 [ Px?2
91()6)=E[T+C1) : (84)

The value for the moment of inertia is set to the value calculated from the rule of mixtures and
the transform section method. The Young’s modulus in the equation is set equal to that of the matrix; i.e.,

I=1 1=8.574x1073n4
Ibf
E=E_ i E=1.15% 105111_2 (85)
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Insection2, x>a<a+ b:

1
Yo (x)= E(Pax2 +C3x +C4)

and

Finally, in section 3, x > a + b:

0,(x) = é(Pax + C3) .

1 Pbx?  Py3
y3(x):—(Pax2+ bx —%+C5x+C6)

EI
and

93()() =

2

2
L opar e P -y
EI 2

(86)

(87)

(88)

(89)

The composite beam was then subjected to the three-section bending test (fig. 55). Deflection
data were recorded at the center of the 9-in. beam.

Figure 55.

Three-section bending test fixture.
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The elastic beam analysis was repeated for each of the load steps used in the three-section beam

test. The load and deflection results are listed in the following matrices:

—

0 0 0
3.43 —0.0445 —0.0420
5.64 —0.0729 —0.0690
7.41 —0.0940 -0.0910
Load=| 9.62 [Ibf,  yiq =|-0.1197 |in.,  y.y=|-0.1180 |in. (90)
11.84 —0.1420 —0.1450
14.05 —0.1670 -0.1720
16.26 -0.1920 -0.1990
17.81 | —0.2090 | | —0.2180

Figure 56 illustrates that the test results and the analytical data are in very good agreement. Error

bars on the analytical data represent the 6.4-percent standard deviation associated in determining
Young’s modulus (table 8). This indicates that the transform section method of analysis can be used to
predict the deflections. However, the rule of mixtures must be applied to determine the effective Young’s
modulus.

—— Test Data —B— Analytical Data

Load (Ibf)

et

Z

Eal

—t

%«

P

/

0.05

0.10

0.15

Deflection (in.)

0.20

Figure 56. Transform section versus test results.
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4.11 Development of a Finite Element Model

An additional point of comparison was obtained by developing a finite element model of the
three-section beam test (fig. 57). The finite element model was developed for two reasons: (1) To con-
firm that the elastic beam analysis was correct and (2) to gain insight into modeling composite structures
using finite element codes. The finite element model was executed for each of the static test loads.

N R

1

L[T17
L1717
A
yami
\mwuvy
\mwuy

ZL X Default Deformation:

Max 2.46-01@Nd B40

Figure 57. Finite element model.

The deflection results from the finite element model “specimenl” are as follows:

~0.0420
—~0.0690
~0.0910
Yo = | —0.1180 |in. 1)
~0.1450
~0.1720
~0.1990
-0.2180 |
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The deflection results for both the elastic beam equation and the finite element model were plotted
with the deflections from the three-section bending test.

It is significant that the transform section method of analysis returns the same deflections as the
finite element solution. This leads to the conclusion that the transform section method of analysis can be
used for the analysis of a composite in which the Young’s modulus ratio is high, provided the effective
material property data are included in the calculations. Figure 57 indicates that both of the analytical
methods satisfactorily predict the results of the bending test (fig. 58). The error between the elastic beam
equations and the test data is relatively small:

A _ Ytest _step ~ y2(43 in) x 100%
error Ytest _step
Aerror =—452% . .

—e— Test Data —HB— Analytical Data —— Finite Element
20

. T
14 ; /
f

12
10

Load (Ibf)

k

Pl
o

0 0.05 0.10 0.15 0.20 0.25
Deflection (in.)

N

Figure 58. Transform section, finite element, and test results.

4.12 Calculate the Deflection for a Five-Layer Plate in Pure Bending

Section 4.2 demonstrates the analysis of a composite beam made from the graphite-reinforced
cementitious material. The University of Alabama in Huntsville (UAH) concrete canoe team produced
a large plate that is similar to the layups used in canoe construction. A test article 5 in. wide and 15 in.
long was cut from the composite plate. The challenge is to determine the deflections of the plate using
the information gained from the material properties of the constituents, the rule and mixtures, and the
transform section method of analysis. These are the tools and information that are available to the
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students at the time they are designing these competitive canoes. The beam is a buildup of five layers
as shown in figure 59.

hy

<———— 5in. —— Graphite Fiber

and Matrix Material

________________________ ( - 0.05in.

0.075in.

03in. L _____ . 0.05 in.

0.0751in.

——————————————————————— \— -- 0.05 in.
\i _
\;' X
Matrix Material

Figure 59. Cross section of multilayered composite beam.

The properties of the beam can be calculated by using the transform section method and the
effective material properties as determined from the rule mixtures. The effective Young’s modulus for the
three graphite and matrix sections is

1bf

E,=504x105 20 93)
in.

The Young’s modulus for the matrix material, £, is determined from tensile testing of the

cementitious material (app. B):

Ibf
E;=115x103— 04)
in.
It was previously established that the Young’s modulus ratio must be <20 for the transform
section method to be accurate. Using the values established here, the Young’s modulus ratio is calculated

and is within acceptable limits:

n=—2 n=4383. ©5)
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The dimension of the graphite sections is transformed by multiplying the width of the sections by
n. A Mathcad solution sheet (app. C) was used to perform the calculations for determining the moment
of inertia for the beam. These calculations are also described in section 4.10. The moment of inertia for
this cross section was calculated to be

Ly = 38:2x1073 in4 (96)

In general, the procedure for determining the properties of multilayer beams is the same as that
for a single-layer beam. It is interesting to note that the graphite section in the middle of the beam does
not contribute significantly to the bending strength. The beam is placed in a three-section bending test
with the specimen supported over a 15-in. span and loaded at two points, each located at a distance of
2.25 in. from the center of the span. Members of the UAH canoe team performed the testing during the
1999-2000 school year. This test was typical of those used by the team to evaluate the composite
designs considered for the canoe.

The elastic beam equation for this problem was provided previously. The deflection of the center
of the beam was calculated for the same loads used in the beam tests. Equations (86) and (87) are used
for the deflection calculations:

1
_ 2
and
1
65(x)=——(Pax+C3) . (98)

The calculations were made using the Mathcad solution sheet (app. C). The derivation
for the beam equation is described in detail in section 4.10. Young’s modulus used in the equation
is from the matrix material: E; = 115 X 103 1bf/in.2

The results of this analysis are compared to the results from the bending test. As shown in figure
60, they compare well at deflections <0.25 in., then diverge as the deflections reach higher values. The
test results also appear to be slightly nonlinear. The nonlinear behavior of the displacements suggests
that the material properties are nonlinear.

The stress-strain curve for the test specimen can be established from the flexure formula
and the moment in the beam. The strain is calculated from the stress and based on the Young’s modulus
of the matrix as follows:

6(x) = M(Ix)c o é e(x) = EO'(x)

99)

matrix
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Figure 60. Deflection of multilayer beam versus test data (linear).

These calculations are presented in detail in the Mathcad solution sheet (app. C). The stress-
strain curve from the test specimen can now be compared to the stress-strain curve for the matrix
material. Figure 61 shows the stress-strain curve for the beam and the matrix material.
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Figure 61. Stress-strain curve for matrix material.



The experimental curve in figure 61 is derived from a combination of test and analysis. The first
section of the curve is from tensile testing using extensometers in the axial direction; the tensile test
specimens failed at ~2,000 microstrain. The stress-strain curve beyond that point is derived from the
tensile test data using a least-squares method to determine an equation for the curve.?

n n 2y n
bon + by z Gmatrixi +b, 2 (O-matrix i) = zgmatrix :
i=1 i=1 i=1

2 n

n n n 3
bO 2 O-matrixl- +b 1 2 (Gmatrix i ) +b 2 Z (Gmatrix i ) = 2 (Gmatrix ; )(gmatrix i )

i=l1 i=l1 i=l1 i=1

n 2 n 3 n 4 n 2
b 0 Z (O-matrixl- ) + bl Z (Gmatrixl- ) +b 2 Z (O-matrixl- ) = Z (Gmatrix i ) (Smatrix ; ) : (100)
i=1

These equations are solved for the minimum values of b, b, and b,:

2
V= bO + blo-matrix + bZ(O-matrix) : (101)

Equation (101) is the resulting stress-strain relationship used to extend the data for the tensile
test. The resulting curve is an approximation that does not represent actual material properties and is
only used to facilitate the analysis. This analytical method was developed by Balaguru? for the nonlinear
analysis of ferrocement in bending.

The question arises as to whether the tension or compression properties of the matrix are deter-
mining the nonlinear behavior of the plate. Therefore, the compression properties of the matrix must also
be considered.? Figure 62 compares the analytical curve for tensile properties with the compression
properties from the compression test. The data for the tensile (analytical) and compression (test) proper-
ties are in good agreement up to 6,000 microstrain. Furthermore, both curves indicate nonlinear behavior
beyond the 2,000 microstrain level.

Since Young’s modulus is in the nonlinear region, it must be recalculated as the load increases
beyond 2,000 microstrain. The elastic beam equation is then used with the nonlinear Young’s modulus
to calculate the deflections at the higher load levels. These calculations are illustrated in the Mathcad
solution sheet (app. C). The results are compared to the test data from the three-section bending test. The
error bars on the analytical data represent the 6.4-percent standard deviation associated in determining
Young’s modulus. As illustrated in figure 63, the data compares fairly well to the test results, even in the
nonlinear region of the curve.
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Figure 62. Tension versus compression properties for matrix material.
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Figure 63. Comparison of test results with nonlinear transform section results.



The preceding analysis indicates that the combination of effective material properties and the
transform section method can be used to determine the deflection of multilayered composite beams. This
is similar to the work presented by Balaguru? for the nonlinear behavior of ferrocement. These data also
indicate that as the matrix material becomes nonlinear, the deflection curve follows the same trend,
indicating that the bond between the fiber material and the matrix material may be slipping. However,
it should be noted that the beam did not fail even when the tension strain levels were far above the
maximum tension strain found when testing the matrix material.

It must be pointed out that several deficiencies exist in the preceding analysis. The first is recog-
nizing that the Young’s modulus ratio is constantly changing as the matrix material becomes nonlinear.
This implies that the moment of inertia for the beam is also changing. These changes are not considered
in the analysis. In addition, this method of analysis does not provide a means to determine the strains or
stresses in each layer of the composite beam.

4.13 Summary of the Rule of Mixtures Analysis

The rule of mixtures provides a method of calculating the effective material properties of the
composite from the volume fraction and material properties of the constituents. Comparing the effective
material properties with the data from the tensile and shear tests provided a measure of accuracy for this
method. Young’s modulus in the axial direction (£) was 11 percent lower than the value found in the
tensile test. However, Young’s modulus in the transverse direction (£,) and Poisson’s ratio (V;,) did not
agree with the test data. The poor comparison for E, and v;, was not unexpected, since the composite
under consideration has fibers running in the transverse direction. These fibers are not considered in the
rule of mixtures theory. The shear modulus G, was 39 percent lower than the value found in two test
specimens.

Although the information derived from the rule of mixtures is limited, it was used successfully to
predict the deflection of single and multilayer composite beams. The analysis used the transform section
method and the elastic beam equation to demonstrate that the effective Young’s modulus (E/) could be
used to predict deflections for a beam in pure bending. The analysis was verified by comparison to test
data and finite element models, and the analysis was extended to predict the nonlinear behavior of
composite material.

The fact remains, however, that these derivations are limited to the case in which the fibers are

running in the axial direction. This limitation can be overcome by applying the laminated plate theory
of composites to the cementitious composite in question. !0
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S. LAMINATED PLATE THEORY OF COMPOSITES

The rule of mixtures is limited by the assumption that the fibers are aligned in the direction of the
load.*10 Laminated plate theory for composites offers a more complete analytical tool, provided this
class of material is compatible with the assumptions and derivations involved with the theory. Beginning
with laminated plate theory, the laminated composite plate equations will be derived. The derivations
will be programmed into a Mathcad?* solution sheet (app. D) to provide an automated method for
solving the equations. The equations will be arranged to form a system of simultaneous equations from
which an exact solution can be found. The solution includes all elements of the stiffness matrix and can
be used for symmetric or nonsymmetric laminated plates. The program is used to analyze a composite
plate for which the results are well known. Comparisons are made with other programs to demonstrate
an increase in accuracy. A finite element model is generated to provide a verification of the methods and
establish the procedures for modeling composite beams.

5.1 Plate Theory

Figure 64 shows a load-free plate where the midplane point A coincides with the x-y plane. The
deflection in the z direction is zero for all points on the plate. The deflection components at a point in the
X, y, and z directions are given by u, v, and w, respectively.

Figure 64. Load-free plate.

The fundamental assumptions of the small deflection theory of bending for isotropic, homoge-

neous, elastic thin plates are based on their geometry. These assumptions are known as the Kirchhoff

hypotheses and can be stated as follows: !0

» The midsurface deflection is small compared with the plate thickness. The slope
of the deflected surface is very small and the square of slope is negligible.

» The midplane remains unstrained subsequent to bending.
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* Plane sections initially normal to the midsurface remain plane and normal to surface
after the bending.

* The stress normal to the midplane (o) is small compared to the other stress components
and may be neglected.

A plate can be deformed by normal, shear, and bending loads. The displacements in the x, y, z
directions are defined as u, v, w, respectfully. Figure 65 shows a plate experiencing normal stresses.20

____________ Deformed

Undeformed

|<—§ —>| < |<—

X

|<—x0—>| U |e—

Figure 65. Plate with normal displacements.

The strains for this displacement state in the x and y directions are defined by

d
e =y (102)
dx
and
£, = iv , (103)
y dy
respectively.

Figure 66, on the other hand, shows that when shear stresses are applied to a plate, they produce
strains that are a function of both u and v displacements.20

The equation for the in-plane shear strain is

d . d
Yo =gy e (104)
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Figure 66. Shear displacement of plate.

The total in-plane displacement at any point in a plate is the sum of the normal displacements plus the
displacements induced by bending. Figure 67 shows the geometry associated with a plate in bending.”

AZ
Top a
Mid | b ‘ X
-7
Bottom c

Figure 67. Bending displacement.

The displacement along the z direction due to bending is z X sin(6). Since 8 is small, sin(6) =6,

and the displacement is z6. In addition, from the geometry, it is clear that 0 is the slope of the plate,
dfdx X w.
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The displacements of the midplane of the plate in the x and y directions are defined as ug and v,
respectively. Then the displacement in the x direction can be defined in terms of the midplane displace-
ment, the slope of the plate, and the location from the midplane as

d
”ZMO_ZEWO . (105)

Similarly, the displacement in the y direction is

d
=Vg—ZI—/Wq. 106
V=vg—z dy W (106)

The Kirchoff hypotheses state that plane sections remain plane. This implies that there is no
strain in the z direction. According to Kirchoff, the normal and shear strains in the z direction may be
written as

= w  £=0 (107)
d d

yxzzaw—i_zu Yz =0 (108)
d d

yyZ = d_yw +EV ’)/yz =0 . (109)

When the displacements in equations (105) and (106) are substituted into equations (102)—(104),
the strain equation accounts for the midplane displacements and the bending displacements and is
written as

2
e =4, 4 (110)

2
Syzd%’)vo—z%wo (a1
K. d d
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These equations can be further simplified by defining the midplane strains as

d
£, =l (113)
d
e = — (114)
0y dy Yo
d d
Yoxy :E"‘oJfavo- (115)

Substituting equations (113)—(115) into equations (110)—(112) results in the strain equations written
in terms of the midplane strains:19

d d?
d2
€r =057 3 W (117)
d d?
Yoo dy dy
d2
— e 119
_ 0 0 d d 120
Xy guo +$VO—2Zad—yWO ( )
d d
= —2z—— . 121
7/xy J/Oxy z dx dy wo ( )

The midplane surface curvatures are now defined as follows: !0

d2
Kx :EWO (122)
d2
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d d
Ko=2geay "o (124)

Finally, the strain equations may be stated in matrix form:

€y €0x K X

e, |=| &0, |-4 &, |- (125)

y y

7/xy Yo Xy K xy

5.2 Generalized Hooke’s Law for Nonisotropic Materials

For isotropic materials (properties are the same in any direction), the relationship between stress
and strain is independent of the direction of the force. Young’s modulus is the only elastic constant
required to describe the stress-strain relationship for a uniaxial force.

For a nonisotropic material, at least two elastic constants are needed to describe the stress-strain
behavior of the material. Consider, for example, the case of a nonisotropic plate made of a fiber-
reinforced material (fig. 68). The fibers are in direction 1, resulting in the direction 1 properties being
much higher than the direction 2 properties.

Reinforcement
in Direction 1 _\
N

Yo

Figure 68. Nonisotropic plate with fiber reinforcement.

A special case of anisotropy is the existence of two perpendicular planes of symmetry in material
properties. Such materials are referred to as orthotropic. This configuration is characteristic of a lami-
nated composite that may have different material properties in the perpendicular planes. In general, the
properties of the material are direction specific.
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The analysis of an orthotropic system must take into account the direction of the material proper-
ties. For such a system, the stress can be expressed for each direction as

and

Consider the case shown in figure 69; an applied load acts parallel to the fibers.

Force
Deformed Shape

o
|
1
R 2
Undef
0

‘Force

Figure 69. Applied load parallel to fibers.

This type of loading produces stress in more than one direction within the plate and is referred
to as plane stress. The plate is elongated in direction 1 and contracted in direction 2. This illustrates the
Poisson’s effect, which may be defined as

—&
Vg = —2 . (128)
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The total strain in the orthotropic material must consider the Poisson’s ratio effect for each
direction. The strain in the plate is now a function of several material properties:

)

£y =—=— V€ (129)
2 E, 1261
and
0
E=——V, & . 130
1=, "V (130)

Shear forces must also be considered in the plate analysis. Shear stress is related to the shear
strain by a material constant called the shear modulus (G). As with the normal stress, the shear stress ( 7)
must be defined in terms of the direction of the material as follows:

T = 712012 (131)

In general, the equations for strains can be expressed in terms of stress and the orthotropic
material properties (Young’s modulus, Poisson ratio, and the shear modulus) as

E,s=———V —_—
g, "ME,
62 61
£y = —% Yy — 133
2 E, 12 E, (133)
712
m:G_lz ' Y

These equations can be expressed in matrix form as follows:

i Y 0
& El sz O
& = _V1_2 — 0 o) | .
E, E, (135)
712 1 712
0 0 —
| G2 |
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The 3 X 3 matrix in equation (135) is made up entirely of material properties for the orthotropic material.
This matrix is called the compliance matrix (S):

L _Var 0
E; E,
s=|-z2 L4, (136)
E;  E
1
0 0 e
| G2 |

Equation (135) may be rewritten to form an equation for the stress:

0 €

-1
o, =[S | & |- (137)
712 Y12

Furthermore, v|,/E| = V,,/E,, then the stiffness matrix (Q) can now be defined as the inverse of the
compliance matrix (S) as follows:

- -

) E,

E] —V21E1 0
(—Ez +V12v21Er) (—Ep + V1oV By
-1 _
C=51"=| v, £ E3 1 0 -
(—Ep + V12V Ey (—Ep +Vvi2v1E1) (138)
i 0 0 G2 |

Finally, the stress equation can be expressed as a function of the stiffness matrix (Q) to further simplify
the equation:

0 €
112 T12
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5.3 Plane Stress for Generally Orthotropic Plates

The previous discussion was limited to the case in which the load is either parallel or perpendicu-
lar to the principal material directions of the lamina; i.e., reinforcement fibers. In general, the loading is
not in the principal material direction. The equations for the generally orthotropic plates transform the
stress and strain into coordinates that coincide with the principal material directions. Figure 70 is a free-
body diagram of a composite laminate; it indicates the directions of the stress in relation to the direction
of the reinforcement fiber. Direction 1 is the direction of the fiber and direction 2 is perpendicular to the
fiber.

A7 2 1
O_J/“ /
T
—=oA 0
’ KR
{
Ty Ox

=\

Figure 70. Direction of stress.

The transformation of plane stress is a fundamental part of mechanics of materials. In the case
of composite materials, the idea is to transform the stress from the direction of the load to the principal
material direction. As shown in figure 71, the element is cut to produce an area, AA. A free-body
diagram is used to sum the forces in direction 1.

Ox

Figure 71. Sum force in direction 1.

76



The sum of the forces in direction 1, for example, results in the following equation for o;:

0=0,AA- 0, (AAcosB)cosd— o (Adsind)sind
+—Txy(AAcose)sin9—Txy(AAsiHO)cose . (140)

From the free-body diagram of figure 72, the sum of the forces in direction 2 results
in an equation for 0,:

0=0,AA-0,(AAsind)sind— o (AAcosb)cosd
+Txy(AAcose)sin9+Txy(AAsine)cose . (141)

Figure 72. Sum force in direction 2.

Using figure 72, sum the forces in direction 1 to obtain an equation for 7;,:

0=1,AA+0 AA sinBcosB — (GyAAcosesinG)

+ (—TxyAA cosBcos 9) + TXyAA sinfsinf . (142)

Simplifying equations (140)—(142) and solving for the stresses in the direction of the principal material
direction yields the stress transformation equations:

0,=0, cos6? + o cosH? +27)¢y sin@cos O (143)

y

0,=0, sin@2 + o cosh? — ZTxy sinBcos O (144)

y

lez—axsin900s0+0 sin@cos@+1’x (cos@z—sinez) . (145)

y Y
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Equations (140)—(142) can now be written in matrix form:

o, cos 6? sin 62 2sinB@cos B o,
o, |= sin 6?2 cos 62 —2sin@cosf oy |- (146)
Ty —sinBcosO® sinBcosO cosH? —sinH? Tyy

The 3 x 3 matrix is known as the transformation matrix (7):

cos 6?2 sin 62 2sinOcos 6
T = sin 62 cos6? —2sinfcosf | . (147)

—sin@cosO sinBcosO cosH? —sinH?

Thus, the stress transformation equation (146) may be written in terms of (7) as follows:

0 Oy
o, |=T|oy |. (148)
2 Txy

Similarly, to transform from the 1-2 coordinate system to the x-y coordinate system, use the inverse
of the transformation matrix:

Oy 0

—7-1
o, =770, | . (149)
Txy T2

The strains can be transformed in the same manner as the stresses. Equations (150) and (151) represent
the transformation of strain:

£ £,

e, |=T] ¢ (150)
Y2 Ty

ENEREN
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£, £
e, |71 &, (151)
Yoy T2
2] 2]

However, the strain transformation equation (151) creates a numerical problem. The shear strain
term (;,/2) is not compatible with the shear strain term from equation (139), ¥;,. To overcome this

problem, a factor of 2 is introduced into the matrix equations as follows:

(e | [1 0 0] e,

_ 152
g, [=[0 1 0]f ¢, (152)
7] 1000 2)| 5

The resulting matrix is called Reuter’s matrix (R):

1 00
R=|0 1 0 (153)
0 0 2

The shear strain values can be multiplied as needed to combine the transformation equations (148)—
(151) with the compliance equation (139). These derivations are provided in the Mathcad program listed

in appendix D. The resulting equation is as follows:

GX 8)(
o, =T-1QRTR™! €, (154)
Txy 7/xy

Equation (154) illustrates the transformed stiffness relationship between the stresses and strains
for an orthotropic plate. This equation provides the stress-strain relationship in the x-y direction.
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Equation (154) is difficult to work with because of the number of matrices involved. However,
the equation can be simplified to three matrices by defining the transformed reduced stiffness matrix

(Q):
QO =T 'QRTR™! . (155)

Finally, equation (154) may be written in terms of Q :
€
=0l e |- (156)

The Q matrix is a 3 X 3 matrix that represents the transformation of the stiffness matrix (Q). The terms
in the matrix contain four independent material properties and the angle between the reinforcement
fibers and the load.

5.4 Mechanics of Laminated Composite Plates

The strain equations for a plate in bending must now be related to a plate made from several
layers or lamina. Solving equation (156) for the strain values results in the following:

8}( G.X
e -0 |- (157)
y y
Vxy Txy

The midplane strains and the curvatures can now be equated to the stress values by combining
equations (125) and (157),

o Oy €0x Kx
010, || 0, |-2| K, | (158)
Tay ] [Yoxy Ky
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Simplifying equation (158) and solving for the stress matrix results in an equation for the stress in terms
of the midplane strains and curvatures:

Oy o €ox o Kx
oy |=0 | €0y |-20 | Ky |- (159)
Txy 7’0xy ny

Equation (159) represents the stress in each ply of the laminate for an orthotropic plate.
5.5 Determination of Force and Moment Resultants

The resultant forces and moments acting on a laminate are a function of the stresses on each
layer through the thickness of the plate. The force and moment resultants are important for the analysis
of composite plates because the stress in the plate varies from top to bottom. The force and the moment
act at the midplane of the plate in the same direction as the stresses.

Figure 73 illustrates the normal and shear forces that act on a plate. The resultant force can be
found by the summation of the stress multiplied by the area. The sum of the forces can also be found
by integration of the stress multiplied over the thickness (#) of the plate, then multiplied by the area.
Figure 74 represents a cross section of a plate. The width (w) times an incremental thickness (dz)
represents the area over which the force is acting.

Figure 73. Resultant forces.

A
<
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Figure 74. Integration over width of plate.
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Equation (160) represents the forces acting on the plate:

t
ZO'XW dzzjgtaxw dz . (160)
n 2

The width (w) of the plate occurs on both sides of the equation and cancels. This allows

the resultant force to be defined in units of force per unit length. The resultant force per unit length
at the midplane of the plate is defined as

t

_(2
N,=|20.d . (161)

2

Similarly, for the remaining directions of stress,

t
_[2 162
Ny_J.;tGde ( )
2
and
t
_[2
Ny=J2t,d . (163)
2

In matrix form, these equations can be written as

. 3o (164)
— 12
N y = I = o dz .
Ny 2|7y
Figure 75 illustrates the moments acting on a plate. The resultant moments for the midplane
of each plate can also be calculated from the stresses. The moments are defined as the sum of the stress

multiplied by the area, multiplied by the moment arm with respect to the midplane. The moments are
also defined in terms of unit lengths. The moment equations are as follows:
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(165)

_(2 (166)
M v 10 0,z dz
2
r
) 167
M = J_ l Tyy? dz (167)
2
Az
Figure 75. Resultant moments on plate.
In the same manner as the forces, the moments can be stated in a matrix equation:
z
M)C 2 GX
My = oy zdz . (168)
Moy 1Ty
2

5.6 Laminate Constitutive Equations

Equations (164) and (168) define the forces and moments acting on the midplane of the plate

in terms of the plate stresses. Equation (159) defines the stresses acting on any layer in the plate in terms
of the midplane strains and plate curvatures. The midplane strains are functions of the midplane dis-
placements and the midplane curvatures are functions of the displacement (w). Equations (159), (164),
and (168) are the plate constitutive equations.
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Equations (164) and (168) must be modified to define the midplane forces and moments for each
layer in the plate. This can be done by recognizing that the stress resultants can be expressed as the sum
of the stress resultant for each layer. Letting n represent the number of layers in the plate, the equation
for the forces becomes

h
N, ¢ o,
n
- 169
N, =2 o, |d . (169)
N k=1
T
o h(k—1)L
Similarly, the equations for moments are written as
hy
M)C n O-.X
_ 170
M y = z Cy |7 dz . (170)
M k=1
T
ry h(k-1)L Y

The integration parameters have now changed from the thickness of the plate to the location
of the top and bottom of each layer. Figure 76 illustrates the integration terms.

k=n A A
k=n-1 A
] hn—1

k=n-2 Midplane hp-2
e s T —— —_ [y Wy—— - t

k= n—3 hn-j’

ha-g(hn-5
k=n-4 \
k=n-5 X Y Y

Figure 76. Layer location.
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The equation for the transformed stress, equation (159), can be substituted into the equations for
the midplane forces and moments. The resulting equations (171) and (172) state the forces and moments
in terms of the strain and curvatures:

hk
Nel €0y K,
Ny :/<2=1 0| g, [+20| K, ||dz (171)
Ny h(k-1) Yoxy Xy
M, ) g €0y .
M, :kz=1 0| &y, |+20| K, ||zdz . (172)
My h(k—1) Yoxy Xy

Integrating these equations is relatively simple because the matrices &, and K are not functions
of z and are not included in the integration. The plate stiffness matrix (Q ) is constant over the thickness
of any layer; equation (172) can be written as

Nx " €0x Kx
— h — h
N, =210 oy ||.F 1dz|+|0| K, || ¢ zaz||. (173)
Yy P y Jh(k—l) y J.h(k—l)
ny 7/Oxy ny |
Performing the integration results in the following equation:
Nx €0 Kx
NI ) hi = hiy (174)

N, :kzi 0| &, (e —my)|+|0] K, |
ny Y0xy ny |
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The moment equation can also be simplified as

hk
Mx n o €0x o Kx
M, (=3, 0| &, [+20| K, ||zd (175)
k=1
Mxy h(k—1) 7/O)cy ny
Mx " €ox 5 5 Kx 3 3
_ hi—nh — h? —h
— k k-1 k k—1
My |= 2 110| &, |52 |+ 0| Ky [P (176)
=l 2 3
Xy | j/Oxy ny

Note that the midsurface strains (&) and the curvatures (K) are not part of the summations.

The stiffness (@ ) and the /1, terms can be summed outside equations (174) and (176) to form
new matrices, and the equations become

N, €0x K,
N, |=A| &, [+B|K, (177)
ny Y0xy ny

and
M, €0x K,
M, |=B| g, [+D|K, |. (178)
M,, Y0xy K,

In equation (177), matrix A is called the extensional stiffness matrix. This matrix relates the
normal stress and strains similar to the modulus of elasticity. However, if the matrix terms A5 and A,;
are nonzero and the plate has a shear load applied to it, normal stresses will be produced:

A= kZ[ Ol - hk—l)] : (179)
o

The thickness of the kth layer can be defined as 7, where ¢, = h;. — h;_;. Then equation (179) can be
written as a function of the thickness of the layer:
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A:é[ ék,l(tk)] : (180)

The B matrix in equations (177) and (178) is called the coupling stiffness matrix. The B matrix
relates bending strains with normal stresses:

& | hE -ty 181
b=, ], (s
k=1

This equation can also be stated as a function of the layer thickness (z;) and the distance from the layer
midplane to the center of the kth layer. Defining z, with the following equation,

et (182)
2

Zk

The equation for the coupling matrix B may be stated as

n
B=2 0147 - (183)
k=1

The coupling stiffness matrix has substantial influence on a laminated composite plate. A non-
zero B matrix implies that an axial load will cause the plate to bend and/or twist. Also, any moment
applied to the plate will cause extension of the plate midplane. This coupling between bending and
extension is key to understanding composite plates, and neglecting the effects of the B matrix could be
catastrophic to a composite structure.

The D matrix in equation (178) is called the bending stiffness matrix. This matrix relates
the plate curvatures with the bending moments:

no h3_h3_
D= ZQk,l[%} ) (184)

The equations for D can also be written in terms of #;, and z:

no t3
DZZQk71{£+th/% . (185)
k=1
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5.7 Effective Engineering Properties for Laminated Composite Plates

The effective engineering properties are determined from the A, B, and D matrices. The concept
is to determine the longitudinal Young’s modulus (E,), transverse Young’s modulus (Ey), shear modulus
ny, and longitudinal Poisson ratio (ny) of the laminate (plate) from the £, E,, G,, and v, material
properties of one of the layers. A plate can be designed and optimized by varying the angles of the
reinforcement fibers in each layer.

Recalling Hooke’s law for an isotropic plate, £, = 0,/€. Similarly, the relationship developed
for laminates relates the midplane force to the axial strain:

g =Nx (186)

where / is the laminate thickness.

Equations (177) and (178) may be combined to form a linear system of equations. The force
and moment equation may be written as follows:

_ _ (187)

M. | |Byy By Bjz Dy Dy D3| Ky
M, By, By, Byy Dy Dy Dyl K,
M,y | |B31 B3y Biz D3 D3y Dys|| Ky

This relationship is a system of six equations and six unknowns. The midplane strains and curvatures
are the unknowns. The A, B, and D matrices are constants.

The force and moment matrix can be defined to determine the effective material properties
for the composite. In the symmetric case, the layers above the midplane are identical to the layers below
the midplane, resulting in zero values for the B matrix. This greatly reduces the size and complexity
of the solution. For this analysis, however, the case of nonsymmetric plates is considered.

5.8 Calculation of Effective Material Properties

The solution to the system of equations (187) is best demonstrated through an example prob-
lem. A Mathcad solution sheet (app. D) contains the calculations used in this example. Consider,
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for example, a plate that is made up of four fiber-reinforced layers as shown in figure 77. The angles
of the reinforcements are 0° and 45°and each layer is 0.005 in. thick.

0=0
0=45 Midplane

0=45
0=0"

Figure 77. Angle of fiber reinforcement.

The following material constants are assumed for an arbitrary composite material:
* Young’s modulus in the principal material direction 1: E; = 20.01 x 10° Ibf/in.2

* Young’s modulus in the principal material direction 2: E, = 1.301 x 10° Ibf/in.2

Shear modulus in the principal material direction 1-2: G, = 1.001 X 10° Ibf/in.?

Poisson’s ratio in direction 1-2: v, = 0.30

Poisson’s ratio in direction 2—1: v, = V|, E,/E;.

The compliance matrix is determined as follows from equation (137):

[ 1 —V|» )
— 2 9
E, E, 4.998x1078  -1.499x1078  0x100

-V
s=|22r Lo 1o]1499%10-8  7.686x107  0x100 % (188)

E, E, in.
0 0o L 0x 100 0x100  9.99x1077

! Gy, |

The stiffness matrix, inverse of the compliance matrix, is calculated from equation (138):
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2.013x107  3.926x10° 0

Ibf
0=5"1=3.926x10> 1.309x10° 0 —5 (189)
1m.
0 0 1.001x10°

The geometry of the layup is then used to determine the transformation matrix. These data are presented
in detail in the Mathcad solution sheet (app. D). The transformation matrix is derived from the stress
transformation equation. The matrix is solved for each ply angle:

cos 0}% sin 9,% 2sin Gn cos On
T = sin 9,% cosS 0,% —2sin Qn CoS Bn (190)

n
r . 2 2
sin Gn cos Gn sin Qn CcoS On coS 9n sin Gn

100 05 05 1]

Plyl:7y=|0 1 0| Ply2:7,=/105 05 -1

0 01 -05 05 0]

05 05 1 1 0 0]
Ply3:7y=105 05 -1| Ply4T;=(0 1 O (191)

05 05 0 0 0 1]

As previously described, Reuter’s matrix (R) is used to condition the QO matrix:

(192)

=

Il
[
S~ O
N OO

The QO matrix represents the stiffness and transform matrix; the O matrix is calculated for each
ply using equation (193):

QZTH_IQRTnR_I . (193)

2.01x107 3.93x10° 0 bf
0, =3.93x105 131x10® 0 |— (194)
0 0 1x106 | ™

6.56x10% 4.55x10° 4.7x10°0 bf
0, =[4.55x10° 6.56x10° 4.7x10° | — (195)
m.
47x10%  4.7x10® 5.16x10°
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6.56x100 4.55x100 4.7x10°0 bt
0;=|455x10% 6.56x10° 4.7x10° | — (196)
47x106  4.7%x106 5.16x100 |

2.01x107 3.93x10° 0x100

0,=]3.93x10° 1.31x10% 0x10° % (197)
n.

0x100 0x109  1x10°

As expected, the plies with the same angles are equivalent.

The A matrix, or the extensional stiffness matrix, is calculated using equation (180):

2.67x10° 4.95x10% 4.7x10%

plies b
A=Y 0,1, =|495x10% 787x10% 47x10% |- (198)
k=1 47%x10%  47x10* 6.16x10%

The B matrix, or the coupling stiffness matrix, is calculated using equation (183). In the case
of a symmetric plate, the B matrix is zero:

plies 0 -0 0 Ibf
B=) Otz =|-0 -0 0 P (199)
k=1 0o 0 o

The D matrix, or the bending stiffness matrix, is calculated using equation (185). These values
indicate how the bending moments will affect the plate curvatures:

plies (3 1.23x101  6.09x107! 3.92x107!

D= 0| L+122|=]6.09x1071  1.31x100  3.92x107! |Ibf in. (200)
k=l 3.92x1071 3.92x1071  1.01x109

Since the A, B, and D matrices are defined, equation (187) can be solved for the strains
and curvatures. However, the loads must first be defined. In the Mathcad solution sheet, the load
matrix is created to represent the forces and moments at the midplane of the laminate. The load matrix
is from equation (187). In the first case, a uniaxial load is applied in the x direction:
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I]D_f (201)

m.

S O O O O =

>
5 =R EF=zz

A global matrix that represents the stiffness matrix in equation (187) is constructed from the A,
B, and D matrices. Equation (187) may now be written in terms of the loads and the global stiffness
martrix:

1 [266841.87 49470.05 470478 0 -0 0 ][ &,
0 49470.05 78650.66 470478 -0 -0 0 || &,
O|lbf | 470478 470478 6163811 0 0 0 ||Yoy (202)
0|in. 0 -0 0 1229 0.61 039 K,
0 -0 -0 0 0.61 131 039 K,
0] |0 0 0 039 039 1.01]| K,

This system of equations represents a plate with a uniaxial load applied in the x direction.
There are six equations and six unknown strain and curvature values. A Mathcad subroutine, Isolve,
is used to find a solution to the system of equations. The lsolve function returns values for strains
and curvatures. Hooke’s law can then be applied to determine Young’s modulus and Poisson’s ratio:

* Young’s modulus in x:

N Ibf
E, = =1.13x107 2 (203)
heox n.
* Poisson’s ratio:
—£
v, =—2=317x107" . (204)
y £0x

The effective modulus in the y direction is found by assuming a unit force in the y direction and
setting all other forces and moments to zero. The system of equations is now solved with the boundary
conditions for a uniaxial load in the y direction. Then based on Hooke’s Law, Young’s modulus and
Poisson’s ratio can be calculated:
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* Young’s modulus in x:

N Ibf
E,=—"=20972x100—; (205)
y heoy in.
e Poisson’s ratio:
v =%0x _587%10°2 . (206)
yx ‘SOy

The effective shear modulus is found by assuming a unit force in the x-y direction and setting all
other forces and moments to zero. The shear modulus (ny) is a function of the shear load and the shear
strain:

o Shear modulus:

N
G, =—2 :3.22x106% (207)
Y hY0xy in.

5.9 Comparison of Results for the Symmetric Solution

The engineering properties for a symmetric laminate can be compared to solutions from a num-
ber of sources. This comparison illustrates that the method used for finding a solution to the constitutive
equation (187) significantly affects the accuracy of the calculations. For example, Halpin® reduces the
constitutive equations by assuming the A; 5 and A, 5 terms in the A matrix are zero. This results in the
following equations for the material propérties: ’

2
B A1,1A2,2—(A1,2) (208)

x _ Halpin Ay oh

2

B A1,1A2,2—(A1,2) (209)

y _ Halpin A h

and

G A3 (210)

xy _Halpin = h, .

Nettles,20 on the other hand, includes all the terms in the A matrix and is able to develop the following
equations for the materials properties:
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2
Ay, A Aastia = Apdss | A A A 3812433 - (A2,3) A3 211)

P Nettes =1 Ay A3z = (Az,3)2 hl s Az,z(A3,3)2 - (A2,3)2A3,3

2
Arp | A A= Aipdss || Aas| a3 AzAipAss— (A1,3) Y3 212

Nettles — X
Y- etties h h h A33

E
A 1Az = (A1,3)2 S Ay (A3,3)2 - (A1,3)2A3,3

and

Az (A2,3)2 . 2A13A1 A9 2Ay 3= (Al,z)z(Az,s)z - (A1,3)2(A2,2)2 @13)

G =
xy _ Nettles h hA, » h[Al,l (Az’z)z - (A1,2)2A2,2]

Although Nettles’ method is an improvement over the Halpin method, these equations do not apply
to the nonsymmetric case. When the A, 5 and A, ; terms are set equal to zero, the Nettles2Y equations
reduce to the Halpin? equations.

Table 11 is a comparison of results obtained from several commercially available computer
programs for laminated composite plate analysis.

Table 11. Results from different laminated plate solution techniques.

E, E, Gyy

Exact | 1.13x107 | 2.1x 108 | 3.22x10°
Nettles [ 1.13x107 [ 2.1x 106 | 3.22x 106
Halpin | 1.18x 107 | 3.47 x 106 | 3.08 x 106
Inplane | 1.18 x 107 | 3.48 x 106 | 3.08 x 106
Patran | 1.18x 107 | 3.48 x 105 | 3.08 x 106

As expected, the Nettles equations provide the same solution as the exact solution. However,
these equations do not work for the nonsymmetric case. The Halpin, Inplane, and Patran solutions
overestimate the stiffness of the composite in the transverse direction and underestimate the torsional
stiffness for the composite.

It is difficult to determine the specific effects this type of inaccuracy could produce. It is the

intent of this study to indicate that these inaccuracies can be avoided by using the solution techniques
developed in the previous sections.
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5.10 Determination of Strain

Section 5.9 determined the effective material properties of the laminated composite plate. It is
also desirable to determine the stress and strain in each layer of the plate. This is accomplished by using
constitutive equations (177) and (178) to determine the midplane strains and curvatures. The total strain
in each ply or layer is then found by using equation (125). The resulting strains are then transformed by
equation (150) to the principal material direction. As shown previously, the constitutive equation can be
solved for the midplane strains and curvatures.

For example, assume the laminated plate in the first example is loaded with 1,000 Ibf in the
x direction. The plate is 5 in. wide. The x direction is parallel to the 0° plies. The calculations for this
example are contained in the Mathcad solution sheet (app. D).

As stated in the problem definition, a force is applied in the x direction. The plate is 5 in. wide
so N, would be calculated as follows:

v 1000 Ibf 214)

X 51n.

The load matrix in equation (187) will contain the following values:

N | [2x10?]

Ny | [ox100

Ny | 0107 |1bE 215)
M, | [0x100 |in.

M, 1 1ox100

| My | 10x100 |

The midplane strains and curvatures can be determined in the same manner as demonstrated
in section 5.9. The solution indicates that the midplane strain includes axial, transverse, and shear
strains, while curvatures are zero:

Midplane Strains: Midplane Curvatures:
€o, = 8.82x107% K, =0x100
€y, =—2.8x107* K, =0x10"
Yoy = —46x1074 K., =0x100 .

Equation (125) can be used to transform the midplane strains and curvatures into the strains in each ply.
To determine the strains in the first 45° ply, define Zply A8 the distance from the midplane to the center
of the ply: Zply = 2.5 % 1073 in.
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The strains in the first 45° ply in the x-y coordinate system are calculated from the midplane
strain and curvatures (eq. (125)). The values are then transformed into the principal material directions
for the 45° ply with equation (150). The details of the calculation can be found in the Mathcad solution
sheet (app. D). The resulting matrix is the strain in the principal material direction:

g 7.13x107°
& |=| 531x107* | . (216)
72| |-1.16x1073

5.11 Determination of Stress

The stress values can be calculated from the strain by applying equation (155) to determine

the QO matrix for the given ply. The Q value for the 45° ply is as follows:

6.56x 100 4.55%x10° 4.7x10° b
0, =|455x10° 6.56x10° 4.7x10° | — 217)
47x106  47x105 5.16x106 |

The strain in the 45° ply for layer 2 is determined from equation (125). Equation (156) is then used
to determine the stresses in the ply:

€ 2.35%103

. — . 1bf 218
_ _ 1

o, |=0,| & [F[199%10" | (218)
T Yy 4.6x102

Xy

Now use equation (148) to transform the ply stress into the principle material direction:

o, o, | | 1.64x103 b
o, |=T, |0, || 7.23x10? 3 (219)
Ty T | [-116x10% |

5.12 Determination of Displacement

The deflection of the plate is found from the midplane strains and the curvatures of the plates.
Since these values are known, the deflections can be found by integration:
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_[*2 Yol [*2
Ax—J.x1 g9, dX—1z, ( —dex]dx . (220)

X1 \UM

The limits of integration are along the edge of the plate. In the example, the plate is symmetric. As a
result, the coupling stiffness matrix and the curvatures are zero. The Mathcad solution sheet (app. D)
includes the calculations; the curvature values are included for the nonsymmetric case. In the example
problem, the deflection in the x direction is calculated as

Ax=8.82x1073in. (221)
5.13 Determination of Neutral Axis
The neutral axis is the plane of zero strain for any direction in an unsymmetrical plate.

The location of the plane may be determined from equations (125) and (187). For pure bending
in the x direction, the force and moment matrix is zero except for the moment about the x axis:

Ay A Az By By Bis || €ox
Ay Ap Axz By By By || €y
431 Az Asz By By Byz||Tow (222)

OOEOOO

Solving for the midplane strains and curvatures and then reducing the matrix equation yields
the following expression:

€x | | B

€oy | |Ba1

Yoxy _ By M (223)
K. | | D e

Ky 1 | Pa

| Kyy | |D31]

The above equation can then be separated to form an expression for the midplane strains and curvatures.
Equation (125) can then be used to find the location of the neutral axis. These derivations are contained
in the Mathcad solution sheet (app. D).
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5.14 Comparison of Results to a Finite Element Model

A finite element model of a simple plate is developed to verify the previous set of equations.
The plate is 10 in. long and 5 in. wide. As in the previous example, the plate has four layers oriented 0°,
45°,45°, and 0°. As shown in figure 78, the plate is clamped at the left end with a load of 1,000 lbf
applied at the right. The model uses MSC/Nastran as the finite element code.

[— —_—
A

VAV

— = —
X

10 in.

Y

A

Figure 78. Boundary conditions on finite element model.

The input for the composite material properties was calculated using equation (187). The effec-
tive material properties from equation (187) for the model were defined in the MSC/Nastran format by
using a MAT?2 card. The input for the MAT?2 card is represented by the following matrix equation:

ol |61 G G|l & o
0, |=|Gy Gy Gyll & |-(T-T,)| ey | - (224)
Tin| G631 G Gsz |72 o3

For the purpose of this example, the thermal effects are neglected. The above equation becomes
the stress-strain relationship of equation (139). As previously discussed, Q is the stiffness matrix where

i V21 0
Ey, B
— 1
L (229
1 2
1
0 0 e
i G2 |
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The material property data for the finite element code are calculated using equation (225).
The MAT?2 input card is written to reflect the following Q:

G, G, Giz| [2:013x107 3.926x10° 0
5 6 Iof (226)
0=|G,y; G,y Gy |=[3.926x10° 1.309%10 0 |
lrl.2
G3, Gy Gas 0 0 1.001x 10°

The properties of the composite plate are defined by the PCOMP command. This input is unique
to the MSC/Nastran code and requires no calculations. The input is listed for completeness as follows:

PCOMP, 1, ,, 10000.0, STRN,
+, 1,.005, 0.0, YES, 1, .005, 45.0, YES,
+, 1,.005, 45.0, YES, 1, .005, 0.0, YES .

The ply stress and strain in the principal material directions are calculated using the Mathcad
solution sheet with the geometry and loading from the example problem. The results are provided and
compared to the results of the finite element model below.

These results are the ply strains in the principal material direction for the 45° ply:

» Laminated plate theory results:

g 7.08 x 107
& 5.283x 1074 (227)
75| [-1.166x1073

* Finite element model results:

g 7.13x107>
& 531x107* | . (228)
Y| [-1.16x1073

These results are the ply stress in the principal material direction for the 45° ply:

* Laminated plate theory results:

o, 1.633x103
o, |=| 7.194x102 (229)
T, | [-1.1673x103
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* Finite element model results:

o, | | 1.64x103
o, |=| 7.23x10% | . (230)
7, | [-1.16%103

The deflection of the plate in the direction of the load (x) compared very well with the finite
element model:

* Laminated plate theory results:
Ax=8.8x1073 (231)

* Finite element model results:

Ax=8.8x1073 . (232)

The comparison of the results shows that the finite element model agrees perfectly with the Mathcad
solution for the plate under uniaxial load.

5.15 Conclusions From Laminated Plate Theory

As stated previously, the purpose of the laminated plate derivations and the development of the
Mathcad and finite element solutions is to create methods for the analysis of complex multilayered,
graphite-reinforced cementitious composite structures. The development of the Mathcad solution sheet
proved that there is no numerical constraint to the laminated plate theory as found in the transform
section theory (sec. 1.4). In addition, it has been determined that the material property data developed
previously are adequate for the analysis of any conceivable combination of layers and graphite orienta-
tions. An improvement has also been made to the accuracy of the solution method used to solve the
laminated plate equations.
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6. ANALYSIS OF MULTILAYERED SYMMETRIC AND NONSYMMETRIC
GRAPHITE-REINFORCED CEMENTITIOUS BEAMS

Section 6 demonstrates that cementitious composite material can be analyzed using the laminated
composite plate theory. Section 5 verified the laminated plate equations for an arbitrary composite by
comparison to the results of a finite element model. The equations will now be applied to the analysis
of three graphite-reinforced cementitious beams subjected to pure bending.

The rule of mixtures is used to determine the effective £, and E, values. The shear modulus
and Poisson’s ratio values are taken from the results of the material properties tests. The laminated plate
theory is then used to determine the effective material properties for each of the beams. These properties
are used with the elastic beam equation to predict the deflection of each beam. The results from the
analysis are compared to the results from the test. In addition, the laminated plate equations are used
to derive a set of material constants for a finite element model. The results from the model are also
compared to the test results.

6.1 Introduction
As shown in figure 79, each beam will consist of two graphite-reinforced layers. The graphite
mesh in the first beam will not be rotated. In the second beam, both layers of the graphite mesh are

rotated 45°. In the third beam, the bottom layer of graphite is rotated 45° while the top layer will not
be rotated, producing a nonsymmetric laminated section.

Ay .
Graphite Mesh

1 __________ Toosoin

0.25in. —-

0.125in.

Z
Matrix / Center Line x

Figure 79. Cross section of multilayered composite beam.
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In each case, the laminated plate equations are used to determine the effective material constants.
Elastic beam equations, developed in section 4.11, are used to determine the deflection at the center of
each beam. The analysis is repeated for several load increments to produce a load versus deflection plot.

A finite element model is developed for each beam consistent with the methodology developed
in section 4.12. The MSC/Nastran finite element program is given the data for each layer in the form of
MAT?2 and PCOMP input commands. The finite element model computes the deflection at the center of
the beam, and the model is run with incrementing loads to produce the load versus deflection plot.

Finally, a comparison is made between the analytical data and the test data, and conclusions
are drawn based on these results.

6.2 Three-Section (Pure Bending) Testing

The beam is placed in a three-section bending test with the specimen supported over an 8.75-in.
span and loaded at two points, each located 1.375 in. from the center of the span. This is the same three-
section bending test that is described in section 4.10.

The deflections were measured at the center of each beam using a digital deflection gauge
(fig. 80). A cup was hung from the loading hook of the fixture. Loading was achieved by incrementally
placing a measured amount of lead pellets in the cup. The time between load increments was not con-
trolled but could be estimated at =30 sec. The displacement was recorded at each load increment. Each
beam was tested by the same method and with the same loading increment.

Figure 80. Three-section bending test.
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The results of the beam tests, illustrated in figure 81, show that beam 1 [90,90] is much stiffer
than beam 2 [45,45]. As expected, beam 3 [45,90] has a stiffness value between beams 1 and 2. The 45°
layer is on the tension side of the pure bending test, which may explain why the beam behavior is close
to beam 2.

—+— Beam 1[90,90] —=— Beam 2 [45,45] —4— Beam 3 [90,45]
1,600

1,400 /,
1,200

q; 1’000 /
[7]
// - /A
800 : W” / 7
: / ./ L] n  § [
P A /
400 2 2l |
0 #=

0 0.02 0.04 0.06 0.08 0.1 0.12

Deflection (in.)

Figure 81. Deflection plot of multilayered beams.

6.3 Calculation of the Deflection Using Elastic Beam Equations

The deflection of the center of the beam was calculated for the same loads used in the three-
section bending tests. The elastic beam equation for this problem was provided in section 4.10.
The moment of inertia is calculated by / = bh3/12. The Young’s modulus is calculated from the lami-
nated plate theory. The Mathcad solution sheet (app. C) is used to perform the calculation to determine
the deflection at each load increment.

6.4 Determination of Effective Material Properties
The material properties for each layer of the composite are determined from the rule of mixtures

and the laminated composite plate theory. For example, using the equations developed in section 4.11,
the material properties of the fiber and matrix are as follows:

Efiper = 33.5x100 1bf/in2

E =115.1x103 Ibf/in2 (233)

matrix
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The area of the graphite material is calculated from the manufacturer’s data as
)
Ayam = 0.000175 in. Nyam =8

Afiper = N yarn Ayarn . (234)

The area of each layer is the thickness multiplied by the width A; =0.120 in. X 1 in.:

A
_ “fiber _

Vinatrix =1~ Viber = 0-988 . (235)

m
Thus, the values for the effective material properties can be calculated for each layer:

* Young’s modulus (direction 1):

E 1= vfiberE fiber + Vmatrix E matrix

E| =5.045x1071bf/in2 (236)
This procedure is used to determine the effective Young’s modulus for each layer in the composite beam.

The shear modulus and Poisson’s ratio values are determined from the material test results
(sec. 4.14). These effective properties are used with the laminate composite plate equations to determine
the effective material properties for the composite beam.

The Mathcad solution sheet (app. D) was set up for a two-ply plate consistent with the procedure
for determining the effective properties of a multilayer composite plate, described in detail in section
5.9. The bottom entry in each property array corresponds to the bottom ply of the plate and the geomet-
ric center of the beam is considered zero:

2= 12 =

5.0x10° | Ibf 5.0%x10° | Ibf 7.5%10% | Ibf 0.15
E, = E 12 =

5.0%10° |in2 5.0x10° |in2 75%10% [in2 0-15] +(237)
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The orientation, thickness, and centroid of each ply are as follows:

0.125 |, , 0625 |, ‘ |90
t= in. thickness z= in. centroid O=—— ply angles - (238)
0.125 —-.0625 18045

The thickness of each layer is one half the beam thickness. It should be noted the exact thickness of each
beam varies (0.24 to 0.27 in.) due to imperfections in making the beams. The centroid of each layer is
measured from the geometric center of the beam.

The compliance matrix is then calculated for each layer in the composite. The stiffness matrix
(Q,,) 1s then formed from the inverse of the compliance matrix:

I ]
o,
Eln EZI’Z
S, =|—2 —
E B
1
0 0o —
| Gi2, |
1
0,=[S.]" . (239)

The subscript 7 refers to the layer number.

A stress transformation matrix is calculated from the angles given in the 6, array:

cosS 0,% sin 9,% 2sin Gn cos On
T = sin 9,% cos 0,% —2sin Qn CoS Bn . (240)

n
sin Gn cos Gn sin Qn CcoS On CcoS 9n sin Gn

The Q matrix can then be calculated from equation (241):

N —7-1 -1.
Qn _Tn QnRTnR (241)
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The extensional matrix A can now be calculated from equation (242):

plies 1.10x10°  3.70x10% 0
A=Y 0,4,=|370x10* 1.10x10° 0
k=1 0 0 3.65x

Ibf

104

(242)

The coupling stiffness matrix B, for a nonsymmetric matrix, can also be calculated from equation (243):

lics 1.11x10°  -1.11x10° 0
_ Ibf
B=Y OQptpz=|-1.11x10°  1.11x10° 0 —
m
k=1 0 0 ~1.11x10°

The bending stiffness matrix D, equation (244), completes the calculations of the stiffness terms:

plies (3 5.73x10% 1.93x102
D= ZQk(£+tkng= 1.93x102 5.73x102
k=1 0 0

0 Ibf
O _
1mn.
1.9%102

(243)

(244)

The global stiffness matrix from equation (246) can then be determined by combining the A, B, and D

matrices:

[ 1.10%x105  3.70x10% 0 1.11x103
3.70x10%  1.10x10° 0 ~1.11x103

0 0 3.65x 104 0

Global = %

1.11x103  -1.11x103 0 5.73x102
-1.11x103 1.11x103 0 1.93x102

|0 0 ~1.11x103 0

Equation (246) is written in terms of the global stiffness matrix as

Nx €0x
N y €0y
N Y
' | [Global] | * 2
MX KX
M, K,
| My | Koy |
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~1.11x103

1.11x103
0

1.93x102

5.73%x102
0

0

0
~1.11x103

0

0

1.9x10% |

(245)

(246)



Additionally, equation (246) can be solved to determine the effective material properties
of the composite beam:

E =" =341x10° = v =042
) heg in-z VY €0x
Ibf
Ey=—2 =341x10° =5 = =042 .
hg()y in. SOy
N Ibf
Gy =2 =120x10° 20 (247)
hY oxy in.

The analysis was repeated for each of the three composite beams. Table 12 contains the effective
material properties for each beam.

Table 12. Effective material properties.

Ey E, Gyy
0 (Ibf/in.2) | (Ibf/in.2) | (Ibf/in.2)

Beam 1| [90,90] [4.12x105|4.12x 105 [ 7.50 x 10

Beam 2 | [45,45] |2.40 x 10°|2.40 x 105 1.88 x 10°

Beam 3 | [90,45] |3.20 x 10°3.20 x 105 [ 1.15x 10°

6.5 Comparison of Test Data to Analytical Predictions

The effective material properties can now be used with the elastic beam equation (124) to calcu-
late the deflections in the beam. To illustrate the steps in the analysis, the results obtained for beam 1
at a typical load increment follow:

1
yz()c)za(Pax2 +C3x+C4) (248)
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Ibf
E=412x10°—
m.

3 . .13
,_bh _ (1.189in.)(0.265 in.) — 0.00184 in4
12 12

x=4.375 in.

C3 =-25.39 Ibf/in2

C, =8.707 Ibf/in>

[(1.94 Ibf)(3in.)(4.375 in.)z]
~ 1

)
4.12%105 °L (0.00184 in.4)
in.2

in.2

+(—25.39 E)(4.375 in.) +(

v, =-0.062 in.

8,707 %

in.3

)

(249)

(250)

(251)

(252)

(253)

(254)

(255)

The above analysis is repeated at incremental loads to generate a load versus deflection curve for each

beam.

The results of the three-section bending test can now be compared to the results calculated using
the elastic beam equation with the effective material properties derived from the rule of mixtures and the
laminated composite plate theory. A measure of the possible error associated with these calculations is

determined as follows:

* Error from Young’s modulus test = 6.4 percent
* Error from shear modulus test = 5.6 percent

« Error % = \/(6.4%)2+(5.6%)2 =8.5% .

Error bars on figures 82—84 will reflect this measure of error.

As shown in figure 82, the predicted deflections for beam 1 [90,90] are in good agreement with
the test results, indicating that the effective Young’s modulus used in the predictions, £, =4.12 X 10° 1bf/

in.2, adequately predicts the behavior of this two-layer composite.
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—— Beam 1 [90,90] —&— Predicted

Load (Ibf)

N Wk~ o1 N o ©

G

0 0.02 0.04 0.06 0.08 0.10 0.12

Deflection (in.)

—_

o

Figure 82. Beam 1 comparison of predicted versus test deflections.

—— Beam 2 [45,45] —&— Predicted

5.0

45

4.0 - ;
—k 1

3.5 =

30 o

25 =

Load (Ibf)

2.0 / _

. =4
1.0 _rr
0.5
N
0 002 004 006 008 010 012 014 016

Deflection (in.)

Figure 83. Beam 2 comparison of predicted versus test deflections.

45 —*— Beam 3 [90,45] —&— Predicted

4.0
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Figure 84. Beam 3 comparison of predicted versus test deflections.
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Figure 83 compares the predicted deflections for beam 2 [45,45] with test results. The data
compare reasonably well with the test results, indicating that the effective Young’s modulus used in the
predictions, £, = 2.31 X 10° Ibf/in.2, also adequately predicts the behavior of this two-layer composite.

Figure 84 illustrates the results for the nonsymmetric beam 3 [90,45]. The test data for beam 3
[90,45] compare very well with the test results. The effective Young’s modulus calculated for this beam,
E =32X 10° Ibf/in.2, was calculated using the same methods as the previous symmetric beams.

Based on these results, it can be concluded that the solution to the constitutive equations pre-
sented can be used to accurately determine the effective material properties for a symmetric or a
nonsymmetric multilayered laminated composite.

6.6 Analysis of Beams Using Finite Element Methods

The analysis of simple composite structures such as beams can be achieved using the methods
described in this TM. However, when the geometry or loading of the structure becomes more complex,
this method of analysis may be too difficult to apply. For that reason, it is important to extend the verifi-
cation process to include finite element modeling.

The input for the MSC/Nastran program is calculated from the equation for the stiffness matrix,
equation (257), 0, =[S n]—l. The MAT?2 input for beam 1 can be taken from the Q, matrix. For example,
the stiffness matrix for layer one of beam 1 [90,90] is calculated and given:

430%10° 6.45x104 0
0,=|645x10* 4.30x10° 0 . (257)
0 0 7.50x 104

Incorporating these values into the MAT?2 results in the following:

$ Description of Matrix Material:
MAT2,1,4.30+5,6.45+4,0.0,4.30+5,0.0,7.50+4,
0., 0., 0., 0., 0.

The orientation of each layer is described in the PCOMP command. An example of the PCOMP
command for beam 1 is provided below for reference:

$

PCOMP, 1, ,, 10000.0, STRN,

+, 1,.1325, 90.0, YES, 1,.1325, 90.0, YES
$

The finite element model is generated in the same procedures as those verified in section 4.12.
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Figures 85—87 show that the results of the finite element models for each of the three beams
are in agreement with both the test data and the analytical solution from the elastic beam equation (86).

—— Beam 1 [90,90] —4— Beam Equation —H+— Finite Element Model
9
8
7 _
Jﬂ—%
s 5 A/OJ’ =
= =
g 4 e
S ¥
3 o
) o
1 _ M
0
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Deflection (in.)

Figure 85. Beam 1 comparison of finite element versus test deflections.

—— Beam 2 [45,45] —=— Beam Equation —HF— Finite Element Mode

5.0
45
40 —

U il’_l 1
35 —
3.0 =

/%4
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25 o
=
20
15 ”/'%1/
1.0 e
05 —
0 /

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
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Figure 86. Beam 2 comparison of finite element versus test deflections.
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—— Beam 3 [90,45] —— Beam Equation —H— Finite Element Model

45
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1.5
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0.5
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Figure 87. Beam 3 comparison of finite element versus test deflections.

6.7 Summary and Conclusions

The preceding results indicate that cementitious composites can be analyzed using the laminated
composite plate theory. This is a significant improvement over the methods based on the rule of mixtures
and the transform section methods. The composite plate theory has no limitations on the orientation of
the fibers or the geometry of the layup. As a result, the designer can strategically place and orient the
reinforcement fibers to optimize the design.
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

This research establishes the procedures for producing, instrumenting, and testing graphite-
reinforced cementitious specimens to determine the material characteristics. Tensile tests are used to
successfully determine Young’s modulus and Poisson’s ratio. losipescu shear tests are used to determine
the shear modulus. Comparisons are then made to the material properties calculated from the mechanics
of materials approach for composite analysis; i.e., rule of mixtures. Consistent with the literature,2-%:10
it is determined that the rule of mixtures is accurate for determining the effective material property, £/,
provided the fibers are continuous and aligned in the direction of the load. However, the remaining
material properties, E,, v{,, and G, may not be accurately predicted by the rule of mixtures.

A modified transform section approach is used with the £, value from the rule of mixtures to
accurately predict the deflection of a beam in pure bending with a single layer of graphite reinforcement.
A similar approach is used for a multilayered beam in pure bending. The beam analysis is extended to
include nonlinear material properties. The results compare well to test data.

Laminated composite plate theory is investigated as a means for analyzing even more complex
composites, consisting of multiple graphite layers oriented in different directions. Equations for the
effective material properties are derived based on the laminated composite plate theory. The equations
are arranged to form a system of simultaneous equations from which an exact solution can be found. A
Mathcad solution sheet is developed to make the calculations. An increase in accuracy is demonstrated
when this solution method is compared to other solution methods. The results of the Mathcad solution
sheet are verified with an example problem. A composite plate with known material properties is ana-
lyzed using the Mathcad solution sheet. The plate is then analyzed using a finite element model. The
results compare very well, demonstrating the accuracy of the solution method.

The analytical methods developed in this TM are demonstrated with the analysis and test of three
beams with various ply angles and layups. The effective material property for each beam is determined
by using laminated plate equations and the Mathcad solution program. In addition, a finite element
model is developed for each beam. The results of three-section bending tests are then compared to the
analytical results to determine the accuracy of the methods developed in this TM. The analytical results
compare very well to the test results.

The research presented establishes a methodology that can be used to determine the deflections

and stresses in graphite-reinforced laminated composites. In addition, it demonstrates methods of deter-
mining the appropriate material properties necessary for the analysis.
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APPENDIX A—MATHCAD SOLUTION SHEET: RULE OF MIXTURES

Note: This program is provided as an example only. The content of this file is similar to that

found in the text. However, this program is subject to modification and may not match the previous text.

A.1 Rule of Mixtures for a Composite Material

The rule of mixtures is a method for determining the effective properties of a composite material

based on the contributions of the individual constituents. This method assumes that the strains in the
fiber direction of a composite are the same in the fibers as in the matrix. Since the strain in the fiber
is the same as the strain in the matrix, the sections normal to the fiber direction remain plane after

stressing:

* Determination of £

/—Deformed
e ./_ ............... .
! Matrix . i
B /—F|ber —'—>i Aw
01 4_!_ i :
4—!— —>
- Direction 2 —
.' Matrix 1
| . Direction1 .—.JT———
B —— —>
AL 01

The strain in direction 1, the fiber direction, is given by

ALt
2= —
e

b ]

The strain in the fiber direction is same for the fiber and the matrix:

]
Tfther = Effher®l -

Applying Hooke’s law and assuming both the fiber and the matrix are linear:

[ ]
Tmatrix = Ematrix =1 -
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This relationship is similar to two springs acting in parallel. The total load (P) is carried by the load
in fiber (Pf) and the load in the matrix (P,):

P:=FPr+ Py .
K¢
L P
Kn
5 i

The force equation can then be written in terms of the stress and area:

"
T1-41 = Offer fffher + Tmatrin S matrix -

Now substitute the Hooke’s law equations for the stress terms to relate the force equation in terms
of strain and Young’s modulus:

[ |
Ey21-&1 = Effner®1 Afther + Eratriv B1 Srvatyix -
Simplifying the equation,

[
N Effher &y " Ernatriv fvaatriv
S| A1 '

Eqi:

The fiber volume fraction (V) and the matrix volume fraction (V,,.;,) can be defined as

u Spnatriv
rnatiix =
A1
]
u Affher
fiher Al

In addition, the fiber volume fractions must satisfy the equation:

]
Yiher + Vioatrie = 1.
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Thus the expression for the effective Young’s modulus in direction 1 is as follows:

]
E} = Vier Effher + Vinatriv Erwatrix -

Determine the effective property in direction 2, perpendicular to the fiber direction,

0y
Awi ,__:
Y I |
| ) i
| Matrix i ‘
. /—Flber |
: .
r 0)
" ;
I Direction 2 I
i .
1 Matrix
! : T—> Direction 1 ‘|\\ Deformed
A . |
! i
L _

0y

The fiber and matrix transverse strains are not assumed to be equal. However, in the transverse
direction, the cross-sectional areas are equal and the load is constant across the area; therefore, the stress
is equal for the fiber and the matrix. Then the strains in the fiber and matrix can be written in terms
of the stress:

ol
Efther = Fiber ’
Gg'
g7 = E ,
and
T2
Trnattiy = Bratin '

The total transverse deflection is the sum of the fiber deflection and matrix deflection:

fwr = AVrer + ﬁwmtml.
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Defining the strains in terms of the deflection:

A
= —
w
[
AW ey
ZHiher = s
Lffher
and
o
AW ypatriv

Smattix = —
Lynatrix

The transverse dimension over which the fiber and matrix strains act can be written in terms
of the fiber volume:
| ]
Lither = Vither W

and
|
Lyvatrix = YVmatrie W -

The deflection equation can now be defined in terms of strain:
[ |
B w = Eﬁher'(vﬁher' ‘-"-’:' + Ematii Wmtﬂx' “"}' .

Now the w term vanishes from both sides of the equation. Hooke’s law equations

can be substituted for the strains:

a! " oyl " oy
= = Vifher + Vmatme T .
E3 Effher Ernatriv

The stress term now vanishes from both sides:

[
1 _ Vfiher + Vymatrix

EEI Effver  Ematrix

Solving the above equation for the E, term,

E Efther Ematrix
2= .
Vinatriy Effber + Vither Ernatriv
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Determination of the Poisson’s ratio between the transverse and the fiber directions:

| |
—27
vig=—,
=1
/—Deformed
[ o — \
F' Matrix K
-~ /—F|ber —:—> Aw
-~ < : : 2
04 . P w
-~ L
B E— Direction 2 —L
. Matrix 1
| .. - Direction 1 .—. 7=
D —— > Y

01

AL
N

'y

As shown above, the deflection equation can now be defined in terms of strain:

~ Smatrix
Vimatrx = ’
g1
'
Efther
Yifher = ’
1

and

Blw = Eﬁher'(vﬁher' ‘-"-’:' + Smatry (vmat.n':-:' W).-
Now simplify,
]

E 7 Eﬁher-livﬁher‘;l i EIth-livmhix:l .
21 21 21

Substitute in the equations for the Poisson’s ratio:

¥12 = Vher Yiber + Yimatric ¥ matrix -
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Determine the shear modulus (G,) by assuming the shearing stress on the fiber and the matrix
is the same. This assumption means that the shear deformation can be written as

Proatrix =

Chnatrix
e Shear strain in the matrix:
[ |
T
Yither = .
Cither
e Shear strain in the fiber:
[ |
T
¥2=—
12
A T
A
Matrix
Fiber
w
Direction 2
y| Matrix
v Direction 1

A

A
~
\/

Shear strain in the fiber and transverse direction.

The shear deflection is a function of the shear strain and the width (w):
b= pewr
and

[ ]
.I'EI. = .Iél.fiher + .Iél.m‘tm .
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Deformed
T ‘ /_

7
Matrix .I. ;

U

Direction 2 ;

.I' I'
\ A | N
Matrix Direction1

A
~
Y

As shown in the previous equations, the deflection for the matrix and fiber can be stated in terms

of the volume fractions, Vi and V.. :

A yaatriy = Yroatne (vmatrjx' W:' !
and

A ffher = Piher [vﬁher' W:'l-

Then, substituting into the deflection equation and allowing the w term to vanish:

[ |
¥ = Yratr Y matrix + Yiber ¥ fiher -
Finally, substitute the Hooke’s law equations for shear strain and allow the shear stress:

[ |
T

— = Vipatriv + Vifher .
G2 Chynatrix Ciher

Now, this equation can be simplified by allowing the shear stress term to vanish and solving for G,:

Cynatriv Offher
Vinatri Oftber + ¥ iber Pmatrix

(312 =

Calculate the effective material properties of a cementitious composite:
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» Material properties:

f
Ematric = 115-107- =

Vynatrix = 027

thf
Pratrix = 35—

Epnatrix

Chatrin =
L 2(1 + ¥ matriz)

Ihf
Chuatric = 4528 107 =

i

« Fiber area in a graphite yarn:

000175 i.n2

A |

Affer = Ny fvpam

Hffher
W £
fiher a1
vf'iher = I:II:I].E

£
Efther = 33.5-106-—2
i
Vifhey = 0.30
Inf
Pfher = .064-—3
ity
Effher
Offher = ————~
2-[:1 + Uﬁher:]
Ibf
Chey = 1.288 x ID? X
i
Mapam =
&= .12-1'112

Vivatrie = 1 = Viher

Vonatri = 0.988

Thus, the expressions for the effective material properties can be calculated:

* Young’s modulus in direction 1:

and
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El = Viber Effher + Vivatriv Ernatriy

Ej = 5045 = 10 x5



* Young’s modulus in direction 2:

and

* Poisson’s ratio:

and

e Shear modulus:

and

» Composite Density

and

Now compare the results from the rule of mixtures to the results of tensile testing.

_ Efther Ernatrix
Y ratriv Efber + Yfier Ematrix

Ea:

If
Ea=1164= 1I:I5—2 .

ity

V12 = Vifher Viher + Vivatrie Vinatriy

vz =027 .

Chnatrir Ofher
Vimatriw Ottber + Y floer Cmatrix

Gy =

Iuf
o = 4581 = 1EI4—2 }

i

Proraposite = Piiher ¥ fiher + P rmatrix ¥ matri

Ikf
Peompogite = 34572 _3

jia ]
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Aiial Gages on Side 1 and 2

.25'!55!-:105%':":”:' T oy
2500 a2 / x"xx
5
sy
2000 e o
1] L }(){
Tl G
=38 500 il .r\;{
w Ta,l 3 ¥
J: IR @ Jid
Fa,l 4D W
— 1000 AT
o) =
HE: K
S00 2 P
5 L
al |l
]
—120%
00 g 0 1000 2000 000 4000 000 A000 T000
334315 Tal Eotilad BT,
W Side ]
2= Side 2
= Average
* Young’s modulus from the tensile test:
Ibf
(1300 - 500)-—
i1
Etest = iy >
(3000 - 1000)-10
Ibf
Bragr= B Al s
il
Etest — Ei
hettor = ki -10a
Etest
and
Aerror = 089S .
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Krenchel methods:

* Calculate the effective material properties of a cementitious composite:

Tof
Effher = 33.5-10‘5-—2

iy

Vynatrix = 027

0a4- i3
3

ity

P fiher -

E’ﬁl‘:lEI’

& =-_—
Hoc 2-[:1 + Uﬁher:]

bf
Cioey = 128246 x 107 =

i1
« Fiber area in a graphite yarn:

Hivpamm = .I:IIIII:II'I"ﬁ-i:a2

Affher = Nj,ram'*éi;ram
Whaam = 1.163-10

Ap=1.40141 % 10 b

Vinatrie = 1 = Vifher

Thus, the expressions for the effective material properties can be calculated:

If
Eivatric = 115-1I:I3-—2
i
Vifhey = 0.30
If
P ratrix = 35-—3
i
Epnatrix

Chatrin =
B DA i)

bf
Chpnatriz = 4.52756 = 104—2

iy

A1 0= balyr Whearn

Affher
A1

Vither =

Viher = 20899 3 10 3

Ei = Viler Effner + Vimatrie Ematriz.

Vonatriz = 29001 = 10

1
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* Young’s modulus in direction 1:

Ibf
E{ = 448513 = 1I:I5 — .
j.nz
* Young’s modulus in direction 2:
E Effher Ermatrix
2=
Vatri Efiber + Vither Ematrix
and
Ibf
Ep= 116156 x 10° =
it

e Poisson’s ratio:

¥12 = Vher Yiber + Vmatrix ¥ matriz
and
-1
vz = 2703 = 10 .

o Shear modulus:

Chnatrir Ofher
Vimatriw Ottber + Y floer Cmatrix

Gy =

and

Ibf
(i = 457308 = 104_2 .

i

» Composite density:

Proraposite = Piiher ¥ fiher + P rmatrix ¥ matri
and

1 Ibf
Feomposite = 34851 = 10 —3 .

jha

Now refer to Krenchel, p. 29:

126



(sl [

Factor =25 10 :

Gfe = (Vratri Oraatri] + ["TﬂﬂefEﬁh“' (Sm(:ﬁ 'w]f (ms[% wjzﬂ

£
G = 128459 = 1IZI5 =5
ity
» Krenchel case 2a
a) =1 ag =1 n=1 F= Vither
.
k= F 0
sy : k= 108726 = 10
matn
o K Vmatrix -1
Yeommposite = _l:k + ( a7 n-E-)] Yeomposite = 2AT49E = 10
= . . 0
wl= {k + ﬁl'ﬂ'ﬁ) = [k""matnx"*'cnmpnmtej mg = 100072 » 10
Efp = 02 Ematriy
If
Efp = 1.15083 = 1III5 i
i

o Krenchel case 1a

Bt = | Bt (1 — Vi) | + B §

Ibf
Eg, = 448513 x 107 =

ity
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&2

Direction of the Load

* Krenchel case 2b

E

1T g

s
= — .50
Y27 Ta0

These angles describe the load in relation to the fibers (see Krenchel3, pp. 17 and 26).
The n represents the number of groups of fibers; in this case, two groups:
n=2.

This represents the proportion fibers in each group; half of the fibers are in group 1 and the other half
are in group 2:

a] =035 ap:=105
« Efficiency factor:
4 4
= &1-1:1::5[14;1) + ag-cns(wg)
n=5xm_1

» Makes the derivations easier (p. 27):
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» Page 34 equations:

k- vieatrix + [n-ap0ep)
|:k + ('r]-ag-n-ﬁ:l]

Veomposite =

Yreomposite = 273399 « 10 !

* Volume fraction for the fiber:
B = Vihe

5=9%wx153

* Guess values to make the program solve:
2, 0= 1107

By =110

5 Ibf
Etu:umpu:usne = 1010 _2 :

i1
Equations (28) and (32) from p. 27:
2 2
B e + Vamaei ) + [Eﬂmﬁ cos(1) [(eg cos1)? + ey-sinfust)?] . }

+Effher B cus(wg) [(Ex:l u:u:us[q.rgj]2 + 2y 51.'r1|:1.|,r3:I2

x

Ecomposite =

Equations (29) and (33) from p. 27:

nn= [Ematrix'k'[‘*'mtrjx'sx + EY:]] [Eﬁher [ sity 1.|.r1 2 (Ex:l cos 1.|.r1 + By sm(q.rljlz} :| .

2 p 2
+ Effher B cns(wg) [Exj cns{wg) + ey sm[wg)
Equation (34) from p. 27:

~Ey = Voomposite T -
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Solve three equations with three unknowns:

Ecomposite
By = Fmd(Emmstite:E;nEx:l
Bx
5 Ibf
Ecamposite = 448513 = 10 5
ity

Now use equation (39) to calculate shear modulus, p. 29:

2 2 2 2
Goomposite = (1 = |3J'Gmatrix+|:|3'Eﬁher'(ﬂl'5m[‘~l-’lj cos(y1)” + ag-sin(ya) " cos(yy) ﬂ

Ibf
ch:-mp.;.site = 4 428333 » 1I:I4—2

i
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Axial Stress (psi)

Axial Stress (psi)

APPENDIX B—MATERIAL PROPERTIES DATA
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Figure B.1. Tensile test summary—six test articles.
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Figure B.2. Average transverse strain—five test articles.

131



y=0.388x +15.812
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Figure B.3. Average tensile strain Dec_28_4.
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Figure B.4. Average transverse strain Dec_28_4.
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Axial Stress (psi)

Axial Stress (psi)
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Figure B.5. Average tensile strain Dec_28_5.
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Figure B.6. Average transverse strain Dec_28_5.
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y=0.407x +29.64
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Figure B.7. Average tensile strain Dec_28_6.
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Figure B.8. Average transverse strain Dec_28_6.
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Figure B.9. Average tensile strain Dec_28_7.

y=-3.0643x +3.6812

1,000

800

N

600

»

BN

400

200

-400

-300

-200
Microstrain (uin./in.)

Figure B.10. Average transverse strain Dec_28_7.
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Figure B.11. Average tensile strain Dec_28_8.
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Figure B.12. Average transverse strain Dec_28_8.
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Figure B.13. Average tensile strain article SG4.
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Figure B.14. losipescu shear test articles.
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Figure B.16. losipescu shear test—article 4.
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Figure B.15. losipescu shear test—article 2.
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Figure B.17. Cementitious material tensile strain.
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Figure B.18. Cementitious material transverse strain.
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APPENDIX C—MATHCAD PROGRAM FOR COMPOSITE BEAM IN BENDING
Note: This program is provided as an example only. The content of this file is similar to that
found in the text. However, this program is subject to modification and may not match the previous text.

C.1 Mathcad Solution Sheet: Calculate Deflection for Three-Section Bending Test—One
Graphite-Reinforced Section on Top With Linear Material Properties

C.1.1 Calculate the Deflection for a Beam in Pure Bending
The rule of mixtures method for calculating the effective material properties for a composite
beam will be verified by comparison to test data. A composite beam was made to the following

dimensions:

* Graphite strands:

Wy = 1.20-ity hg:= A15-in |
» Composite section:
he = 361-in — b wo = 1.20-in b= a1 R
|<— A :i

} Graphite Section

s } Matrix Section

The fiber volume can be determined from the geometry of the test specimen. This test specimen
has nine yarns across the width:

Ay = 000175-in Hepgpm = 9 #fiher = Myam fiyam

2

A1 = 115in120in Vfiher = o Vier = 1.141 = 107
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The volume fraction for the matrix:

Vonatrie = 1 = Vifher

The material properties of the graphite and matrix are the same as previously defined:

Ibf
Eypatriy = 115-1III3-—2
ity
Vinatrix = 027
Ibf
Proatrix = 35-—3
it
Ernatrix

Cypatriy =
PR S )

Ihf
Cuatriy = 4528 x 107 =

Vynatriz = 856 = 10 k

Lf
Efher = 33.5-106-—2
ity
Vifher = 0.30
If
Ffiher = .064-—3
ity
Effher
T T Ofther = ——————
2(1 + ufiher)
Iaf
Gfgher = 1.288 x ID? 5
it

it

The effective material properties for the composite section of the beam can be calculated:

* Young’s modulus in direction 1:
Ei =¥

Ey

* Young’s modulus in direction 2:

fiher Effher + Vinatriv Ematri

= 49602 = 1I:I5 %

i

Efter Ematrix

Ea:

Vonatrie Effoer + ¥ fiver Eatrix

i Iaf

Ea=1163:= 10 —2 .

* Poisson’s ratio:

ity

V12 = Vifher Viher + Vivatrie Vinatriy

wig = 2703 % 10 b
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o Shear modulus:

Crnatri Offner

Gig =
Vimatri Ottber + ¥ floer Cmatrix

k£
o =458 = 1|:I4—2 .

in
» Composite density:
Proraposite = Piiher ¥ fiher + P ratrix ¥ matri

1 Iuf
P ecorposite = 346 = 10 —3 .

i1

Now consider the composite beam composed of two homogenous materials. The top section of
the beam is made from a material whose properties are calculated from the rule of mixtures. The remain-
der of the beam is made from the matrix material. The moment of inertia for the beam can now be
calculated using the transform section method:

Ey

Enatrix .

n =

Ratio for transform section:

n=4313 .

Transform section by multiplying the width of the graphite sections by n:
Wy = Y)Wy

wy=S1Thin

Now calculate the centroid of the transformed section:

.l.éhg = hg Wg .

()

Calculate the area of the top section:
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Locate the centroid of the top section:

4= hp-w,
o Calculate the area of the matrix:
a by,
¥ - o
o Calculate the centroid of the matrix:
A ¥+ AV
Thar = ——————
Azt A

Equation to find the centroid of the transform section:

Var = 2.4366 = 10 s

C.1.2 The Centroid of the Transform Section

The cross section of the composite is symmetric in the x direction. The x location of the centroid
is the center of the beam:

Wi

Zpar = 5 Koy = D 6in

* Calculate the moment of inertia for the top section of the beam by using the parallel axis theorem:
b= wy and h=hy .

* Moment of inertia of the top section in respect to its centroid:

* Area of the top section:
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 Distance from the center top section to the centroid of the section:

)

z
* Applying the parallel axis theorem:

2
Ig_tl:ltﬂl = Ig + ﬁg- i

 Total moment of inertia for the top section with respect to the centroid of the entire beam:

Iy total = 27874 % 107 el

Now, using the same methods, calculate the moment of inertia for the matrix (bottom) section
of the beam:

b= wy
and
hi= b, I, = %-b-hE _
 Area of the matrix:
Az=hh .

» Distance from the center of the matrix section to the centroid of the section:

by
d = Vg — [E] }

* Moment of inertia for the matrix with respect to the centroid of the beam:

2
Ip total = Iz + A d

I total = 57864 % 10° .

e Total moment of inertia for the transform section:
ltotal = Iz_total + Iz total

Tintal = 85730 = 10 A,
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The beam was then subjected to a three-section bending test. A rigorous analysis of the beam test
was performed to establish a base of comparison to finite element modeling and test data. The compari-
son will provide insight into the accuracy of the methods used for the analysis.

» Free-body diagram of the beam:

Derive the equation for the elastic curve from sum of the moment at x:

e Section 1, x < a:

d2
ETI w1 = Px
e
]
F
El=w = —-xz +
2
P 1
Elwy = E-xg + 1+ Ca
4

145



e Section 2, x>abutx< b:

e Section 3, x > (a + b):

146

B
Elya= E-a-xz +Cqn4Cy

A
>
Y

dﬁ

El—w3
%

=2FPa+Ph-Px

F
E-I-iyg =2Pax+Pbx- —-xz + Cs
dx 2

2

F F
Elyy= P-a-:«::J'I + E-h-x - E-xg + Crx+Cy



A
>
\

Summarize the equations. Replace the derivative with 6:

5 ]
Elf)=—x +1

ba | Hd

Elga=Fax+ 03.

P 1
Elw = E-xE +Cpx+ Ca

P ]
Elyy= 5-&-:{2 + Cyx+Cy

F
Elgz=2Pax+Phx- E-xz +Cq

P P '
Elwsy= P-a-:c2 + E-b-xz 2 E-xE + Csx+ Cy

Values from the test fixture and the test loads:

 Maximum load from 5/2/00 test:

Load"

Load = 350 P = 2207 1bf

» Geometry of the test fixture:

a:= 30 b=2751mn L=875%in .
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* Input values to represent the boundary conditions:

X =4 m=la+h w3 =L
= 0. 0. 0.
*p = 00in ¥ =3x10in w=375%10 in 13 =875 % 10 in
* Guess values to start the program to solve for the constants:
.2 3 oo
Cy = 1.0-f it Ca = 1.0-Mf- iy Cg o= 1.0-Ibf in
3 .2 3
Co = 10-Mf-irn Cs = 1.0-1bf ity Cg = 1.0-Mf-iry

The elastic curve equations written to satisfy the boundary conditions:

* For the boundary condition x =0, at x =0, y; = 0:
F
III.I:I-l‘r:If-j:a3 = E-xﬂz + T+ 0o -

* For the boundary condition x = a, at x = a y; = y,:

F B
E-xlg + 0y +Co= E-a-:q2 + Cqx) +Cy

P
E'xlz + iy =Fax+Cy .
* For the boundary conditionx = (a + b), atx=a + b y, = ys:

F P P
E-a-xgz +Cyum+Cyq= P-El-:-:g2 + E-b-xgz - E-xQE + G50+ Cy

F
FPawm+Cz=2Pax+Pba- E-xgz +C5 -
» For the boundary condition x =L, atx =L, y; =0:

P P
i S et E-b-xgz - E-x33 +Csa5+ Cg -
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Find constants to solve the above equations simultaneously:

€1
L2
3
C = Fma(CI:CE:CE:clﬂ-:cj:cﬁ} *
4

Cs

Cg

Ends the program loop.

The above equations are solved simultaneously to find the constants. The constants are listed
below:

iy = -TAEl = 1III1 l‘rzuf'i:ﬂ2 Co=0= IDD l‘rzuf'i:ﬂ3 Cg = -1.160 = llilzl‘r:uf'i:a2

Cg=-284 » llilzlhf'inz Cp=3222 x 1I:I:!1‘r:uf'i:c13 Cq = 4007 « 1III1 l‘rzui"i.ﬂ3 .

The value for the moment of inertia is set to the value calculated from the rule of mixtures
and the transform section method. Young’s modulus for the matrix is used for the beam equations:

I = Itota) Fm g AT S
thf

E=Ematn:-: E=115}C1D5—2 .
i

Restate each elastic curve equation as a function of x:

e Section 1: x < a:

1 (P 3
N=—|=x +C1-x+C
e i [6 1 2]

1 (P 2
B =—| —x +0C
MR (2 1).
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e Section 2: x> abut< a+ b:

=t [Pelin
v = ED (2 ax +Csx+ C4]

1
820X = EIIP-a-x + ngl .

e Section 3, x>a + b:

1 F 2
B3 = — | 2P ax+Pbx-=x +C
3 E-I[ 2 5]

1 T P 0 Py
vyl = — | Pax + by - —x +C5x4+0C
(%) EI( . - s rs] .
Check boundary conditions: x =0 and y; =0 and y; =y, at x = a:

(0045 = 0 x 10 in I O B108) = 3725 x 107 2

yalar = —10% 5 10 Y Bala) = 3725« 10 2
s Ifx=a+b,theny,=y;:

yala+ by =193 = 10 G Bafa+ b) = 3725« 10 2

yala+ by =103 =10 G Bala+h) = 3725« 10 2

« If x=L, then y;=0:

st it

C.2 Mathcad Solution Sheet: Calculate Deflection for Three-Section Bending Test—Three
Graphite-Reinforced Sections With Nonlinear Material Properties

C.2.1 Determination of Transform Section Properties
Cross section of composite beam:

* Number of layers:
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A

Graphite Fiber
and Matrix Material

0.3in.

0.051in.

0.0751in.

0.051in.

0.075in.

0.051in.

\' X
Matrix Material

» Depth of each layer (bottom surface is zero):

* Modulus for the graphite:

o Modulus for the matrix

025
0875
D= 150
2125
2750

By o= 504107 -

Ey = 115107 -

o Ratio for transform section:

] v = 4383
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Dimension of the composite section

b = 075 wp =200 .
» Dimension of the graphite section:
hg = 050 Wy = 500
Wy = W
 Calculate the area of the fiber:
Afney = hglzwg:l .

Calculate the area of the matrix:

Apatrix = he we

Equation to find the centroid of the transform section:

yr Affher
& I

2. AmapD; -

i=1
Yhar = ll-f— ﬁmap =| Afiber
.l.él E
z Hmpi tratrix
i=1 Hifther

o Centroid of the transform section:

Ybar=1.5xll:l_1

* Moment of inertia of the transform section using the parallel axis theorem:

1 3 1 3
: 2 o= — wy o= —
=ly+ Ay d e ety o= Wb
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» Determine the distance from the center of the graphite to the centroid of the section:

Lag.rer_d(q.r) = |for il y
di — Vhar — Di

d

d = Lagrer_d(q.r:l

0125
0063
d= 1]
—0.063
—0.125
* Moment of inertia for each section:
2l
Ti= Ig + ﬁg-d

Layer I= | for 121,35
2
LeIg+ ﬁmpi-(di:]
for j=2.4

LT+ ﬁmpj-[djf

[ayrer = Layet I

0.017
0.00z W
Ilaj,rer= a Itatal = z Ila},re:rj .
0.002 i=1
0.017

* Moment of inertia of the five-layer composite:

liotal = 0.038
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C.2.2 Calculate the Deflection for a Beam in Pure Bending—Consider the Nonlinear Nature
of the Material Properties

Beam is in pure bending (no shear) in section b. Free-body diagram of the beam:

P

» Sample values from the test fixture and the test loads:

t=0320-in  Thickness of the beam

Yload, -1bf
P = T T Load applied to beam .

» Geometry of the test fixture:

a:= 525 b= 45-in L:=150-i .

* Input values to represent the boundary conditions:

X =4 m=la+h x3=1L
= 0. 0. 1%
%g = 0.0-in ¥ =525x10in 0 =975x 10 in x3=15x10"in
* Guess values to start the program to solve for the constants:
il 223 il
1 = 1.010f i Co = 1.01bf i Cz = 101bfin
23 il 223
Co = 1.010f i Cy = 1.01bf i Cg = 1.01bf i
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Following are the elastic curve equations written to satisfy the boundary conditions:

* For the boundary condition x =0 and y; =0,

F
III.I:I-l‘r:If-j:a3 = E-xﬂz +Cyxg+ 0o

* For the boundary condition x = a; y; =y, and 6, = 6,:

F B
E-xlg + 0y +Co= E-a-:q2 + Cqx) +Cy

P
E'xlz + iy =Faxn+Cy |
* For the boundary condition x = (a + b); y, = y; and 6, = 6,:

F P P
E-a-xgz +Cyum+Cyq= P-El-:-:g2 + E-b-xgz - E-xQE + G50+ Cy

FPawm+Cz=2Pax+Pba- g-xgz +C5
* For the boundary condition x = L; y; = 0:
I:I.I:I-l*r:uf'-i:a3 = P-&-x32 + ;b-xgz & ;}EE + Csxz + Cy
Find constants to solve the above equations simultaneously:

€1
L2
3
C = Fma(CI:CE:CE:clﬂ-:cj:cﬁ} *
4

Cs

Cg

Ends the program loop.
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Now compare these equations with actual test results:

* Values used in the beam equations:

3 Ibf
E-115x10°— 4 4

[=32=10 “in

The load is applied by hanging weight centered in the ‘b’ section:
Test load =F-2 .

Deflection data at the center of the 15-in. beam (x = 7.5 in.) :

(7 Sir) = ~2.01449 x 10 Lin

Test load = 567 = 1I:I1 If -

Now repeat above analysis at each load step. Yload is the load data supplied to the elastic beam equation:

6.5

91

112
144
17 o
Tload = | 250
320
409
45 5
567
B 6
751
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The deflection calculated by the elastic beam equation is contained in y,;:

This Excel file contains the test data for the five-layer composite beam in bending (the UAH

canoe team supplied the test data):

Yoal = | 354

1]
09z
129
A&7
203
234

452
STE
A%0
&01
R
1.0

k=2,3.589

Test Data =

@

“Wiork zheet

The test data is compared to the results of the analysis.

Force in [bf’

=)

est_Diatay, 4

1zl

a0
72
B
i

32
24
16

Canoe Plate 520030 thick Super-7

DD 012 024 036 048 06 072 034 096

= Test Results
=2 Theory

Test_Datay, 4,%.a
Deflection in Center of Flate

1.02
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This Excel file contains the results of tensile test specimens. These data will allow the program
to consider the nonlinear properties of matrix material (tension).

)

Work zhest

Teatd =

mo=2,3.a9

Tensile Test of hlatrec hlaterial

250
200
150
§ Testdy, 3
Lor)
100
50
0
0 500 1000 1500 2000 2500
Testdy, g
Strain
* Assign values to stress and strain data matrix:
Tconcrete = Tnz:stim,3 Zconcrete = Testzm,E .
* Guess values to initialize the program:
bp=1 hi=1 by=1 =69 .
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Use Balaguru’s methods? (least-squares methods):

Ciivven

n n n
b+ hl'z D'cu:-nn:retei + h?'z ['1"'u:u:uru:retn&e].J2 = Z Ecu:uru:retej

i=1 i=1 i=1
n n 5 n 3 n
bl]'z Iju:u:uru:retei + bl'z (Ucu:uru:retei) + by (Ucu:um:retei) = z Ucu:umretei'ﬂccuru:retej
i=1 i=1 i=1 i=1

i=1 i=1 i=1 i=1

* Find the minimum solution to the simultaneous equations:
by
by | = I'u'Ii.nerrlibn,bl ,hg]l .
b2

 The equation for strain from the resulting values:

@ = by + Y Ceonerete + Y2 Tooncrete

Compare the results of the derivation with the actual test data.

250
200
130
O roturete
Ucum:rm
""" 100
il
1]
=500 1] A00 1000 1500 2000 2500
q:l ’Ecm
— Curve fit
""" Test Data

n n n
bl:l'z [chncrete].)g + bl'z ['3|:|:|ru:ret|E5J3 + hE'Z ['jl:lzuru:rﬁetE!J4 = Z [[Ucnmmtei)z'scnncretej )
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Now, increase the stress to levels exceeding the tension test:

« Stress equation:

Iaf
o7 5-i) = 5ETHE = 1IZI2 =

i
Assume the stress & varies from 225 to 800 in increments of 25:

£o= 425 2500800 .

» Equation for the ‘simulated’ stress values:

2(E) = by + by k + b -

Plot the simulated stress and the results from the tensile test. The simulated stress projects
the curve to higher strain values:

800
&0
Utm
400
200
0
=2000 il 2000 4000 6000 2000 110t
®,eld)
= Curvefit
""" Projected Data

* Young’s modulus for the matrix changes from £ to E,. as the stress increases to 800:

Thf
E=115x 107 N S 4
2 $ = 800 -6 Ey = £.07035 x 10
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* In section 2 for the elastic beam equation, x >a but < a + b:

‘r’ln:uadln =567 x=T5in .

The beam equation has been modified to calculate the deflection at stress levels above the linear
range of the material:

1

yg[x,tbj = J -(;a-xg +Cyx4 C4]

Ibf

if| & > zjn,iﬁ,ujnnn Sl
()10 i

m[?.j-m,-’-l.ﬂ??? = 102) = -020774in

The deflection is calculated at increasing load levels:

0.09z2
0.1209
0.187
0.203
0.254
Voal 2= | 03547
) 479
B55
225
1.003
121
1.49

Compare the results of the analysis with the results of the canoe panel-bending test:
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Canoe Plate Mon-Linear Propertties
20

72

64

56

Formee in Lhff

32

24

] 016 032 048 064 0z 0o 112 128 144 14
Deflection in Center of Flate

= TestResults

% MNon-Linear Theory

The analysis is repeated for the properties from compression testing of the cementitious material.
This Excel file contains data from compression cylinder testing of the cementitious material:

el

Work zheet

Test Comp =

i=2,3.50

» Equation to calculate the compressive Young’s modulus:

Test C Dmpkj &

Eﬂtlmp = i :
Test_Cn:nmpkj,j-IEI

» The highest value is at kj = 44:

Ecomyp = 812516 1o

The beam equation has been modified to calculate the deflection at stress levels above the linear
range of the material:

r="T.51n

1

F 2
yglix,EmmP:I = W-[E-a-x + Cyx 4 04] .
Eﬂl:lmp'_z'I
it
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» Sample calculation at maximum load value:

m[?.j-in,T.Egﬁ?ﬁ = 104) = -126312in

The results of the analysis are listed in y_,;_3:

The results using the compressive data compare very well to both the canoe panel data

0
0
o
0

Yeal 3=

and the results from using the projected tensile.

Foree in Lhf

30

T2

64

56

Canoe Plate Non-Linear Properties

09z
129
Jd67
203

264
359
524
T3l
o7
126

0 016 032 048 064 0DZ

Deflection in Center of Flate

= TestResults
=== Won-Linear Tension Data
55 Non-Lineat Compression Data

0.96

112

128

1.44

14
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APPENDIX D—MATHCAD SOLUTION SHEET: LAMINATED COMPOSITE
PLATES—SYMMETRIC AND NONSYMMETRIC SOLUTIONS

Note: This program is provided as an example only. The content of this file is similar to that
found in the text. However, this program is subject to modification and may not match the previous text.

D.1 Calculation of Effective Material Properties

It should be noted that for laminates that are symmetric about the midplane; i.e., the layers above
the midplane are identical to the layers below the midplane, the B matrix will be zero. In the case of
symmetric laminates, the equations for the effective properties can be greatly reduced. However, for the
purposes of this analysis, the case of the nonsymmetric laminates will be considered:

Hy A1 412 A3 Brp Bia Bra | e
Ny An1 A2 Az By Bag Bas || =gy
Ny _ &31 432 A3 Bl Ban Baz | | vy
My | | Bty Biz Biz Dy Diz D3| K,
My B Baz Bzz Doy Doz D3 || Ky

Myy B3l Baz B3z D3y Daz Daz )| Ky

This relationship is a system of six equations and six unknowns. The midplane strains and curvatures
are the unknowns. The A, B, and D terms are derived previously and are now constants. The force
and moment matrix can be defined to determine the effective material properties for the composite:

My Al180x + 412807 + A13 ¥y + Bl Ee+ Blo Ky + Bia Ky
W 47120y + AJDEQY + 423 Wy + Bap K + Baa Ko + Bag Ky
Ny 43120y + AZDE0Y + A3V + B3t By + Ban Ky + Ban Ky

Bl Bi1enx + Bizeny + Bia gy + D1 Ky + Dig By + D3 Ky
by Ba1-20x + Baz-=oy + Bazvhgy + D21 Ky + Dag By + Doz Koy
I

X B31-20x + Bazenvy + Bag vy + D3t By + DagEy + Dag Ky

The solution to this system of equations can best be demonstrated through an example problem.
The calculations for this problem will be made in a Mathcad Pro 2000 program file. Consider a lami-
nated plate made of four layers of fiber-reinforced material. The angle of the reinforcements is 0° and
45° and each layer is 0.005 in. thick.
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Material constants are obtained by tensile and shear testing of the material:

0=0

0= 45°

Midplane

0 =45

0=0

If
E| = EEI.I:II-IElﬁ-—2 .

ity

Young’s modulus in the principal material direction 1:

If
Ea:= 1.3I:I1-1I:I6-—2 .

ity

Young’s modulus in the principal material direction 2:

&

Shear modulus in the principal material direction 12:

Poisson’s ratio:

vy =030 .
viz B
vial = B :

If
35 :=1.001-10 —2 .

i

<y

165



These properties are used to determine the compliance matrix:

1 -v12
Ey Ey
-y
- a1 .
Ez Ez
1
0 0o —
12
4998 % 10750 1499 % 107° 0w 10" 5
" 5 i
S=| 1o 7emewi ] 0w’ | —
Ihf
0% 10° 0% 10 999 % 10

The stiffness matrix is formed from the inverse of the compliance matrix:

Q=3
2013 = llil? 3026 w 1IIIj 1]
Ihf
Q=] 3926 x 1IZI5 1309 = 1IIIrj 1] _2
6 ity
0 ] 1001 = 10

Geometry of the layup is then used to determine the transformation matrix:

plyrs = 4 =1 plys

Ply thickness Ply angles
00 0
00 q |45

t= -1t B=—
00z 120 | 45
00 0
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The center of each ply must be located:

The transformation matrix is derived from the stress transformation equations:

cus(enjz si:aI:EJH:I2 E-Sm(erJ-cns(erJ
Tn = si:al:E‘n:]2 cus[@rJz —E-Si.tlll@n:]-cnsllenj
—sm(erJ-cns(erJ sm(erJ-cns(erJ cns[en:]z - si:all[-)n)2

1>-<1IIII:I III>-<1I:II:I III>-<1I:II:I

T =|ox10” 151" 0x 10"

III>-<1I:II:I III>-<1I:II:I 1>-<1IIII:I

suaiEy oeiEt i

Ty=| swao b s ! 2o

N T

sugpk pogael sl

T, = s swm? arwn

oSN B ST e
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1::-<1I:II:I I:I::-CIIZII:I I:I::-CIIZII:I

Ty= 0x10” 1x10” 0x 10

o

I:I::-<1I:IEI I:I::-<1I:IEI 1= 10

o Reuter’s matrix:
100

010
0oz

E =

The Qbar matrix represents the stiffness and transform matrix:

Qbat = [TIJ_ I-Q-R-TH-R_ E

Each ply has a Qbar matrix:

201 = IEI? 308« 1IZI5 1]

é Ibf
x1” 0 |3

2
1 x 107

(hat; = | 3093 10’

0 0

&

.56 x 1I:I6

(haty = | 455 % 10°

47 = 10

.56 x llilﬁ

Qbar, = | 455 10°

47 = 1IIIrS

201 = ID?

Whary = | 303 » 10

III>-<1I:II:I
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455 = 1I:Irj

.56 = 1IIIrj

47w« 10

455 = 1I:I‘5

.56 = 1I:Irj

47 = 1I:Irj

303 % 1III5

(=%

131 = 10

I]:-r:llill:I

47 = 10

fi

47« 10

516 = 10

&

&

47w 10

&

47 = 10

516 =10

IZI>-<1III|:I

I]b-r:llill:I

1>-r:1IIIrj

&

If

.
it



* Calculate the total thickness of the layup:

plys

h= t —
21 o b ST 2
n:

The A matrix or the extensional stiffness matrix is calculated:

plys

" k21 T [Lk:l

267 x 1I:I5 495 = 1EI4 4.7 = llill}-1

Ibf
A= 405 1EI4 TET » 1EI4 47 = 1III'}-1r oy o

47 = 1III4 47T = 1I:I4 A.16 1EI4

The B matrix or the coupling stiffness matrix is now calculated. In the case of a symmetric
laminate, the B matrix will be zero:

plys

- $ oty

o -0a0
E=|-0 -0 0 |kf
o o0

The D matrix or the bending stiffness matrix is calculated:

plys ka
D= 5 Qbar. [? +tk[zkf
k=1

1235100 609 %107 " 392x 107 )

D=|6mox1l |\ 131 %100 39210 |lbfin

302107 © 292x 107 0 101 x 10°
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To find a solution to this system of equations, define a matrix V to represent the forces and
moments at the midplane of the plate. Then construct a “Global” matrix that represents the stiffness
matrix. A computer subroutine “lsolve” will be used to find the matrix for the strain and curvatures.
For the following equations to work in the Mathcad program, the matrices A, B, and D, must be made

dimensionless:

A
fbf B B B
L 1-1bf 1-1bf-in

i

Hy 1
My My 0
V= ny NW = ; E
Wy I 0| in
My My :
My My U

Create a global matrix to represent the A, B, and D matrices:

GFlobal == stacly angment(A B augment(B T

2668241 87 4947005 47047E 0 -0 0
4247005 TEad0ad 47047E -0 -0 0

470478 470472 61E3EL1L 0 1] 1]
Hlohal =

0 -0 ] 1229 061 039
-0 -0 ] 04l 131 039
0 0 0 039 039 10
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The global matrix is equivalent to:

A11 A12 413 Bl Biz Biz
A71 A2 A3 By Bay Bag
431 A32 A3 Byg Big Bag
Bi1 Biz Biz Dyt Diz Dya

Bay By Baz Doy Doy Dog

B3y Baz Baz D3 Diz Dag

Find the effective modulus in the x direction by assuming a unit force in the x direction:

o0 O O O O
=
=
E
B

The Isolve function can be used to solve a linear system of n equations in » unknowns:

= lzolwel Global W |

The Isolve function returns values for strain and curvature matrix. Young’s modulus and Poisson’s ratio
can be calculated:

Ihf
M Ex=1.13xllil?—2

heepy i1
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* Poisson’s ratio

-2y

=x

V= 1

vy = 317 % o

Now to find the effective modulus in the y direction, assume a unit force in the y direction:

0= IIZII:I
0 M
1«10
Ny
0 IIZII:I
giess | B ot Ny i TJ_E
010’ | My in
0= IIZII:I Mf'r
I
0 10” o
Now solve the system of equations for the strain matrix:

20

E|:|3r

o

| = 1sclve(Global W) -

Ey

Ky

Ky

* Young’s modulus in y direction:
H Iof
=7 Eyr = 20972 x 1n‘5—2
hezgy ity
* Poisson’s ratio:
-E[ =
Vg — V= 58T x 1072
E|:|5r
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Now to find the effective modulus in the x direction, assume a unit force in the x-y direction:

0= 1I:II:I i
i X
0= 10
Ny
1 1I:II:I
V= @ 1ot My i TJ_E
0x 10" | Ml in
0= 1I:II:I MF
I
0 107 7
Now solve the system of equations for the strain matrix:
B0z
EDF
't
| = 1solve(Global 7y
K}{
Ky
Koy
The shear modulus is calculated by:
M
o
Ghyrr = @ Ibf
£ = s’
iy ny =322 =10 5
¥ Z

D.2 Determination of Ply Strains

Section D.1 determined the effective material properties of the plate or laminate. It is also
desirable to determine the stress and strain of each ply. This is accomplished by using the constitutive
equations to determine the midplane strains and curvatures.

For example, assume the laminated plate in the first example is loaded with 1,000 Ibf
in the x direction. The plate is 2 in. wide; the x direction is parallel to the 0° plies:

1000 1hf in
Hy = ¥, =Hy— -
B s 17 7% e
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The force applied in the x direction, set the first element of the V matrix equal to N The values
in the matrix must be unitless:

2= 10
0= 10
0=10
0= 10

0= 10

0= 10

Now solve the system of equations for the strain matrix:

10
| = 1solve(Global 7y -

Strains and curvatures at the midplane are found:

4 4

4 20y = -28 x 107 Yy = —46 % 107

By = 882 % 107
Kx=EIx1IZID KF=EI>-<1EID KW=EI><1EID

Transform the midplane strains and curvatures into the strains in each ply. Now determine

the strains in the first 45° ply. Zply is the distance from the midplane to the center of the ply:

1
o 1
fn=12 Inly = &, 5 Zply = 2.5 = 10

Zx Z0x Ky
=p | = |y |+ Eply| Ky
Ty Yy Eoy
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Zx

E:-:Ir =

Yaor

282% 10 7

2810

g o

Transform these strains into the principal material directions for the 45° ply:

 Transformation matrix for 45° ply:

 Transformation equation:

T =
ol

RV
S

w10t

By

it S

e L T

5107t gx10”
1 713 % 10"
22 = 53y ?
s12 ARt
g1 713% 10"
22 |=| 531107 %
12 -1 1Bt 2

 Calculate the stresses within each ply. The stress can be calculated from the strain:

Qbar = | 455 % 10° 656 % 10°

.56 = lEl‘5 455 % llilﬁ

&

47 = 10

47 = 1III‘5
g | Iof
47 = 10 E
47 = 1I:IrS 516 = 1I:Irj
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 Transformed reduced stiffness matrix for layer n = 2:

By 282 %10 7
By |=| 2810 4
Yoy st o
Ty Ty

Oy | = Qba_rn- By

Txy Yay
» The stress for 45° ply in layer 2:
Oy 235w 103
| | of
Sy =] 19910 i
in
rxy 46 10°

 Transform the stress into the principal material direction:

o1 Oy g ] 184 = 1|:|3
a3 |=T. | o oz |= 2 |2
2 |=T,| oy 723 % 10 5
111

12 Ty R -1 1R

D.3 Determine the Displacement of the Laminated Plate

The definition of the plate curvatures provides an equation to determine the out-of-plane
displacements for the plate. The curvature in the x and y directions is given by the following equations

. ] . (]
d d

By =- w KF =- w
— —
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Since the curvatures are known values; i.e. constants, then w can be found by integration:

*a

b
J- —y de | dx factor —
|
|

Example of the integration:

 Limits of integration are along the edge of the plate:

x =10 xwm=0,5.10
y1 =10 yo=0,5.5 .
» Example values ONLY'!
K, = 1371" Ky = - 473" Bigisdd

* Integrate the x curvature along the x edge of the plate:

E]

!
Wx(xl,xg) = J- el
n
n

-17 Deformed Shape of a Plate

233.10 1°

66710 °

le:xhxﬂ] 5.qp7 8

Displacemnent

233.10 °

16710 #

1] 1T 333 5 AAT B33 10
]

Llomg Edge of Plate
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Integrate the y curvature along the y edge of the plate:

178

¥

¥a
wyliyl,grgll = J- —Kydgr dy .
K|
¥1

Deformed Shape of a Flate

-5.10 *#

-1.1n ¥

it

Fl:?ﬁll s.qg 1

Displacerment

240 ¥

2510 ¥

-3.q0 ¥

K
Llong Bdge of Plate

The x and y deflections can be found from the strains and the curvatures:



Midplane Strains Midplane Curvatures

=y = B8 » 10 K, =0 10"
2y = -28 % 10 4 Ky=0x 10"
Yoy = —46 % 10”4 Ky =0x 10"
* Remove the units:
z
I=—
1-itn

Now integrating the midplane strains and curvatures over the length x and the width y
of the plate:

E]

B 2
ﬁxlixl ,xg]l = J- By dx - z j —Foy e | d
Bl b

kS|

Ax00,100) = 882 = 10 :

Dieformed Shape of a Plate

Displacernent

0 1a? 333 5 6467 833 10
I
&long Edge of Plate
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Now integrating the midplane strains and curvatures for the y direction:

¥a
¥a

2
ﬁgrliyl yg]l = j =y dy — Z J ‘K},r dy | dy
1 |
1

AWOO 50 =14 %10 3

Deformed Shape of a Flate

2510
-5.q0 ¢

ﬂ)’[ ¥1 J:al

750 ¢

Displacernent

-0.001

—0.00145

—0.0015

k)
Llomg BEdge of Plate

D.4 Determination of the Neutral Axis
The neutral axis is the plane of zero strain for any direction in an unsymmetric laminate:

« Strain equations in matrix form:

Bx E0x Ky
2y | =| 20y |+z| Ky
ey WMy Koy
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* Pure bending in the x direction:

q A11 &12 413 By Bz Biz g oe=mx
0 A1 Axy Azz Bxy B Bz || epv
0 &31 A3 A3 B Baa Bag | | vy
P, Bi1 Bia Byz Dyp Dz Dyz || Ky
a Ba1 Baz Bzz Doy Dz Doz || Ky
d Bai Bam Bz Dm Daz Dm) | Ky
* Solving for the midplane strains and curvatures:
=]
=0x A11 412 413 Bl Bz Bz 0
20Y A71 A1 Az By Ban Bag 0
Wy &3] A32 Azz B3y B Baz 0
., Bi1 Bia Biz D11 D12 Di3 Iy
Ky Ea1 Baz Baz Dy Doz Do 0
Ky ) \B3t B3z Bz D3 Dz Di !
The equation can be reduced to the following:
e
B0 Bl
E0Y B3y
voxy | _| B3l
= 'I"-"I:{
Ky D1y
Ky Doy
Ky D3y
Invert the B and D matrices; if B is singular, the program will set B, = 0:
-1 e if
Digrent = D Bipnt =B otierror B
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The above equation can then be separated to form an expression for the midplane strains and curvatures:

E; . I; '
= mwtll Ky Jm-'rt11
B0V | = E‘i.n'i.-'rt21 M, Ey | = Di.m-'ﬂzl I,
E; E Iy
Yy it o L

These equations are then substituted into the strain equation:

B; Dy
2y ml,l ““’“1,1
— | By 0y
2y | = mz,l Ml + = mz,l Ml
Yoo B, | Dirent, |

The general form of the equation to determine the neutral axis is given as guess values:

Zpeny = 1.0 gy =00 I, :=1.0
Zpeny = 1.0 By = 0o I'u'I:;Jr =00
Epeny = 1.0 Yoy = 00 My =00 .

The general form of the equations to determine the neutral axis is given as:

8X_Binvrt1 ‘M +Blnvrt M +B1nvrt 3‘Mxy
+ZneuX (D invrt, ‘M + Dlnvrt1 My + Dmvrt xy)

£y—Blnvr‘[ ‘M +Bmvrt M +B1nvrt 3Mxy
+Z neuY (D invrt, ‘M + Dmvrt2 ‘My + D invrt, xy)

nyzBinvrtISM +Bmvrt M +Bmvrt 3Mxy
+Z peuXy: (D 1nvrt M +D 1nvrt M +D 1nvrt xy) .

The neutral axis is found using the Find command:

Z neux
Z neny |:= Find(Z neuX-Z neuy>Z neuXY) .

Z neuxy
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The neutral axis for this example is at zero:

z neuX 0
Zpeuy |[=|-0 s
Z neuxy 0

Compare these results to the results from other methods:

 Nettles equations:

oy Mg | Baraipsc ey R
Exfettles = " + " : 5
Ay yhg 3= [Ay 5)
y
+*¢*1,3 B R R i T I
h | & 5 7
33 Ay y[Aga) - (A 5) 8 5
Ihf
Explettles = 1.13 % llil?—2
i3
A A o[ he b, o= A A

s ] Rupaipa ey wdige
Evlettles = N + N ; 5
Rl

y
Ay g | —Ay g Ay Ay phg g [A) S04

El 2 B

Be | 955 ﬂ1,1'["*3,3)2 . (‘%,3]‘2'33 3

]

+

I
Eyiettles = 2.1 1':'6 3

it

2 2., 12 2., 12
i | [%2,3) SRR T Pl =0 el
GxE'rN-EtﬂBS i i h.n.éig 3 |: 9 9 :|
= B (A1) (80 - (21,0 42 2
ity ettles = 322 x 10°
2
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 Halpin equations:

184

Ay gy o
2|4 5-
’ S g
Vil ettles = 5
(43 3)
By 5~
By g
-1
Vi Hettles = —8.34 x 10
Spgtiyg
& ki
b 4
Vit ettles = 5
(41 3]
1.3
B
33
2

Vi ettles = —2 87 * o

3
A 1Ay - [Ay

Lo
ExHalpin = —
32’2-h
T Ibf
ExHalpi:n= 118 = 10 —2
ity
A ohe - A :
E gy kel Seie [ l,leI
FHalpin - A
151
f Ihf
E}rHale= 347 =10 i
i
&
3.3
(S Halpin =

h



Ibf
(nHalpin = 308 = 1|:I6 “a

iy

1,2
ViHalpin = <
2,2

El

VY Halpin = .27 o !
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10.

11.

12.

13.

14.

15.

16.
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