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The use of cellular foam as a core material in light-weight structural 

applications is of considerable interest. However, advances in this technology have 

been limited due to the lack of information concerning the macroscopic material 

behavior of cellular foams. Of particular interest in the design of composite structures 

is the shear modulus, G, of the core material, which must be established with a high 

degree of accuracy. 

Current ASTM test methods for shear modulus determination were researched 

and found inadequate for testing cellular foam materials. The difficulty in testing 

foam and the inaccuracies associated with the standard test methods established the 

need for the development of a test method for these materials. The test method (test 

fixture and test procedure) developed for cellular foam materials is presented. The 

design of the test fixture and the finite element analysis performed to determine fixture 

accuracy are discussed in detail. Additionally, the test procedure is presented, as well 

as the results for the 32 tests performed. 
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INTRODUCTION 

The engineering potential of cellular foams in structural applications is 

considerable, and at present incompletely realized. With greater emphasis on weight 

reduction, composite foam structural systems offer an attractive alternative to 

conventional structures. Research, however, is required to determine the mechanical 

properties of cellular foams. The large number of variables associated with cellular 

foams, including alloy, density, pore size and shape make it difficult to accurately 

establish mechanical properties. This thesis addresses the theoretical analysis and test 

method used to accurately determine the shear modulus. G. of cellular foams. 

Both the elastic modulus, E, and the shear modulus, G, are of primary 

importance when designing composite structures which utilize a cellular foam core. In 

the composite mirror structure, shown in Figure 1.1, the foam is bonded to two 

relatively thin skins. When subjected to a flexural deformation, the thin faces with a 

high modulus of elasticity carry most of the longitudinal bending stresses. The foam 

core, which has a relatively low modulus of elasticity, acts almost entirely in shear. 

The resulting deformation is a combination of flexural and shear deformations. Shear 

deformations in composite structures, unlike conventional structures, are appreciable 

and may be an order of magnitude greater than flexural deformations. Accurate 

determination of the resulting shear deformations depends on the shear modulus, G. 

The modulus of rigidity (shear modulus, G) can be obtained by various methods 

of testing depending on the characteristics of the test material and the equipment 

available. In general, as identified in Table 1.1, three methods of testing are covered 

by ASTM Standards. 
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TEST METHOD ASTM STANDARD 

TORSION TESTING 
TWO RAIL SHEAR TESTING 
PANEL SHEAR TESTING 

E 143 
C 273 
D 2719 

Table 1.1 ASTM Test Methods 

The test methods outlined by these standards are, in general, applicable to solids only. 

Cellular solids (foams) offer additional difficulties in testing due to the nature of foam 

itself. A complete description of each test method is provided in Chapter 2, as well as, 

the application of each in testing structural foams. 

An important aspect in the determination of G is the test apparatus. Apart from 

the specimen geometry, the experimental arrangement itself plays a more important role 

than in compression or tension tests. To determine G, the specimen must be subjected 

to a known state of shear stress and the resulting shear deformations measured. The 

specimen must be in a state of pure shear for accurate results. To accomplish this the 

test apparatus (fixture) must be capable of inducing a uniform state of stress with 

negligible secondary effects. The fixture utilized to test structural foam, unlike others 

currently being used for shear testing, was conceptually taken from ASTM Standard 

D2719. The final design, as seen in Figure 1.2, was developed and manufactured at the 

University of Arizona Optical Sciences Center. The theoretical analysis, provided in 

Chapter 3, describes the shear distortion and stress of an element when subjected to a 

loading that produces a state of uniform pure shear. Described in Chapter 4 is the 

fixture design and the NASTRAN finite element analysis, which was performed to 

verify fixture accuracy. 
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Figure 1.1 Lightweight Telescope with Composite Mirror 
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Figure 1.2 Test Fixture 



13 

The material utilized in all tests was AMPOROX. which is a refractory, open 

cell, porous ceramic material. The material is composed primarily of aluminum oxide 

(alumina) and has traditionally been used in high temperature filtering applications. 

Two slightly different compositions of AMPOROX were tested, AMPOROX T which is 

90% alumina and AMPOROX P which is 100% alumina. These foams were utilized 

because they are readily available in a variety of pore sizes and densities. Additionally, 

AMPOROX is produced with uniform sized spherical pores throughout and is low in 

density; characteristics which are of particular interest when selecting a core material. 

Tests were performed on a total of 32 specimens, 16 of each composition ranging in 

relative density from 9.3% to 12.5%. Four samples of each density were tested to 

establish a modulus value. 

Determination of the shear modulus of the foam system was based on the 

following assumptions: 

1. Foam system is isotropic 
2. Foam system is homogeneous 

Although position and direction are of concern in a microscopic sense, these variables 

tend to have little influence when describing the properties of a foam system. The cells 

are uniform in size and the orientation is random throughout the system. Since cell size 

is uniform and directionality is random throughout, the macroscopic behavior is 'in a 

practical sense' independent of both position and direction. 

Physical testing was performed at the University of Arizona Department of 

Material Science and Engineering. All tests were performed on an Instron Model 1130 

tester with strip chart recorder. This tester is a highly sensitive electronic instrument 

utilized for material stress-strain evaluations. Test specimens were secured to the load 
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cell in the moving crosshead at one end and to the base of the tester at the other end. 

During testing, load applied to the specimen was recorded by the trace of the recorder 

pen. Crosshead displacement, in turn, was recorded by the synchronous motion of the 

chart. The strip chart, therefore, provided an accurate record of load vs displacement. 

Each specimen was loaded a minimum of two times, one well below the proportional 

limit and one to fracture. Load and displacement data for each specimen was evaluated 

to determine values of shear stress and shear strain from which the shear modulus was 

established. The complete test procedure is described in detail in Chapter 5 and the test 

results and conclusions are presented in Chapter 6. 
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METHODS OF TESTING 

Accurate determination of G for any material is dependent on the method of 

test and the test fixture. As mentioned in Chapter 1 and shown below, three methods 

of testing are covered by ASTM Standards. These test methods represent current 

technology in the testing of shear properties of various materials. Each method was 

researched in detail for applicability in testing structural foams. 

TEST METHOD ASTM STANDARD 

TORSION TESTING E 143 
TWO RAIL SHEAR TESTING C 273 
PANEL SHEAR TESTING D 2719 

Table 2.1 ASTM Test Methods 

Torsion Testing 

ASTM Standard E 143 'Standard Test Method for SHEAR MODULUS AT 

ROOM TEMPERATURE' covers the determination of the shear modulus of structural 

materials from the twisting of bars or tubes of circular cross section. In a typical 

torsion test the specimen is gripped at each end by the jaws of the torsion testing 

machine. A known torque is applied to the specimen as to produce uniform twist 

within the specified gage length. One grip is free to move axially to prevent the 

application of axial forces. Twist gages mounted on the specimen at the gage points 
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measure the relative rotational displacement. Angle of twist can then be determined for 

various values of torque. These values in turn lead to the determination of G. 

Shear modulus. G. is the relationship between shear stre$s. 1 and shear strain. 'Y· 

For a linear elastic material this relationship is given by Equation 2.1. 

G-1 
'Y 

To establish a value for G. 1 and 'Y must be accurately determined. 

(2.1) 

In most testing, 

stress and strain are not directly measured but can be determined as a function of load 

and displacement. This is true for torsion testing in which G can be determined as a 

function of torque and angle of twist. For a circular cross section subjected to torsion: 

Substituting into Equation 2.1: 

where: 

T- Torque 

J - Polar moment of inertia 

1 == 
Tr 
T 

'Y- re 

T G-Je 

6 - Angle of twist in radians per unit length 

assuming linear elasticity 
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This method produces a state of pure shear, however, the state of stress is not 

uniform. Shear stress, T, as seen above, is proportional to the cross section radius, r, 

and varies linearly from zero at the neutral axis to a maximum at the outer surface. 

Slight imperfections at or near the surface cause appreciable error in the determination 

of r and therefore G. The error associated with porosity alone make it impossible to 

accurately test structural foams utilizing this method. 

Two Rail Shear Testing 

ASTM Standard C 273 'Standard Method of SHEAR TEST IN FLATWISE 

PLANE OF FLAT SANDWICH CONSTRUCTIONS OR SANDWICH CORES' covers 

the determination of shear properties of sandwich constructions and cores associated 

with the distortion of parallel planes. Shown in Figure 2.1 is a typical arrangement of 

test apparatus and specimen. The specimen or core material is bonded directly to the 

loading plates. The loading plates, in turn, are secured to upper and lower fittings 

which provide a means of attachment to the test machine. Depending on the purpose of 

the test, compressive or tensile loads are applied and the resulting deflections are 

measured. A dial indicator (not shown) is typically used to measure the movement of 

one loading plate with respect to the other. 
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Figure 2.1 Two Rail Shear Test 
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Consider this test arrangement for determination of core properties, 

determined as follows: 
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Shear stress is 

Utilizing small deflection theory, shear strain is determined: 

Substituting into Equation 2.1: 

r Pt 

Lbr 

where: 

P - Load on specimen 

L - length of specimen 

b - Width of specimen 

r - Movement of one load plate with respect to the other 

t - core thickness 

This test method, although widely used in the determination of shear modulus, is 

not ideally suited for this purpose. Upon examination of the fixture design it is evident 

that a state of pure shear does not result. Secondary stresses, due to the angular 

orientation of the specimen, are present. While the center two thirds of the shear area 

is subjected to nearly constant shear stress, the stress at the free ends falls to zero. 
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Shear stress as seen above, describes a uniform stress distribution throughout the 

specimen, which is not the case. Generally, it is acceptable to prescribe a specimen 

length such that the secondary stresses are minimized. However, to accurately establish 

the shear modulus of cellular foams, the specimen must be subjected to a uniform state 

of shear stress. For this reason this test method was not considered. 

Panel Shear Testing 

ASTM Standard D 2719 'Standard Method of Testing PLYWOOD IN SHEAR 

THROUGH THE THICKNESS' covers the determination of the shear through-the-

thickness properties of plywood associated with shear distortion of the face planes. 

Three methods of testing, as identified in Table 2.2, are included in ASTM D 2719. 

Each method differs somewhat in their application. The method of choice being 

determined by the purpose of the test, characteristics of the test material and the 

equipment available. 

TEST METHODS 

A. Panel Shear Test for Small Specimens 
B. Panel Shear Test for Large Specimens 
C. Two Rail Shear Test for Large Specimens 

Table 2.2 ASTM D 2719-76 Test Method 

Test Method A, Panel Shear Test for Small Specimens and Test Method B, Panel 

Shear Test for Large Specimens are conceptually the same. Therefore to avoid 



21 

redundancy, this discussion will be limited to Method B. For a complete discussion of 

Method A refer to ASTM D2719-76. 

Test Method C. Two Rail Shear Test for Large Specimens, is equivalent to 

ASTM Standard C 273 previously described except modifications were implemented for 

testing plywood specimens. Similarly, this test is not well suited for determination of 

shear modulus but is ideal for determining grade and manufacturing effects such as core 

gaps and knots. Additionally, specimen fabrication and test procedures are somewhat 

simpler than Methods A and B. 

In Method B, a specimen having a square shear area is loaded through heavy 

lumber rails bonded to both sides of the specimen at the four edges of the shear area. 

As seen in Figure 2.2, a compression load is applied to the rails adjacent to the shear 

area through a system of pins and yokes. 
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APPROX r 
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Figure 2.2 Panel Shear Test Fixture and Specimen 
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The resultant of forces applied to a pair of rails is considered to be a single force acting 

at and parallel to the shear area. Figure 2.3 shows the loading forces, their resultants, 

and their components. Deformation measurements are typically taken by a pair of 

linear transformer strain gages. The gages, one mounted on each side of the specimen, 

measure the elongation of the tension diagonal. The final measurement to be used in 

modulus calculations is the average of the two readings. 

AXIAL FORCE 
COMPONENT 

LATERAL '  
COMPONENT LATERAL 

LOADING 
FORCES 

LOADING 
FORCES 

RESULTANT OF _ 
LOADING FORCES 

LATERAL 
LOADING 
kFORCESj 

LOADING 
FORCES 

LATERAL 
COMPONENT 

AXIAL FORCE 
COMPONENT 

Figure 2.3 Specimen Loading Forces 
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For a panel shear specimen subjected to the loading shown above shear stress can be 

determined as follows: 

r - —— 
Lty/2 

where: 

P - Total load applied to fixture 

L - Length of side of shear area 

t - Thickness of specimen 

Additionally, from the average elongation measurement shear strain can be determined: 

Where: 

A - Elongation of gage length 

L] - Gage length 

Substituting into Equation 2.1 

G - .3536 ^ 
ALt 

This method of test is regarded as giving the most accurate determination of 

shear modulus and is therefore recommended for elastic test of materials to be used in 
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stress analysis studies. The test produces nearly uniform, pure shear throughout the 

specimen. Although the test method was originally designed for plywood specimens, the 

concept is applicable to other materials. This method is especially well suited for low 

strength core materials, such as structural foam, where loads are kept to a minimum. 

At low loads, the strain in the bonded area between the loading block and the specimen 

is negligible. Conceptually, this is the only method that produces a uniform state of 

pure shear and the only method considered as being applicable in testing structural 

foams. 
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THEORETICAL ANALYSIS 

The specimen configuration and method of loading, as introduced in Chapter 2, 

is critical to the determination of G. A square shear area of uniform thickness when 

loaded at and parallel to the edge and satisfying equilibrium produces a state of 

uniform pure shear. Once established that a state of pure shear exists, shear stress, r, 

and shear strain, y, must be accurately determined as a function of load and 

displacement. 

Consider a square specimen of uniform thickness loaded as shown in Figure 

3.1. Load V is uniformly distributed over the contact surfaces and produces equal 

shear stresses on the vertical and horizontal planes of an element as shown inset in 

Figure 3.1. A state of pure shear results. 

V 
t 

V—«= 

o 
=*—v 

* 
V 

Figure 3.1 Pure Shear Model 
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An element of dimension a and thickness t is shown in Figure 3.2. The square 

element, when loaded as shown in Figure 3.1, will under-go shear strain resulting in 

the distortion shown. The length of the sides, as well as the thickness perpendicular to 

the plane of the paper, do not change. 

\ \ 

\ \ 
\ \ 900 -7 

Figure 3.2 Theoretical Strain Model 

As shown above, the shear distortion causes diagonal, AC, to lengthen and 

diagonal, DB, to shorten. Utilizing small deflection theory, A. the increase in the length 

of diagonal, AC, is obtained as follows: 
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Therefore: 

ajy/2 

Solving for shear strain yields: 

(3,1) 

The shear stress is determined from load, V, acting on length, a and thickness, t. 

Now consider an element loaded as shown in Figure 3.3. Load, P. acting at 45° 

produces equal horizontal and vertical load components, V. 

P 
/1v 
V 

/ 
p 

Figure 3.3 Load Components 
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Similarly: 

' " atV5 ,3'2) 

The shear modulus can now be determined as a function of load and displacement as 

follows: 

Substituting Equation 3.1 and 3.2: 

G - -
7 

G -
atv/2 
2A 
a\/2 

Simplifying: 

P 
2At 

where: 

P - Total load acting at 45° to edge 

A - Elongation of tension diagonal 

t - Thickness 
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TEST FIXTURE DESIGN AND ANALYSIS 

Fixture Design 

The objective in developing a shear test fixture was to design a fixture that 

will provide accurate macroscopic shear properties of cellular foam materials. To 

accomplish this, the test fixture must be capable of loading the foam specimen in a 

manner that most nearly produces a state of uniform pure shear. The first two 

standard test methods, as described in Table 2.1 of Chapter 2, are completely 

unsatisfactory for testing cellular foams. However, the concept of a panel shear test is 

applicable to foam materials. In addition, the panel shear test yields a nearly uniform 

distribution of approximately pure shear and is regarded as the most accurate for 

determining shear modulus. Although the final fixture design differs significantly 

from the fixture described in ASTM D2719. the concept is identical. 

The theoretical analysis presented in Chapter 3 describes a square specimen 

loaded as shown in Figure 4.1. Loading the specimen in this manner produces a state 

of pure shear with no secondary effects. To accomplish this, load V must be 

uniformly distributed over the contact surfaces and the loading bars must be infinitely 

rigid and of infinitesimal thickness. However, in reality the loading bars have a finite 

thickness and are not infinitely rigid. As shown later, this is one of the causes of the 

small secondary effects at the specimen boundaries. 
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V 

V—*= 

• 
=*—V 

1 
V 

Figure 4.1 Pure Shear Model 

Of fundamental importance in the design of a test fixture is the specimen size 

and material characteristics. Although the foam system is considered isotropic and 

homogeneous, edge effects and surface irregularities can introduce inaccuracies in the 

test method. In order to minimize these effects and provide accurate macroscopic 

material properties, the specimen must be of sufficient size and thickness. Physical 

dimensions of the specimen must be such that the inaccuracies attributed to the epoxy 

bond at the specimen boundaries are negligible. In addition, adequate thickness must 

be provided to eliminate panel buckling and the effects of surface irregularities. 

Provided in Figure 4.2 are the dimensional specifications for the foam specimens. 

Overall dimensions (in inches) are 4.0 by 4.0 by 1.5 thick, with 0.5 corner radii to 

accommodate the fixture pivots. The corner radii, although essential for fixture 

clearance, must be of minimal size to ensure essentially uniform shear in the specimen. 
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v I ' '  
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Figure 4.2 Shear Specimen 

The test fixture, as seen in Figure 4.3, was designed to accommodate the foam 

specimen described above. Basically, the fixture consists of 4 load beams (2 inner and 

2 outer), 2 clevises and a dial indicator. The load beams are the primary structural 

members and are of utmost importance in this design. Each end of each beam is 

designed to form one portion of a precision clevis joint. The inner and outer beams 

form the inner and outer portions of each pivot respectively. When assembled, the 

beams form a square shear area which is rotationally free at each corner. The clevises 

attach at opposite joints and provide a means of mounting the fixture in the test 

machine. Additionally, a dial indicator is provided for displacement measurements 

when a chart recorder is not available. 
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The load beams, as detailed in Figure 4.4, provide rotational freedom for the 

fixture assembly. Each beam is equipped with a total of four bearing, two at each 

end. The bearings reduce friction and ensure accurate alignment of the components. 

Each joint of the assembled fixture contains a total of four bearings. The bearings are 

lightly pressed into the fixture and are positioned to minimize the clearance in the 

joint. Minimization of clearance reduces the moment seen by the pivot pin and 

ensures a rotationally free but otherwise rigid assembly. In addition, it is important 

that the contact surface of the beam be inline with the centerline of the pivot. When 

assembled, the intersection of lines extending from the 4 contact surfaces create the 

pivot centerlines. This is the only pivot location that allows rotation without specimen 

translation and is essential for a state of pure shear to result. Figure 4.5 illustrates the 

effect of offsetting the pivot location. 
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Figure 4.5 Pivot Location 

The load beams are in direct contact with the specimen and are the source of 

the load transfer in shear. Ideally, the load beam should provide full contact with the 

specimen width while maintaining minimal structural depth. Load V. as seen in 

Figure 4.6. is distributed over the specimen boundary at a distance from the structural 

center of gravity. This offset in the shear load creates a moment that must be 

considered in the design of the beam. To minimize these effects the beam should be 

designed in a manner as to provide adequate flexural rigidity with minimum thickness. 

As shown later, this effect for this fixture design was negligible, but should be 

considered as a source of inaccuracy in similar designs. 
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FOAM SPECIMEN 

Figure 4.6 Beam Load Diagram 

Each load beam, as shown in Figure 4.7, is equipped with a removeable load 

plate. This design feature was incorporated to facilitate epoxy removal and to 

minimize fixture down time. The load plate provides the contact surface to which the 

specimen is bonded. This plate is also the load path for the shear force that must be 

uniformly distributed to the specimen. To ensure the load plate acts as an integral 

part of the beam, the plate is dowel pinned to the beam at each corner. Additionally, 

three flat head cap screws are utilized to secure the plate to the beam. 



LOAD BEAM 

REMOVABLE LOAD PLATE 

Figure 4.7 Beam Load Plate Assembly 
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Finite Element Analysis 

To verify accuracy of the fixture design, structural models were made and 

analyzed using the finite element program NASTRAN. The first model represents as 

close to an ideal situation as possible and was constructed to verify mesh accuracy. 

This model, as shown in Figure 4.8, consists of 32 CBEAM elements to represent the 

fixture load beams and 64 CQUAD4 elements to represent the foam system. The 

CBEAM elements for this model are treated as line elements, in which there is no 

compensation for the offset of the structural center of gravity in the beam. In 

addition, the four corners of the foam system are CQUAD4 elements, which do not 

represent the actual fixture design. Material properties for both the CBEAM and 

CQUAD4 elements are specified by a MAT1 card. The MAT1 card allows 

specification of material properties for linear, temperature-independent isotropic 

materials. NASTRAN SOL 24 (Linear Static Analysis) was utilized for all analyses 

and a static load of 100 lbs, as shown in Figure 4.9, was applied at node 84. 

Boundary conditions, also shown in Figure 4.9, included a translational support at node 

2 and an inclined support at node 84, the point of application of load. Additionally, 

NASTRAN has pinned connection constraints which were utilized at the four corners. 
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Figure 4.9 Load and Boundary Conditions 

The results for Model 1 indicate a state of uniform pure shear in the foam 

system. As shown in Table 4.1, the shear stresses in the quadrilateral elements proved 

to be for all practical purposes, equal to the uniform strength of materials (S.O.M) 

solution throughout the model. Additionally, the shear stresses are symmetric about the 

diagonals extending from the corners. The maximum error between the finite element 

solution and the strength of materials solution is 0.11% and the average error is 0.06%, 

thus verifying the accuracy of the mesh. Provided in Figure 4.10 are surface and 

contour plots of the surface shear stresses for the foam system. A complete listing of 

the quadrilateral element stresses is presented in Table A1 of Appendix A. 
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ELEMENT Txy (avg.) Txy ERROR, , (avg.) 
NO. NASTRAN S.O.M. % 

1 11.798 0.11 

2 11.788 0.03 

3 11.780 0.04 

4 11.776 0.08 

5 11.773 0.10 

6 11.772 0.11 

7 11.774 0.09 

8 11.779 0.05 

10 11.793 0.07 

11 11.790 (11.786) 11.785 0.04 (0.06) 

12 11.778 0.03 

13 11.785 0.00 

14 11.784 0.01 

15 11.782 0.03 

19 11.794 0.08 

20 11.794 0.08 

21 11.793 0.07 

22 11.790 0.04 

28 11.797 0.10 

29 11.796 0.09 

Table 4.1 Model 1 Results 
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Figure 4.10 Model 1 Surface and Contour Plots 
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A second analysis was performed to determine the error associated with the 

offset in the center of gravity of the fixture load beams. Model 2 is identical to Model 

1 with the exception of the PBEAM card. The PBEAM card for Model 2 includes 

additional fields to offset the center of gravity of the structural mass of the beam. The 

C.G. was offset .343 inches (one half the thickness of the fixture load beams). 

The results for Model 2 indicate a state of uniform pure shear in the majority of 

the quadrilateral elements. However, the additional moment in the load beams results in 

small changes in the shear flow at the boundary elements. Element forces and stresses 

are higher at the points of load application and support. As in Model 1, the shear 

stresses are symmetric about the diagonals extending from the corners. The shear 

stresses, as shown in Table 4.2, are slightly higher, but still essentially uniform 

throughout. In comparing the finite element solution to the strength of materials solution 

the average error associated with the offset in C.G. is 2.11%. The error, being 

substantially less than 5%, is considered negligible for this fixture design. A surface 

plot showing the variation and a contour plot of the surface shear stresses are provided 

in Figure 4.11 and a complete listing of the CQUAD4 elements stresses is presented in 

Table A2 of Appendix A. 

A numerical experiment utilizing model 2 was performed to verify the load beam 

flexibility as the source of the slight nonuniformity in the quadrilateral element shear 

stresses. In this experiment, the load beam flexural rigidity was increased by increasing 

the elastic modulus of the beam elements by a factor of 10^. The resulting shear 

stresses were uniform throughout all the quadrilateral elements verifying the flexibility 

of the test fixture as the source of the nonuniformity. 
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ELEMENT rxy (avg.) Txy ERROR, , (avg) 
NO. NASTRAN S.O.M. % 

1 12.719 7.93 

2 12.325 4.58 

3 12.020 1.99 

4 11.794 0.08 

5 11.618 1.42 

6 11.476 2.62 

7 11.358 3.62 

8 11.256 4.49 

10 12.219 3.68 

11 12.009 (11.797) 11.785 1.90 (2.11) 

12 11.825 0.34 

13 11.674 0.94 

14 11.549 2.00 

15 11.443 2.90 

19 11.928 1.21 

20 11.820 0.30 

21 11.720 0.55 

22 11.630 1.32 

28 11.793 0.07 

29 11.758 0.23 

Table 4.2 Model 2 Results 
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Figure 4.11 Model 2 Surface and Contour Plots 
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Model 3, as shown in Figure 4.12, closely approximates the actual fixture design. 

In the final design the corners of the foam specimen were machined to provide clearance 

for the fixture pivots. To model these corner radii of the foam system, the CQUAD4 

quadrilateral corner elements were replaced by CTRIA3 triangular elements. As in 

Model 2, the center of gravity of the CBEAM elements was offset .343 inches. The 

material property cards, boundary conditions and loading remained identical to Models 1 

and 2. 

The results for Model 3 are similar to those for Model 2. As expected, the 

triangular void at each corner of the foam system caused a minor change in the shear 

flow at the boundary elements. The reduction in the shear area caused a small increase 

in element forces and stresses throughout. As before, the most notable change is at the 

points of load application and support. Although the shear stresses are slightly higher, 

uniformity exists away from these points. The maximum error between the finite 

element solution and the strength of materials solution is 9.83% which occurred at the 

corner elements. The average error is 3.37%, which again can be considered negligible. 

Surface and contour plots for Model 3 are provided in Figure 4.13 and a complete 

listing of the CQUAD4 element stresses is presented in Table A3 of Appendix A. 

The NASTRAN analysis of the structural models verified the accuracy of the 

shear test fixture and provided insight to the small variations in the shear stresses 

associated with this design. The primary sources of these variations are the flexibility 

of the load beams and the corner voids. Summarizing, this fixture essentially produces 

a state of uniform shear throughout the specimen and is an adequate design for 

determining the shear modulii of cellular foam materials. 
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ELEMENT TxY (avg.) Txy ERROR, , (avg.) 
NO. NASTRAN S.O.M. % 

1 12.943 9.83 

2 12.757 8.23 

3 12.426 5.44 

4 12.177 3.33 

5 11.996 1.79 

6 11.859 0.63 

7 11.760 0.21 

8 11.734 0.43 

10 12.554 6.53 

11 12.395 (12.179) 11.785 5.18 (3.37) 

12 12.209 3.60 

13 12.057 2.31 

14 11.938 1.30 

15 11.853 0.58 

19 12.297 4.34 

20 12.200 3.52 

21 12.102 2.69 

22 12.019 1.99 

28 12.169 3.26 

29 12.138 2.30 

Table 4.3 Model 3 Results 
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TEST PROCEDURE 

Test procedures were required to control test variables and ensure consistency 

in testing. A test procedure was developed for the testing of cellular foams to ensure 

repeatable as well as reliable data. The test procedure covered the following 5 topics: 

1. Selection of adhesive 
2. Specimen bonding procedure 
3. Equipment setup and operation 
4. Epoxy removal 
5. Interpretation of data 

Selection of Adhesive 

As described in Chapter 4, the load must be uniformly distributed over the 

specimen contact surfaces. To accomplish this a structural adhesive is required to 

bond the specimen to the fixture load beams. Proper adhesive selection is important 

since it is critical for load transfer to the specimen. The adhesive is required to have 

sufficient rigidity and must be easy to apply with minimal cure time. Mechanical 

properties such as Overlap Shear Strength and T-Peel Strength must be sufficient so 

that strain at the bond layer is negligible. Ease of application and cure time are also 

important in achieving the right bond thickness and minimizing fixture down time. 

The following two adhesives were examined for suitability: 

1. 3M Scotch-Weld 1838-L B/A two-part epoxy 
2. 3M Scotch-Weld 2214 Regular one-part epoxy 
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Scotch-Weld 1838-L B/A offered excellent mechanical properties and was 

recommended by Astro-Met the manufacturer of Amporox foam. The 1838-L epoxy, 

however, was not acceptable because of it's low resistance to flow and long cure time. 

Like most two-part epoxies, the 1838-L is low in viscosity so as to allow thorough 

mixing of the resin and the hardener. Additionally, cure times are approximately 90 

minutes to handle and 48 - 72 hours for maximum strength. The low resistance to 

flow combined with the long cure time allows the epoxy to wick into the fixture joints 

prior to setting up making it impossible to use. 

3M Scotch-Weld 2214 Regular was selected and tested for suitability. Scotch-

Weld 2214 Regular is a one-part epoxy with a paste consistency. The 2214 epoxy also 

offers excellent mechanical properties with equal T-Peel Strength and improved 

Overlap Shear Strength when compared to 1838-L. Like most one part epoxies. 2214 

requires heat for curing. Cure times, however, are significantly reduced with heat, 

with the average cure time being 1.5 hours at 350° F. In addition, the paste 

consistency proved to be easy to use so that the bond layer thickness could be 

controlled. Scotch-Weld 2214 epoxy provided the required mechanical properties and 

high resistance to flow and was utilized in all tests. 

Specimen Bonding Procedure 

As described above, the specimen must be bonded to the fixture load beams for 

proper load transfer. Although, the shear specimens were machined slightly undersize, 

each specimen was checked for fit prior to bonding. Having established that no size 

restrictions existed, the specimen was bonded to the fixture in the following manner. 

The fixture was disassembled into two halves by removing two pivot pins at 

opposite corners. Only two pins required removal, the remaining pivot pins were left 
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in place. A thin layer of 2214 epoxy was then applied to the load plates of each half 

of the fixture. The epoxy being a paste consistency was best applied by using a 

tongue depressor. An epoxy layer of approximately .03 inches in thickness was 

applied which completely covered the load plates. 

Epoxy was then applied to the sides of the specimen. Utilizing the same 

applicator described above. a layer of epoxy was applied to two sides only. The 

thickness of the bond layer was controlled by forcing the epoxy into the pores of the 

specimen. The bond layer required for most specimens was .06 - .09 inches in 

thickness. There is no rule concerning bond layer thickness. however the thickness 

must be adequate to ensure bonding to the foam system and not the machined surface. 

The machined surface is typically irregular and it's properties do not represent those 

of the foam system. 

Next. the two prepared surfaces of the specimen were positioned and mated to 

the prepared surfaces of one-half of the fixture. Epoxy was then applied to the 

remaining two surfaces of the specimen. Once completed. the remaining half of the 

fixture was positioned and the pivot pins reinstalled in the fixture. Prior to inserting 

the last pin. the specimen faces were set flush with the edges of the load plates. 

Occasionally. the specimen was slightly oversized of the order of 0.10 inches in 

thickness and was set flush with one side only. The opposite side was allowed to 

protrude past the edges of the load plates. 

As ·described in Chapter 3. the square element when loaded will undergo shear 

deformation resulting in a rhombohedron. Shear strain is then determined by the 

elongation of the diagonal. which in this case can be measured between two opposite 

corner pins. For accurate results. the fixture load beams must be square prior to 

loading. To accomplish this. a clamping jig was designed to position and hold the test 
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fixture square during the curing process. 

The clamping jig, as shown in Figure 5.1, was disassembled by removing the 

two socket head cap screws, the lead screw and the clamp angle. A sheet of wax 

paper was then positioned on the jig base to prevent the test fixture from adhering to 

the base. Next, the test fixture was positioned flush side down in the clamping jig on 

top of the wax paper and the jig was reassembled. However, to allow for movement 

of the clamp angle, the cap screws were not completely tightened. Next, the lead 

screw was tightened to position the fixture load beams against the fixed angle and 

square the assembly. Since removal of two pivot pins is later required, the pins were 

checked for freedom and the cap screws tightened to secure the fixture's position. 



LEAD SCREW FIXED ANGLE 

CLAMP ANGLE 

SOCKET HEAD CAP SCREW 

Figure S.l Clamping Jig 
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Curing of the epoxy was accomplished by heating the fixture and clamp jig. 

Manufacturers of 3M recommend heating for 40 minutes at 250° F. or for 5 minutes 

at 350° F. However, significant increases in time were required due to the mass of 

stainless steel in the jig assembly. Heating times ranged from 1.0 - 1.5 hours at 350° 

F. depending on the temperature of the clamping jig. 

Upon completion of curing, the test fixture was removed from the oven and 

allowed to air cool. After cooling, the wax paper was removed and the bond layer 

inspected for signs of wicking. Next the pivot pins at the clevis connections where 

loosened and partially removed. The clevises were then inserted, the pivot pins 

reinstalled and the joints tightened. The test fixture, at this point, was complete and 

ready for testing. 

Equipment Setup and Operation 

A Model 1130 Instron tester with strip chart recorder was utilized for all tests. 

This tester is a highly sensitive electronic instrument capable of accurate load-

displacement measurements. Additionally, the instrument is versatile in the fact that 

the cross head speed and chart speed can be varied to suit the material properties and 

test requirements. A synchronous motor drives the cross head and chart at a constant 

rate. The rate of each is regulated by a selection of gears and can be varied 

independently allowing the chart scale (accuracy) to be controlled. 

ASTM D2719-76 Standard Methods of Testing PLYWOOD IN SHEAR 

THROUGH THE THICKNESS recommends a shear strain of .005 in./in./min. which in 

turn yields a crosshead velocity of .014 in./min. This cross head velocity, however, 

could not be achieved on the Model 1130 Instron with the available gearing. 

Therefore, a velocity of .020 in./min. was selected and obtained by using EX-EY 
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change-gears with two speed reduction units. This combination provided a shear 

strain rate of .007 in./in./min. which was judged to be acceptable. 

The accuracy of the record (chart) is controlled by the chart velocity. A chart 

velocity of 10 in./min was selected and utilized in all tests. This velocity was obtained 

by using two AX change-gears positioned for time drive operation. This combination 

of chart and cross head velocity provided accurate displacement measurements. Since 

each inch of chart corresponds to .002 inches of cross head displacement, 

measurements to an accuracy of .0001 were possible. 

Once the initial gear changes described above were made, the machine was 

allowed to warm-up for a period of 30 minutes to ensure load cell stability. During 

the warm-up period the cross head was manually raised to the correct height and the 

test fixture installed. Installation was accomplished by pinning one test fixture clevis 

to the cross head universal joint and the other clevis to the base socket. The lower pin 

was checked for freedom and removed to ensure no load was being applied to the 

specimen. 

At the end of the warm-up period, the strip chart zero control was adjusted as 

well as the load cell balance and calibration controls. Correct adjustment of the 

balance and calibration controls is critical for accurate results. The "balance control" 

balances the load cell for the weight of the test fixture and specimen while the 

calibration control adjusts the load scale sensitivity. All adjustments were made 

according to the procedures outlined in the Instron Operation Manual. After all 

adjustments were checked, the lower pin was replaced and the chart checked for signs 

of loading. 

Operation of the Instron was straight forward after the setup procedure was 

completed. At the beginning of each test, the required load scale was selected. 
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Available load scale settings are 100, 200, 500 and 1000 lbs. Unless prior tests 

indicated the need for a higher setting, each test was started at the 100 lb. setting to 

preserve accuracy. Test number, date, load scale and fixture number were then 

recorded at the beginning of each record. Next, the pin and chart switches were 

activated starting the strip chart. Once the chart was in motion, cross head movement 

was initiated by depressing the UP switch located on the instrument base. The chart 

recorder pin tracked at zero load until the joint clearance was eliminated and the load 

cell sensed load. Unless fracture (indicated by a sudden decrease in load) occurred, 

loading continued until either the desired load or maximum load was reached. At that 

point, the DOWN switch was depressed allowing the chart pin to return to zero. If a 

maximum load was obtained, the load scale was changed and the process repeated until 

complete fracture occurred ending the test. 

Epoxy removal 

Upon completion of the test, the test fixture was disassembled and the bulk of 

the specimen removed. Typically, fracturing occurred along and parallel to the 

boundaries leaving only a thin layer of specimen and epoxy bonded to the load plate. 

If not. the excess specimen was removed as completely as possible. The load plates 

were then removed and allowed to soak in TUFF-JOB paint and epoxy remover. Of 

the products tested. TUFF-JOB epoxy remover by Bix Manufacturing Company Inc. 

performed the best and did so without etching the stainless steel load plates. The soak 

time varied, but generally 48 - 72 hours were required to completely remove the epoxy 

bond layer. During this time, an additional set of matching load plates were employed 

and the fixture reassembled. The additional plates minimized down time by allowing 

the fixture to be put to use during the epoxy removal process. 
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Interpretation of data 

As shown in Chapter 3, the shear modulus is a function of load and elongation 

of the diagonal. Therefore, data obtained from a load-displacement diagram can be 

utilized to determine shear modulus. A typical load-displacement diagram is presented 

in Figure 5.2. Since each specimen was loaded a minimum of two times, the longest 

record with the most data points was generally used for modulus determination. This 

record was then examined to determine if a linear load-displacement relationship 

existed. Once the straight line portion of the graph was identified, load measurements 

were taken at equal displacement intervals when possible. A minimum of ten readings 

were taken to accurately define the slope of the stress-strain diagram. 

Shear stress and shear strain were calculated from the load-displacement 

measurements described above. A data file, which included the test number, specimen 

thickness and load-displacement measurements, was created for each specimen. A 

short FORTRAN program was then utilized to calculate shear strain and shear stress 

by implementing equations 3.1 and 3.2. respectively. A typical output is shown in 

Figure 5.3 and the program listing is presented in Appendix B. 

A multiple curve fitting program was utilized to determine and plot the slope of 

the best fit straight line through the stress-strain data points. The program is a 

FORTRAN version of CURVE FITTING FOR PROGRAMMABLE CALCULATORS 

by William M. Kolb and has the capability of fitting 19 different curves to the X,Y 

data points. Any one of the 19 curve types may be selected and used independently 

or the best fit option may be utilized where the program evaluates the data points for 

each curve option and ranks the curves in descending order based on the coefficient of 

determination {goodness of fit). 
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Execution of the FORTRAN program for calculating shear stress and shear 

strain also produced a data file for input into the curve fitting program. Option one 

(linear curve) of the curve fitting program was then executed to evaluate the stress-

strain data points and determine the coefficients for the equation of the best fit linear 

line. The equation is of the form (y « a + bx) where b is the slope of the line and the 

value of the shear modulus. Program output, as shown in Figure 5.4, included a 

listing of the actual data points, fitted data points and fit error, as well as the 

coefficients for the best fit linear line. Additionally, a plot of this data was produced 

for each test. 
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Figure 5.2 Load-Displacement Diagram 



TEST NO - 8 

LOADING NO - 2 

****SHEAR TEST RESULTS**** 

LOAD DISP. SHEAR SHEAR 
STRESS STRAIN 

50.00 .00400 5.892557 .001414 

68.00 .00500 8.013877 .001768 

85.00 .00600 10.017350 .002121 

104.00 .00700 12.256520 .002475 

123.00 .00800 14.495690 .002828 

140.00 .00900 16.499160 .003182 

159.00 .01000 18.738330 .003536 

176.00 .01100 20.741800 .003889 

194.00 .01200 22.863120 .004243 

212.00 .01300 24.984440 .004596 

Figure 5.3 Stress-Strain Results 



Test Number 8 

SELECTED CURVE : 1) Linear Y - a + bX 

a - -2.624 
b - 6014. 
c - .0000 

RR - .9999 
RC - .9999 

ACTUAL AND FITTED DATA 

ACTUAL FITTED ERROR 
NO X(I) Y(I) Y(I) (%) 

1 .141E-02 .589E+01 .588E+01 .0184 
2 .177E-02 .801E+01 .801E+01 .0069 
3 .212E-02 .100E+02 .101E+02 .1168 
4 .247E-02 .123E+02 .123E+02 .0036 
5 .283E-02 .145E+02 .144E+02 .0750 
6 .318E-02 .165E+02 .165E+02 .0087 
7 .354E-02 .187E+02 . 186E+02 .0527 
8 .389E-02 .207E+02 .208E+02 .0118 
9 .424E-02 .229E+02 .229E+02 .0127 

10 .460E-02 .250E+02 .250E+02 .0138 

Average Absolute Error (AAE) - .3204 

Figure 5.4 Curve Fitting Program Output 
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TEST RESULTS AND CONCLUSIONS 

Amporox T 

AMPOROX T foam specimens were utilized in the first 16 tests. The load-

displacement behavior observed was what was expected for a brittle refractory 

material like AMPOROX. The material exhibited a linear elastic relationship to the 

proportional limit where fracture occurred almost instantly. Fracture was identified 

by audible cracking of the material followed by a sharp decrease in load. Like most 

brittle materials, AMPOROX showed little signs of yielding. 

The post fracture behavior was much different from that of a solid material. 

Typically, fracture occurred locally, starting at the corners. If loading was allowed to 

continue after fracture, the material would continue to carry load in what appeared to 

be a linear relationship until a second fracture occurred. At that time, the specimen 

was usually completely fractured and the load would drop sharply to near zero. 

Fracture, for the most part, occurred at and parallel to the specimen boundaries. Most 

specimens failed in shear within .250 inches of the epoxy bond layer. Occasionally, 

however, a specimen would fracture diagonally across the fixture in tension. 

All tests exhibited a small nonlinear load-displacement relationship at low loads. 

This effect is typical in most loading systems and is caused by backlash, grip 

alignment, etc. As loads increased, this effect disappeared and a linear load-

displacement relationship was observed. 

All tests were performed following the test procedure described in Chapter 5. 

The results and material properties for the AMPOROX T specimens are presented in 



65 

Table 6.1. Material properties include the foam pores per inch (PP1) and the relative 

density, which is weight density of the foam divided by the weight density of the solid 

material. Additionally, stress-strain plots are provided in Appendix C. 
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TEST PORES RELATIVE SHEAR MEAN STANDARD 
NO INCH DENSITY MODULUS DEVIATION 

psi 

1 10 .096 4499 

2 10 .096 5534 
4957 474.7 (9.6%) 

3 10 .0% 5147 

4 10 .096 4646 

5 10 .115 5745 

6 10 .115 5612 
5823 179.5 (3.1%) 

7 10 .115 5921 

8 10 .115 6014 

9 20 .125 6298 

10 20 .125 5936 
6430 430.1 (6.7%) 

11 20 .125 6964 

12 20 .125 6520 

13 20 .108 5482 

14 20 .108 5201 
5282 133.7 (2.5%) 

15 20 .108 5231 

16 20 .108 5215 

Table 6.1 AMPOROX T Test Results 
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Amporox P 

AMPOROX P foam specimens were utilized in the final 16 tests. The P 

material {100% alumina) was extremely brittle which made handling and determination 

of the shear modulus difficult. In the majority of the tests, the behavior was similar 

to that described for AMPOROX T where the material exhibited a linear elastic 

relationship to the proportional limit where fracture occurred. However, in several 

tests (17, 18, 20, 25 and 26), the specimens began to fracture locally at low loads and 

did so with regularity. This continuous fracturing caused the load-displacement 

relationship to be irregular and stair-stepped in appearance, which made accurate slope 

determination difficult. 

The initial load-displacement response and the fracture orientation was similar 

to that described for AMPOROX T. All AMPOROX P tests exhibited the same 

initial, nonlinear, load-displacement response described for the T specimens. Also, like 

the T specimens, in the majority of the tests, fracture occurred at or near the epoxy 

bond layer due to shear. Only two of the AMPOROX P specimens (tests 21 and 22) 

fractured across the compression diagonals due to tension. 

The results and material properties for the AMPOROX P specimens are 

presented in Table 6.2 and stress-strain plots are provided in Appendix C. The results 

for two tests (31 and 32) are not presented due to a machine failure which prevented 

accurate modulus determination. 



TEST PORES RELATIVE SHEAR MEAN STANDARD 
NO INCH DENSITY MODULUS DEVIATION 

psi 

17 10 .093 4348 

18 10 .093 3386 
4488 973.0 (21.7%) 

19 10 .093 4464 

20 10 .093 5755 

21 20 .095 5736 

22 20 .095 5331 
5400 253.5 (4.7%) 

23 20 .095 5406 

24 20 .095 5126 

25 10 .110 5530 

26 • 10 .110 4818 
5446 668.3 (12.3%) 

27 10 .110 6347 

28 10 .110 5090 

29 20 .110 5880 

30 20 .110 4912 
5396 684.5 (12.7%) 

31 20 .110 

32 20 .110 

Table 6.2 AMPOROX P Test Results 
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Conclusions 

The objective was to develop a test fixture and test procedure for cellular solids 

which would provide material properties, particularly the shear modulus, with greater 

accuracy than the current test procedures. Most test methods, as described in Chapter 

2, are unsatisfactory in testing cellular materials due to the error associated with the 

test or the nature of foam itself. The panel shear test, however, yields a nearly 

uniform distribution of approximately pure shear and provides the required accuracy. 

This concept lead to the design of the test fixture and procedure described in Chapters 

4 and 5. The test fixture produces a uniform state of shear stress with minimal error 

and the test procedure is thorough and easy to use. This test method (test fixture and 

test procedure) achieves the desired goal by providing a means of accurately 

determining the shear modulus of cellular materials. Additionally, considerable 

information and knowledge of the mechanical properties of cellular solids was gained 

in the process of achieving this goal. 

Review of the tests results indicates a significant difference between 

AMPOROX T and AMPOROX P materials. The shear modulus for AMPOROX P is 

higher than the shear modulus of AMPOROX T for approximately the same relative 

density. This is consistent with the properties of the solid materials. The P material, 

however, is extremely brittle and would be difficult to fabricate mirror cores. The 

high standard deviations for the P tests illustrates this difficulty and the adverse 

effects of the extreme brittleness. Although slightly lower in modulus for a given 

density, the T material is easier to work with and is more forgiving and therefore 

would be a better choice for a core material. 
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Additionally, review of the tests results indicates the shear modulus of a 

cellular material is a function of it's relative density. For each composition of 

AMPOROX, the shear modulus increased as the relative density increased. Although 

not conclusive, the P tests also indicates that pore size has little effect on the shear 

modulus for a given density. Additional testing is required to verify this 

characteristic and establish a relationship for the shear modulus as a function of 

relative density. 
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APPENDIX A 

ELEMENT 

NO. 

ffx ay Txy 

1 1.063379E-01 1.063379E-01 1.179770E+01 
2 1.011754E-01 7.637286E-02 1.I78758E+01 
3 8.898669E-02 6.472844E-02 1.178028E+01 
4 7.491974E-02 5.935008E-02 1.177567E+01 
5 6.023060E-02 5.671353E-02 1.177298E+01 
6 4.570018E-02 5.370303E-02 1.177224E+01 
7 3.249190E-02 4.679318E-02 1.177424E+01 
8 2.508556E-02 2.508556E-02 1.177930E+01 
9 7.637286E-02 1.011754E-01 1.178758E+0I 

10 8.212038E-02 8.212038E-02 1.179274E+01 
11 7.868044E-02 6.890715E-02 1.179034E+01 
12 7.069715E-02 6.244739E-02 1.178762E401 
13 6.110883E-02 5.854993E-02 1.178537E+01 
14 5.184728E-02 5.434735E-02 1.178366E+01 
15 4.566444E-02 4.566444E-02 1.178192E+01 
16 4.679318E-02 3.249190E-02 1.177424E+01 
17 6.472844E-02 8.898669E-02 1.178028E+01 
18 6.890715E-02 7.868044E-02 1.179034E+01 
19 6.976680E-02 6.976680E-02 1.179424E+01 
20 6.675052E-02 6.408076E-02 1.179438E+01 
21 6.184652E-02 6.063107E-02 1.179290E+01 
22 5.704019E-02 5.704019E-02 1.178991E+01 
23 5.434735E-02 5.184728E-02 1.178366E+01 
24 5.370303E-02 4.570018E-02 1.177224E+01 
25 5.935008E-02 7.491974E-02 1.177567E+01 
26 6.244739E-02 7.069715E-02 1.178762E+01 
27 6.408076E-02 6.675052E-02 1.179438E+01 
28 6.406158E-02 6.406158E-02 1.179696E+01 
29 6.263299E-02 6.263299E-02 1.17%45E+01 

• 30 6.063107E-02 6.184652E-02 1.179290E+01 
31 5.854993E-02 6.110883E-02 1.178537E+0I 
32 5.671353E-02 6.023060E-02 1.177298E+01 
33 5.671353E-02 6.023060E-02 1.I77298E+01 
34 5.854993E-02 6.110883E-02 1.178537E+01 
35 6.063107E-02 6.184652E-02 1.179290E+01 

Table A1 Model 1 Element Stresses 



ELEMENT ax <jy rXy 

NO. 

36 6.263299E-02 6.263299E-02 1.179645E+01 
37 6.406158E-02 6.406158E-02 1.179696E+01 
38 6.408076E-02 6.675052E-02 1.179438E+01 
39 6.244739E-02 7.069715E-02 1.178762E+01 
40 5.935008E-02 7.491974E-02 1.177567E+01 
41 5.370303E-02 4.570018E-02 1.177224E+01 
42 5.434735E-02 5.184728E-02 1.178366E+01 
43 5.704019E-02 5.704019E-02 1.178991E+01 
44 6.184652E-02 6.063107E-02 1.179290E+01 
45 6.675052E-02 6.408076E-02 1.179438E+01 
46 6.976680E-02 6.976680E-02 1.179424E+01 
47 6.890715E-02 7.868044E-02 1.179034E+01 
48 6.472844E-02 8.898669E-02 1.178028E+01 
49 4.679318E-02 3.249190E-02 1.177424E+01 
50 4.566444E-02 4.566444E-02 1.178192E+01 
51 5.184728E-02 5.434735E-02 1.178366E+01 
52 6.110883E-02 5.854993E-02 1.178537E+01 
53 7.069715E-02 6.244739E-02 1.178762E+01 
54 7.868044E-02 6.890715E-02 1.179034E+01 
55 8.212038E-02 8.212038E-02 1.179274E+01 
56 7.637286E-02 1.011754E-01 1.178758E+01 
57 2.508556E-02 2.508556E-02 1.177930E+01 
58 3.249190E-02 4.679318E-02 1.177424E+01 
59 4.570018E-02 5.370303E-02 1.177224E+01 
60 6.023060E-02 5.671353E-02 1.177298E+01 
61 7.491974E-02 5.935008E-02 1.177567E+01 
62 8.898669E-02 6.472844E-02 1.178028E+01 
63 1.011754E—01 7.637286E-02 1.178758E+01 
64 1.063379E-01 1.063379E-01 1.179770E+01 

Table A1 Model 1 Element Stresses (continued) 



ELEMENT 

NO. 

1 1.398836E-01 1.398836E-01 1.271936E+01 
2 2.651137E-01 -3.435410E-01 1.232489E+01 
3 2.596291E-01 —4.811961E-01 1.202045E+01 
4 2.192727E-01 -4.954308E-01 1.179408E+01 
5 1.634194E-01 -4.363104E-01 1.161780E+01 
6 9.903248E-02 -3.331622E-01 1.147614E+01 
7 2.920351E-02 -2.029% 1E-01 I.135760E+01 
8 -4.816208E-02 -4.816208E-02 1.125648E+01 
9 -3.435410E-01 2.651137E-01 1.232489E+01 

10 -5.114555E-02 -5.114555E-02 1.221886E+01 
11 6.455709E-02 -2.533275E-01 1.200868E+01 
12 8.439416E-02 -3.127463E-01 1.182530E+01 
13 5.295790E-02 -2.896501E-01 1.167448E+01 
14 -1.140837E-02 -2.113840E-01 1.154917E+01 
15 -9.856998E-02 -9.856998E-02 1.144255E+01 
16 -2.029961E-01 2.920351E-02 1.135760E+01 
17 -4.811961E-01 2.5%291E-01 1.202045E+01 
18 -2.533275E-01 6.455709E-02 1.200868E+01 
19 -9.785262E-02 -9.785262E-02 1.192812E+01 
20 -3.742098E-02 -1.771713E-01 1.182012E+01 
21 -4.818242E-02 -1.739412E-01 1.171999E+01 
22 -1.110662E-01 -1.110662E-01 1.163044E+01 
23 -2.113840E-01 -1.140837E-02 1.154917E+01 
24 -3.331622E-01 9.903248E-02 1.147614E+01 
25 -4.954308E-01 2.192727E-01 1.179408E+01 
26 -3.127463E-01 8.439416E-02 1.182530E+01 
27 -1.771713E-01 -3.742098E-02 1.1820I2E+01 
28 -1.071319E-01 -1.071319E-01 1.179279E+01 
29 -1.087421E-01 -1.087421E-01 1.175772E+01 
30 -1.739412E-01 -4.818242E-02 1.171999E+01 
31 -2.896501E-01 5.295790E-02 1.167448E+01 
32 -4.363104E-01 1.634194E-01 1.161780E+01 
33 -4.363104E-01 1.634194E-01 1.161780E+01 
34 -2.8%501E-01 5.295790E-02 1.167448E+01 
35 -1.739412E-01 -4.818242E-02 1.171999E+01 

Table A2 Model 2 Element Stresses 



ELEMENT ax ay rxy 

NO. 

36 -1.087421E-01 -1.087421 E-01 1.175772E+01 
37 -1.071319E-01 -1.071319E-01 1.179279E+01 
38 -1.771713E-01 -3.742098E-02 1.182012E+01 
39 -3.127463E-0I 8.439416E-02 1.182530E+01 
40 -4.954308E-01 2.192727E-01 1.179408E+01 
41 -3.331622E-01 9.903248E-02 1.147614E+01 
42 -2.113840E-01 -1.140837E-02 1.154917E+01 
43 -1.110662E-01 -1.110662E-01 1.163044E+01 
44 -4.8I8242E-02 -1.739412E-01 1.171999E+01 
45 -3.742098E-02 —1.771713E-01 I.182012E+01 
46 -9.785262E-02 -9.785262E-02 1.192812E+01 
47 -2.533275E-01 6.455709E-02 1.200868E+01 
48 -4.811961E-01 2.596291E-01 1.202045E+01 
49 -2.029% 1 E-01 2.920351 E-02 1.135760E+01 
50 -9.856998E-02 -9.856998E-02 1.144255E+01 
51 -1.140837E-02 -2.113840E-01 1.154917E+01 
52 5.295790E-02 -2.896501E-01 1.167448E+01 
53 8.439416E-02 -3.127463E-01 1.182530E+01 
54 6.455709E-02 -2.533275E-01 1.200868E+01 
55 -5.114555E-02 -5.114555E-02 1.221886E+01 
56 -3.435410E-01 2.651I37E-01 1.232489E+01 
57 -4.816208E-02 -4.816208E-02 1.125648E+01 
58 2.920351 E-02 -2.029% 1 E-01 1.135760E+01 
59 9.903248E-02 -3.331622E-01 1.147614E+01 
60 1.634194E-01 -4.363104E-01 1.161780E+01 
61 2.192727E-01 -4.954308E-01 1.179408E+01 
62 2.596291E-01 -4.811%1E-01 1.202045E+01 
63 2.651137E-01 -3.435410E-01 1.232489E+01 
64 1.398836E-01 1.398836E-01 1.271936E+01 

Table A2 Model 2 Element Stresses (continued) 



1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

75 

'xy 

-1.003521E-01 
2.209662E-01 
2.606593E-01 
2.204838E-01 
1.576878E-01 
8.476642E-02 
3.113497E-03 

-8.610701E-02 
-2.859960E-01 
-1.000767E-01 
4.077682E-02 
7.493741E-02 
4.424211E-02 

-2.228678E-02 
-1.061152E-01 
-1.693715E-01 
-4.994266E-01 
-2.461681E-0I 
-1.131417E-01 
-4.948302E-02 
-5.700376E-02 
-1.165902E-01 
-2.057128E-01 
-3.186115E-01 
-5.068341 E-01 
-3.186042E-01 
-1.803886E-01 
-1.157448E-01 
-1.158520E-01 
-1.776504E-01 
-2.901187E-0I 
-4.355208E-01 
-4.355208E-01 
-2.901187E-01 
-1.776504E-01 

-1.003521 E-01 
-2.859%0E-01 
-4.994266E-01 
-5.068341 E-01 
-4.355208E-01 
-3.186115E-01 
-1.693715E-01 
-8.610701E-02 
2.20%62E-01 

-1.000767E-01 
-2.461681 E-01 
-3.186042E-01 
-2.901187E-01 
-2.057128E-01 
-1.061152E-01 
3.113497E-03 
2.606593E-01 
4.077682E-02 

-1.131417E-01 
-1.803886E-01 
-1.776504E-01 
-1.165902E-01 
-2.228678E-02 
8.476642E-02 
2.204838E-01 
7.493741 E-02 

-4.948302E-02 
-1.157448E-01 
-1.158520E-01 
-5.700376E-02 
4.424211 E-02 
1.576878E-01 
1.576878E-01 
4.424211E-02 

-5.700376E-02 

-1.294313E+01 
1.275684E+01 
1.242585E+01 
1.217711E+01 
1.19%05E+01 
1.185940E+01 
1.176044E+01 

-1.173390E+01 
1.275684E+01 
1.255421E+01 
1.239529E401 
1.220915E+01 
1.205737E+01 
1.193837E+01 
1.185281E+01 
1.176044E+01 
1.242585E+01 
1.239529E+01 
1.229665E+01 
1.219956E+01 
1.210233E+01 
1.201887E+01 
1.193837E+01 
1.I85940E+01 
1.217711E+01 
1.220915E+01 
1.219956E+01 
1.216926E+01 
1.213786E+01 
1.210233E+01 
1.205737E+01 
1.199605E+01 
1.199605E+01 
1.205737E+01 
1.210233E+01 

Table A3 Model 3 Element Stresses 



36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

76 

'xy 

-1.158520E-01 
-1.157448E-01 
-1.803886E-01 
-3.186042E-01 
-5.068341E-01 
-3.186115E-01 
-2.057128E-01 
-1.165902E-01 
-5.700376E-02 
-4.948302E-02 
-1.131417E-01 
-2.461681E-01 
-4.994266E-01 
-1.693715E-01 
-1.061152E-01 
-2.228678E-02 
4.424211E-02 
7.493741E-02 
4.077682E-02 

-1.000767E-01 
-2.859%0E-01 
-8.610701 E-02 
3.113497E-03 
8.476642E-02 
1.576878E-01 
2.204838E-01 
2.606593E-01 
2.20%62E-01 

-1.003521E-01 

-1.158520E-01 
-1.157448E-01 
-4.948302E-02 
7.493741E-02 
2.204838E-01 
8.476642E-02 

-2.228678E-02 
-1.165902E-01 
-1.776504E-01 
-1.803886E-01 
-1.131417E-01 
4.077683E-02 
2.606593E-01 
3.113497E-03 

-1.061152E-01 
-2.057128E-01 
-2.901187E-01 
-3.186042E-01 
-2.461681E-01 
-1.000767E-01 
2.20%62E-01 

-8.610701 E-02 
-1.693715E-01 
-3.186115E-01 
-4.355208E-01 
-5.068341E-01 
-4.994266E-01 
-2.859%0E-01 
-1.003521E-01 

1.213786E+01 
1.216926E+01 
1.219956E+0I 
1.220915E+01 
1.217711E+01 
I.185940E+01 
1.193837E+01 
1.201887E+01 
1.210233E+01 
1.219956E+01 
1.229665E+01 
1.239529E+01 
1.242585E+01 
1.176044E+01 
1.185281E+01 
1.193837E+01 
1.205737E+01 
1.220915E+01 
1.239529E+01 
1.255421E+0I 
1.275684E+01 
1.173390E+01 
1.176044E+01 
1.185940E+01 
1.199605E+01 
1.217711E+01 
1.242585E+01 
1.275684E+01 
1.294313E+01 

Table A3 Model 3 Element Stresses (continued) 
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APPENDIX B 

PROGRAM SHEAR 
C 
C*****PROGRAM SHEAR CALCULATES SHEAR STRESS, SHEAR STRAIN AND 
C*****SHEAR MODULUS FROM LOAD AND DISPLACEMENT DATA 
C 

REAL STRESS,STRAIN,SLOAD,SDISP,SMOD 
INTEGER NDATA.NTEST.NLOAD 
CHARACTER*20 INNAME 
OPEN(20,FILE-'SHEAR.OUT',STATUS-'NEW') 
OPEN(30.FILE-'SHEAR.DAT'.STATUS-,NEW') 

C 
WRITE(*,5) 

5 FORMAT(////,IX/ENTER INPUT FILE NAME \ ) 
READ(*,6) INNAME 

6 FORMAT(A20) 
OPENdO,FILE-INNAME .STATUS-'OLD') 
READ(10*) NTEST.NLOAD 
READ(10,*) NDATA 
READ(10,*) THCK 

C 
C*****SETUP OUTPUT FILE FORMAT 
C 

WRITE(20,10) NTEST 
10 FORMAT(//,lX,TEST NO - \I2) 

WRITE(20,20) NLOAD 
20 FORMAT(/.lX,'LOADING NO - \I2) 

WRITE(20.30) 
30 FORMAT(//,8X,'****SHEAR TEST RESULTS****',/) 

WRITE(20*)' ' 
WRITE(20,40) 

40 FORMAT(2X,'LOAD DISP. SHEAR SHEAR ) 
WRITE(20,50) 

50 FORMAT(2X,' STRESS STRAIN') 
WRITE(20,*)' ' 
DO 80 1-1 .NDATA 
READ(10.*) SLOAD.SDISP 
STRESS-SLOA D/(4. 0*SQRT(2.0)*THCK) 
STRAIN-2 *SDISP/(4. 0*SQRT(2.0)) 
WRITE(20,60) SLOAD.SDISP.STRESS.STRAIN 
WRITE<30.70) STRAIN.STRESS 

60 FORMAT(/, 1 X,F6.2.4X.F6.5,4X,F 10.6,2X,F 10.6,) 
70 FORMAT(2F10.7) 
80 CONTINUE 

STOP 
END 
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APPENDIX C 

0~------~------~------~------r-----~~----~------~--~ 
0. 10 0. 15 0.20 0.25 0.30 0.35 

SHERR STARIN (in./inl 
o ... o 

-z 
• .1 0 

SELECTED CURVE : ll Linear 't • a + bX 

.. • -2.619 
b z: 4499. 
c • . 0000 

RR "' .9990 
RC c .9988 

ACTUAL AND FITTED DATA 

ACTUAL FITTED 
NO X( I) YCI) Y( I l 

1 .1411-02 .4011+01 • 374E+Ol 
2 .1711-02 .5421+01 .533E+01 
3 .2121-02 • 6841+01 .692£+01 
4 • 2471-02 .1371+01 .1521+01 
5 .2131-02 .990E+Ol .101£+02 
6 .318E-02 .115E+02 .117E+02 
7 .354£-02 .132£+02 .133£+02 
8 .389£-02 .150£+02 .149£+02 
9 • 424E-02 .166E+02 .165E+02 

10 .4601-02 .1811+02 .181E+02 

ERROR 
(\) 

.6580 

.1605 

.1305 

.1768 

.2084 

.1275 

.0665 

.0596 

.0195 

.0495 -------
Avera9e Absolute Error (A.AE) • 1. 7267 

Test Number I Stress-Strain Plot 

LEGEND 

[!] ACTUAL 

(!) FITTED 
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0 
0 

~ 
N 

0 
0 

(f) 0 
(}_ N 

(f) 0 
(f) 0 

w (SJ 

a= 
~ 

en o 
0 

a= N 

IT 
w 
::r:: 
en g 

cD 

0 
0 

~~----~~----~~----~------~------~------r-----~--~ 
0 . I 0 o. 15 0.20 0.25 0.30 0.35 

SHERR STARIN (in./inl 
0.160 

• 1 0 -z 

SELECTED CURVE : 1l Linear Y • a + bX 

a • -3.403 
b. 5534. 
C a .0000 

RR • .9989 
RC • .9987 

ACTUAL AND FITTED DATA 

ACTUAL FITTED 
NO X( I) y (I) Y( I) 

1 .1411-02 .471£+01 .442E+01 
2 .1771-02 .6361+01 .638E+01 
3 .2121-02 .819£+01 .834E+01 
4 .2471-02 .101£+02 .1031+02 
5 .283E-02 .121£+02 .123E+02 
6 .J18E-02 .1411+02 .142£+02 
7 .3541-02 .16JE+02 .162E+02 
8 .3891-02 .183B+02 .181£+02 
9 .4241-02 .203£+02 .2011+02 

10 .4601-02 .2188+02 .220E+02 

Average Absolute Error (AAE) • 

Test Number 2 Stress-Strain Plot 

ERROR 
(\) 

.6161 

.0261 

.1786 

.2160 

.1412 

.0461 

.0614 

.1120 

.1241 

.1062 -------
1.6277 
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0 . 1 0  0.1S 0.20 0.25 0.30 0.3S 

SHEAR STRAIN ( in. / in)  

L E G E N D  

•  A C T U A L  

Q  F I T T E D  

SELECTED CURVE Linear 

a • 
b -
c « 
RR « 
RC * 

0.V5 D.UO 

* • a • bx 

-1.893 
5147. 
. 0 0 0 0  
.9994 
.9993 

ACTUAL AND FITTED DATA 

ACTUAL FITTED ERROR 
NO X(I) y  < i )  y  ( i  > (%) 

1 .141E-02 .554E+01 .539X401 .2748 
2 .177E-02 .719E+01 .721E+01 .0251 
3 •212E-02 .8845+01 .903E+01 .2124 
4 .247B-02 .107E+02 .108E+02 .1140 
5 .283E-02 .126E+02 .127E+02 .0447 
6 .318E-02 .146E+02 .145E+02 .0869 
7 .354E-02 .1648+02 .163E+02 .0459 
a  .389E-02 .183E+02 .181E+02 .0770 
9 .424E-02 .200B+02 .199E+02 .0443 
10 .460E-02 .216E+02 .218E+02 .0924 

Average Absolute Error (AAE) • 1.0174 

Test Number 3 Stress-Strain Plot 
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0.50 0.55 0.60 0. 30 

L E G E N D  

•  A C T U A L  

< D  F I T T E D  

0. 35 O.UO 0.65 

S H E A R  S T R A I N  ( i n . / i n )  * 1 0 '  

SELECTED CURVE 1) Linear 

a • 
b » 
c « 
RR > 
RC • 

* • a • bX 

-2.237 
4646. 
. 0000  
.9989 
.998B 

NO 

ACTUAL AND FITTBD DATA 

ACTUAL FITTED BRROR 
X(I) Y(I) (%) 

3181-02 .125E+02 .125E+02 .0447 
354E-02 .141B+02 .142B+02 .0343 
389K-02 .158E+02 .1588*02 .0263 
424B-02 .173E+02 .175B+02 .0877 
460E-02 .196B+02 .191B+02 .2271 
495E-02 .207E+02 •208E+02 .0095 
530E-02 .2248+02 .224E+02 .0057 
566E-02 .2401+02 .240E+02 .0024 
601E-02 .257B+02 •257B+02 .0006 
636E-02 .272B+02 .273B+02 .0402 

Average Absolute Brror (AAE) - .4786 

Test Number 4 Stress-Strain Plot 
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o.uo 

L E G E N D  

0  R C T U F I L  

O  F I T T E O  

Cl. 10 0 IS 0.20 0.25 

S H E A R  S T R A I N  ( i n . / i n )  * 1 0  

SELECTED CURVE Linear 

• • 
b • 
c • 
RR • 
RC « 

Y « a • bX 

- 2 . 2 2 9  
5 7 4 5 .  
. 0 0 0 0  
. 9 9 9 7  
. 9 9 9 6  

ACTUAL AND PITTED DATA 

NO 

10 

ACTUAL FITTED ERROR 
X(I) Y(I) *(I) <*) 

141E-02 .589E+01 .590E+01 .0071 
177E-02 .778E+01 . 793E+01 .1931 
212E-02 .100B+02 .996E+01 .0579 
247E-02 .119E+02 .120E+02 .0739 
283E-02 •141E+02 .140E+02 .0849 
318E-02 .161E+02 .161E+02 .0570 
354E-02 .183E+02 .1B1E+02 .0998 
389E-02 .200B+02 .201E+02 .0407 
424E-02 .2221+02 •221E+02 .0039 
460E-02 .240E+02 .242E+02 .0571 

Average Absolute Error (AAE) • .6755 

Test Number 5 Stress-Strain Plot 
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L E G E N D  

E J  f l C T U f l L  

_ 
0 FITTEO 

tn o 
C O  

cc 

cc 2-
C E  

CO 

T 
0.10 0.15 0.20 0.25 0.90 0.35 0.1(0 O.US 

S H E A R  S T R A I N  ( i n . / i n )  * 1 0 " 2  

SELECTED CURVE : 1) Linear K « i • bX 

a • -3.195 
b • 5612. 
C • .0000 
RR • .9987 
RC « .9985 

ACTUAL AND FITTED DATA 

ACTUAL PITTED ERROR 
NO X(I) Yd) Yd) (%) 
1 .141E-02 .519E+01 . 474E+01 .8556 
2 .177E-02 .660E+01 .673E+01 .1918 
3 .212E-02 .849E401 . 871E+01 .2650 
4 .247E-02 •106E+02 .107E+02 .0830 
5 .283E-02 .124E+02 .127E+02 .2458 
6 .318E-02 • H7E+02 .147E+02 .0465 
7 .354E-02 .166E+02 .166E+02 .0180 
8 .389E-02 .189E+02 .186E+02 .1193 
9 .424E-02 .206E+02 .206E+02 .0042 
10 .460B-02 .226E+02 .226E+02 .0123 

Average Absolute Ezcoz (AAE) » 1.8413 

Test Number 6 Stress-Strain Plot 
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L E G E N D  

•  R C T U R L  

Q  F I T T E D  

o _ a *» 

C O  o  
in 

<0 _ 

cn 

oc ~-
cc 

cri 

T 
0.10 0.15 0.20 0.25 0.30 0.35 0.U0 0.US 

S H E R R  S T R A I N  ( i n . / i n )  * 1 0 " 2  

SELECTED CURVE : 1) Linear * • a + bX 

a • -3.381 
b • 5921. 
c • . 0000  
RR - .9986 
RC • .9985 

ACTUAL AND FITTED DATA 

NO 

10 

ACTUAL FITTED ERROR 
X(I> *<I) *(I) («> 

1411-02 .5421+01 .4991+01 .7907 
1771-02 .7191+01 .7091+01 .1428 
2121-02 .8961+01 .1181+01 .2487 
2471-02 .1111+02 .1131+02 .1762 
2131-02 .1311+02 .1341+02 .2177 
318E-02 .1541+02 .1551+02 .0140 
354E-02 .1741+02 .1761+02 .0638 
389E-02 .19(1+02 .1961+02 .0428 
424E-02 .2181+02 .2171+02 .0286 
4601-02 .2421+02 .2311+02 .1348 

Avaraga Abaoluta Iccor (AA1) - 1.8600 

Test Number 7 Stress-Strain Plot 
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0.20 

L E G E N D  

Q  A C T U A L  

©  F I T T E D  

O.US 

S H E A R  S T R A I N  ( i n . / i n )  * 1 0  

SELECTED CURVE 1) Linear 

b 
c 
RR 
RC 

Y • a • bX 

-2.624 
6014. 
. 0000  
.9999 
.9999 

ACTUAL AND FITTED DATA 

NO 

10 

ACTUAL FITTED ERROR 
X(I> y (x i y < z > < % >  
11-02 .589E+01 .5881+01 .0184 
71-02 .8011401 .8011+01 .0069 
2K-02 .1001+02 .1011+02 .1168 
71-02 .1231+02 .1231+02 .0036 
31-02 .1451+02 .1441+02 .0750 
81-02 .1651+02 .1651+02 .0087 
4E-02 .1871+02 .1861+02 .0527 
91-02 .2071+02 .2081+02 .0118 
41-02 .2291+02 .2291+02 .0127 
01-02 .2501+02 .2501+02 .0138 

Avarage Abaoluta Irror (AAI) • .3204 

Test Number 8 Stress-Strain Plot 
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L E G E N D  

• flCTUPL 

S H E A R  S T R A I N  ( i n . / i n )  

SELECTED CURVE : 1) Linear Y • • + bX 

« • -3.987 
b • 6296. 
C • .0000 

RR • .9997 
RC • .9997 

ACTUAL AND FITTED DATA 

ACTUAL 
NO X(I) Y(I) 
1 .2838-02 .1391+02 
2 .318E-02 .1621+02 
3 .3541-02 .1141+02 
4 .3691-02 .2051+02 
5 .424B-02 .2251+02 
6 .4601-02 .248B+02 
7 .4951-02 .2721+02 
6 .5301-02 .293B+02 
9 .5C6E-02 .3161+02 
10 .C01B-02 .340B+02 

Average Absolute 

FITTED BRROR 
Yd) («) 

.136E+02 .0273 

.1S1E+02 .0752 

.163B+02 .0492 
•205B+02 .0278 
.227B+02 .0904 
.250B+02 .0482 
. 272B+02 .0130 
•294B+02 .0229 
.31CB+02 .0416 
.339E+02 .0297 

Brror (AAB) - .4253 

Test Number 9 Stress-Strain Plot 
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0.95 0.<40 0.15 0.50 0.55 

L E G E N D  

O RCTUflL 

O FITTED 

0.60 

S H E A R  S T R f i l N  ( i n . / i n )  * 1 0  

SELECTED CURVE : 1) Linear 

a • 
b • 
c • 
RR • 
RC • 

y  »  + bX 

-3.252 
5936. 
. 0000  
.9998 
.9998 

ACTUAL AND FITTED DATA 

NO 

10 

ACTUAL FITTED BRROR 
X( I) Yd) * (I) (%) 

283B-02 •136E+02 .1351+02 .0709 
31IE-02 •1561+02 .1561+02 .0244 
3541-02 .17(1+02 .1771+02 .0331 
389E-02 .1991+02 .1961+02 .03(4 
424B-02 .2201+02 .219E+02 .0097 
460E-02 .2391+02 .240E+02 .0475 
495B-02 .260E+02 .261E+02 .0508 
530E-02 •283E+02 .282E+02 .0282 
SC6B-02 .3041+02 .3031+02 .0200 
601B-02 .3251+02 .3241+02 .0130 

Average Absolute Error (AAB) - .33S( 

Test Number 10 Stress-Strain Plot 
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o.ss 0.60 0.45 0. 25 

S H E A R  S T R A I N  ( i n . / i n )  * 1 0  

L E G E N D  

•  f l C T U P L  

©  F I T T E O  

SELECTED CURVE : 1) Linear K • n b* 

a • -7.043 
b • 6964. 
c • .0000 
RR • .9999 
RC - .9998 

ACTUAL AND PITTED DATA 

NO 

10 

ACTUAL PITTED ERROR 
X(I) *<I) Y(I) (%) 

2431-02 .1201+02 .1271+02 .1343 
3141-02 .1511+02 .1511+02 .0137 
3541-02 .1741+02 .17(1+02 .0746 
3191-02 .2001+02 .2001+02 .0253 
4241-02 .2241+02 .2251+02 .0363 
4601-02 .2501+02 .2501+02 .0026 
4951-02 .2741+02 .2741+02 .0152 
530E-02 .2991+02 .2991+02 .0126 
5661-02 .3241+02 .3231+02 .0006 
6011-02 .3491+02 .3461+02 .0235 

Avaraga Abaoluta Btcor (AAX) • .3400 

Test Number 11 Stress-Strain Plot 
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L E G E N D  

©  F I T T E D  

o _ 

CO 
CD 

CC 

CO 

rr- n -LL_ ni 
c r  
X 
CO 

T T T 
0.25 0.30 0.35 0.U0 0.45 O.SO O.SS 0.60 

S H E A R  S T R A I N  ( i n . / i n )  « 1 0 " 2  

SEL1CT1D-CURVE : 1) Linear Y • a • bX 

a • -3.131 
b • 6520. 
c • .0000 
RR « .9998 
RC • .9997 

ACTUAL AND FITTED DATA 

NO 

10 

ACTUAL PXTT1D IRROR 
X(I) *<I) Y(Z) («)  

2(31-02 .1491+02 .1471+02 .1304 
3181-02 .1701+02 .1701+02 .0155 
3541-02 .1931+02 .1931+02 .0132 
3I9K-02 .2151+02 .21CB+02 .0631 
4241-02 .2381+02 .2391+02 .0545 
4601-02 .2611+02 .2621+02 .0476 
4951-02 .2851+02 .2851+02 .0010 
5301-02 .3091+02 .3081+02 .0195 
5661-02 .3321+02 .3321+02 .0197 
C01B-02 .3551+02 .3551+02 .0201 

Average Absolut* Icror (AA1) • .3146 

Test Number 12 Stress-Strain Plot 
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o. is 0.90 0.9S O.HO 

L E G E N D  

D BCTU°L 

O FITTED 

O.HS 

S H E R R  S T R A I N  ( i n . / i n )  * 1 0  

SELECTED CURVE : 1) Linear 

b 
c 
RR 
RC 

a + bX 

-2.690 
5482. 
. 0000  
.9990 
.9989 

ACTUAL AND FITTED DATA 

NO 

10 

ACTUAL FITTED ERROR 
X(I) Y(J) Yd) <«> 

11-02 .5411401 .5061+01 .6462 
71-02 .7031+01 .7001+01 .0335 
21-02 .8871+01 .8941+01 .0(09 
71-02 .1071+02 .1091+02 .1565 
31-02 .1271+02 •128E+02 .1167 
81-02 .1451+02 .1481+02 .1680 
4B-02 .1(61+02 .167E+02 .0656 
9C-02 .1871+02 .1861+02 .0138 
41-02 .2071+02 .2061+02 .0775 
01-02 .2271+02 .2251+02 .0793 

Avarage 

•
 

41 9
 O
 

•
 

a
 Brcor (AA1) - 1.4381 

Test Number 13 Stress-Strain Plot 
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L E G E N D  

Q RCTUBL 

O FITTEO 

Q. ~ 

uj _ 

QC 

CD o 

DC S -
CC 
UJ 

T T 
0.10 0. IS 0.20 0.25 0.30 0.35 0.10 0.«5 

S H E A R  S T R A I N  ( i n . / i n )  « 1 0 ' 2  

SELECTED CURVE : 1) Linear * • a • bX 

a - -2.251 
b - 5201. 
c • .0000 

RR • .9996 
RC - .9995 

ACTUAL AND FITTED DATA 

NO 

10 

ACTUAL PITTED ERROR 
X(I> Yd) Y( X > < % )  

11-02 .520B+01 .510E+01 .1820 
7B-02 .693B+01 .694E+01 .0164 
2E-02 .•67B+01 .•78B+01 .1346 
7E-02 .104B+02 .106B+02 .2143 
3E-02 .12SE+02 •125E+02 .1063 
••-02 .144B+02 .143B+02 .0993 
4E-02 .1621+02 .161E+02 .0235 
9E-02 .1I0E+02 .1I0E+02 .0264 
4E-02 ,19«E+02 .198E+02 .0293 
0E-02 . 216B+02 .217E+02 .0224 

Average Absolut* Error (AAB) - .•547 

Test Number 14 Stress-Strain Plot 
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L E G E N D  

o ficruflL 

O FITTEO 

O «. 

CO o 
in 3 

cc 

CD 

OC Di
et 

X 

T 
0.10 0.15 0.20 0.25 0.30 0.55 0.«0 O.tS 

S H E A R  S T R R I N  ( i n . / i n )  * 1 0 ' *  

SBLBCTBD CURVE : 1) Linear Y • a • bX 

a • -2.837 
b • 5231. 
c • .0000 

RR « .9961 
RC • .9978 

ACTUAL AMD rITTID DATA 

NO 

10 

ACTUAL PITTED ERROR 
X(X> Yd) *<!> (%) 
1B-02 .50(2+01 .456E+01 1.0291 
7B-02 .639E+01 .641E+01 .0873 
2E-02 .I09B+01 .826B+01 .2120 
7B-02 .982B+01 .101E+02 .2932 
3B-02 .117B+02 .120E+02 .2471 
8B-02 .137B+02 .138B+02 .0424 
4B-02 •156B+02 .157E+02 .0376 
9B-02 .1771+02 .175B+02 .0970 
4E-02 .195B+02 .194E+02 .0876 
OB-02 .213B+02 .212E+02 .0256 

Average Absolute Error (AAE) - 2.1589 

Test Number 15 Stress-Strain Plot 
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L E G E N D  

m ~ O FITTED 

Q_ «U 

cn o  
CD 10 _ 
CC 

CC ~-
cr 
LU 

e ~ 

0.10 0.15 0.20 0.25 0.90 0.9S 0.HO 0.H5 

S H E f i R  S T R A I N  ( i n . / i n )  * 1 0 " '  

SELECTED CURVE : X) Linear * - a • bX 

a - -1.911 
b • 5215. 
c • .0000 

RR • .9995 
RC • .9994 

ACTUAL AND FITTED DATA 

ACTUAL 
NO X(I) *<I> 
1 .1411-02 .5S6B+01 
2 .1771-02 .720E+O1 
3 .2121-02 .901B+01 
4 .2471-02 .1101402 
5 .2(31-02 .1271+02 
5 .3111-02 .146E+02 
7 .3541-02 .166E+02 
6 .389B-02 .1I5E+02 
9 .4241-02 .203E+02 
10 .4(01-02 .2201402 

PITTBD ERROR 
*( I) < % >  

.546B+01 .3490 

.731E+01 .0397 

.915E+01 .1545 

.110B+02 .0174 
•128B+02 .1011 
.147B+02 .0857 
.165B+02 .0670 
.1ME+02 .0628 
•202B+02 .0597 
.221B+02 .0479 

Avacaga Abaoluta Irror <AAB) • .9(54 

Test Number 16 Stress-Strain Plot 
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L E G E N D  

rj _ 

©  F I T T F O  

o _ 
Q. 

^ o c o  o  
11 I a> -
CC 

C D  

CC ®-
c r  

C O  

o.oo o.ou o.oe o.i2 o.ie 0.20 o.» o.?e 

S H E A R  S T R R I N  * 1 0 " 2  

SELECTED CURVE : 1) Linear Y = a + bX 

a : -.3572 
b = 4348. 
c = .0000 
RB = . 9994 
RC = .9994 

ACTUAL AND FITTED DATA 

ACTUAL FITTED BRR0R 
NO XCI) Y(I> Y(I) <*) 
1 .707B-03 .271E+01 .272E+01 .0235 
2 . 884E-03 •342E+01 . 348E+01 .1987 
3 .108B-02 .42464-01 •425B+01 .0273 
4 . 124B-02 .507E+01 •502E+01 .0891 
5 .141B-02 .589E+01 .578B+01 .1722 
6 .159B-02 .660E+01 •658B+01 .0605 
7 . 177E-02 .731E+01 .733E+01 .0298 
8 .194E-02 .801E+01 •610B+01 .1032 
8 •212E-02 .8848+01 .887B+01 .0298 
10 .230E-02 .886B+01 .983B+01 .0310 

Av*rag« Abaolut* Irror (AAB) = .7649 

Test Number 17 Stress-Strain Plot 
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L E G E N D  

Q FITTED 

CD 
CO o 

CC 

CT) 

CC 
cr 

o.ov o.oe 0.12 0.16 0.20 0. 00 0 .28  

S H E A R  S T R A I N  * 1 0 " 2  

SELECTED CURVE : J) Linear Y = a + bX 

a 
= 

-.2161 
b r 3366. 
c = 

.0000 
RR = .8963 
RC = .9693 

ACTUAL AND FITTED DATA 

ACTUAL FITTED BRROR 
HO X<I) f<I> T(I) < * >  

1 . 177E-03 .3548+00 .303B+00 .8183 
2 .354E-03 .9431+00 .9611+00 .4066 
3 .530E-03 .1531+01 .1588+01 .3091 
4 .707B-03 .2241+01 .2161+01 .2730 
5 •864E-03 •263B+01 .278B+01 .1830 
6 .106E-02 .342E+01 .336E+01 .1240 
7 .124B-02 .401E+01 .387B+01 .0833 
6 .141E-02 .460E+01 •457E+01 .0522 
9 .159E-02 •S13E+01 .5178+01 .0864 
10 .177B-02 .572B+01 .5771+01 .0939 

Avaraga Abaoluta Brror (AAE) = 2.4307 

Test Number 18 Stress-Strain Plot 
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v> 6. 
a -

cri 
CD o 
LU *> ' 
CC 

in 

cc 
c r  

CD 

—I— 
0.2U 

—1 
0.32 0 . 0 8  0.12 0.16 0.20 0.28 0.36 

S H E A R  S T R A I N  * 1 0  
-2 

L E G E N D  

Q ACTUAL 

O FITTED 

SELECTED CURVE i 1) Linear V - a • bX 

a » -2.373 
b - 4464. 
c - .0000 
RR - .9990 
RC - .999B 

ACTUAL AND FITTED DATA 

ACTUAL FITTED ERROR 
NO X t l )  Y d )  V ( I )  ( X )  
1 . 141E-02 •401E+01 .394E+01 .1681 
2 .199E-02 .471E+01 •473E+01 .0313 
3 .177E-02 .948E+01 .952E+01 .0692 
4 •194E-02 •627E+01 .631E+01 .0991 
9 •212E-02 .707E+01 •710E+01 .0392 
6 .230E-02 .790E*01 .7S9E+01 .0137 
7 •247E-02 .B71E*01 •667E+01 .0400 
6 •269E-02 •949E*01 .946E*01 .0126 
9 .283E-02 .103E+02 .103E+02 .0007 

10 .301E-02 .U1E+02 .110E+02 .0117 

Average Absolut* Error (AAE) • .4416 

Test Number 19 Stress-Strain Plot 
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cr 1 a 
W> 6 
UJ -• 
cc 
h— 
CO 

o o 
CC • 
c r  
UJ 
x  
t o  g  

o.oa 
~i i 
0.12 0.16 

L E G E N D  

• ACTUAL 

© FITTED 

0 .20  0.2U 0.28 0.32 0.36 

S H E A R  S T R A I N  * 1 0 '  

SELECTED CURVE : 1) Linear Y = a • bX 

• z -3.630 
b r 6755. 
c r .0000 

BR r .9992 
RC 

= 
.9991 

ACTUAL AND FITTED DATA 

ACTUAL FITTBD 8RR0R 
NO X<1) TO > T(I) (X) 
1 .159B-02 .5488+01 .533B+01 .2614 
2 .177E-02 .6368+01 .634B+01 .0325 
3 .1B4E-02 .731B+01 .7368+01 .0731 
4 .2121-02 .6258+01 .6368+01 .1552 
5 .230B-02 .9318+01 .8408+01 .0911 
6 .247B-02 . 1048+02 .1048+02 .0401 
7 .2B5B-02 .114E+02 . 114B+02 .0014 
6 .283E-02 . 125B+02 .124B+02 .0364 
9 .293E-02 .131B+02 . 131E+02 .0164 
10 .304B-02 .1378+02 .1378+02 .0449 

Avarafe Abaoluta Error (AAE) = .7745 

Test Number 20 Stress-Strain Plot 
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L E G E N D  

D  A C T U A L  

O  F I T T E D  

V )  
a  

CD o c n  °  
UJ 
c n  
in 

cc -
a: 

x  

i— 
0.2V 

I 
0.32 0 .  I B  

I 
0 . 2 0  0.28 0.36 0.00 o.vu 

S H E A R  S T R A I N  * 1 0  
-2 

SELECTED CURVE : 1) Linear Y = a b X  

a = -2.502 
b z 5736. 
c 

= 
.0000 

RR = .8899 
RC 

= .8889 

ACTUAL AND FITTED DATA 

ACTUAL FITTED ERROR 
NO X(I) T(I > Y(I) <X>  
1 .177B-02 .7631+01 .755E+01 .1017 
2 .181E-02 •832B+01 •636B+01 .0464 
3 .212E-02 •853B+01 .856B+01 .0458 
4 .247B-02 .1168+02 .116B+02 .0432 
5 •283B-02 .1361+02 .136B+02 .0016 
6 •318E-02 .1571+02 .157B+02 .0342 
7 .354E-02 .1771+02 .177E+02 .0055 
e .36BE-02 .16SB+02 .165B+02 .0244 
8 .388E-02 .196E+02 .187B+02 .0212 
10 .410B-02 .2091+02 .208B+02 .0370 

Average 

•
 

9
 

O
 

•
 

5
 Brror (AAB) = .9628 

Test Number 21 Stress-Strain Plot 
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§ 
<" d. a  «  

<J1 o 

^ z LU -
az 

o 
• ' 

—1 
0.20 

~1 
0.28 

—1 
0.32 

—1 
0.36 0. 16 Q.2U 0.40 0.4U 

S H E A R  S T R A I N  * 1 0  
-2 

L E G E N D  

D A C T U A L  

Q  F I T T E O  

SELECTED CURVE : 1) Linear Y = « • bX 

• = -3.051 
b = 5331. 
c = .0000 
BR = .8896 
RC = .9997 

ACTUAL AND FITTED DATA 

ACTUAL FITTED IRROR 
NO X(I) T(I) T(I) (I) 
1 . 177E-02 •838E+01 .8378+01 .0222 
2 .191B-02 •730E+01 .7131+01 .2387 
3 .212E-02 .8211+01 .8288+01 .0554 
4 .247E-02 . 100E+02 .1018+02 .1052 
5 .283E-02 .120E+02 .1208+02 .0428 
6 .316B-02 •138B+02 .139B+02 .0382 
7 .354E-02 .157E+02 .1S8B+02 .0362 
8 .389E-02 .177E+02 .1778+02 .0304 
8 .424E-02 .186E+02 .108E+02 .0282 
10 .442E-02 .2051+02 .2051+02 .0104 

Atiii|I Absolut* Irror (AAB) = .8048 

Test Number 22 Stress-Strain Plot 
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0-20 0. 12 0.36 o.uo 

S H E A R  S T R A I N  * 1 0 '  

L E G E N D  

Q ACTUAL 

Q FITTED 

SELECTED CURVE : 1) Linear Y = a + bX 

a = -2.461 
b = 5406. 
e = .0000 

RR = .8997 
RC = .8986 

ACTUAL AND FITTED DATA 

ACTUAL FITTED 1RR0R 
NO X(I) T(I) T(I) (X) 
1 .1411-02 .522B+01 .5188+01 .0780 
2 . 158B-02 .608B+01 •814B+01 .0805 
3 .177B-02 . 700E+01 .7088+01 .1321 
4 .2121-02 .885B+01 .8018+01 .0580 
S .2471-02 .110E+02 .1088+02 .0415 
6 .265B-02 .120B+02 .1188+02 .1024 
7 .283E-02 .128B+02 .128B+02 .0888 
8 .31BE-02 .1488+02 . 1478+02 .0484 
8 .354E-02 .166B+02 . 1878+02 .0380 
10 .3718-02 .1758+02 .176B+02 .0573 

Araraga Absolut* Brrot (AAE) = .7086 

Test Number 23 Stress-Strain Plot 
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0.16 0.20 0.32 

L E G E N D  

D RCTUfiL 

© FITTED 

0.06 0.36 

S H E A R  S T R A I N  * 1 0  

SELECTED CURVE I 1) Linnr 

a - -2.229 
b • 3126. 
c • .0000 
RR « .999? 
RC » .9997 

ACTUAL AND FITTED DATA 

ACTUAL FITTED ERROR 
NO M l )  V ( I )  V ( I )  ( X )  
1 .159E-02 .997E*01 •993E+01 .0716 
2 •177E-02 .6B3E+01 .4B3E+01 .0038 
3 •194E-02 .769E+01 •774E+01 .0616 
4 .212E-02 .8&1E+01 .•64E+01 .0411 
9 .230E-02 .9S3E+01 •993E+01 .0249 
6 .247E-02 .104E+02 .109C+02 .0106 
7 .269E-02 .114E+02 •114E+02 .0910 
e .283E-02 .123E+02 .123E+02 .0974 
9 .301E-02 .132E+02 .132E+02 .0193 

10 .31BE-02 .140E*02 •141E+02 .0992 

Ayirtg* Absolut* Error (AAE) » .3961 

Test Number 24 Stress-Strain Plot 
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0. 16 0.20 0.24 

S H E A R  S T R A I N  * 1 0 '  

L E G E N D  

Q  A C T U A L  

©  F I T T E D  

SELECTED CURVE : 1) linear Y = a + bX 

a = -2.800 
b = 5530. 
c = .0000 

RR = .9996 
RC = .8995 

ACTUAL AND FITTED DATA 

ACTUAL FITTED ERROR 
NO X(I> T(I) T(I) <*> 
1 .159E-02 •613B+01 .eooB+oi .2134 
2 .177E-02 .707E+01 •698B+01 .1356 
3 .212E-02 •864B+01 •893B+01 .1031 
4 .247E-02 .107E+02 .1091+02 .1499 
5 .263B-02 .127E+02 .128E+02 .0681 
6 .316E-02 . 147B+02 •148B+02 .0434 
7 .3S4E-02 . 169E+02 .168B+02 .0809 
8 •371E-02 .178E+0Z .177B+02 .0381 
0 .369E-02 .187B+02 .167B+02 .0176 
10 .407E-02 .187E+02 .197B+02 .0010 

Avar*** Absolute Error (AAE> = .8510 

Test Number 25 Stress-Strain Plot 
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L E G E N D  

Q HCTUflL 

© FITTED 

-

az 

Cf) 

<1 

O.li 0.16 0.20 0.24 0.28 0.32 0.36 0.40 

S H E A R  S T R A I N  * 1 0 " 2  

SELECTED CURVE : 1) Linear V = n b* 

a = -2.160 
b = 4818. 
c - .0000 
BR = .8996 
RC = .9898 

ACTUAL AND FITTED DATA 

ACTUAL FITTBD IRROR 
NO X(I> Y(I) Y(I) <*> 

1 . 177E-02 .6362+01 .6362+01 .0102 
2 .212E-02 .801B+01 .6062+01 .0563 
3 .247E-02 .07224-01 .9762+01 .0426 
4 .2652-02 .1062+02 .1062+02 .0066 
5 .2632-02 .1152+02 .1162+02 .0711 
6 .3011-02 .1242+02 .1232+02 .0447 
7 .316E-02 .1322+02 .1322+02 .0215 
8 .336E-02 .1402+02 .1402+02 .0011 
9 .3542-02 .1462+02 . 1492+02 .0167 
10 .3712-02 .1571+02 .1572+02 .0329 

Avarale Absolut* 2croc (AA2) = .3060 

Test Number 26 Stress-Strain Plot 
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c n  o  c n  °  
LU - ' 
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—I 1 
0.12 0.16 

"I 1 1 
0.20 0.2*1 0.2B 0.0B 0.32 

I 
0.36 

S H E A R  S T R A I N  * 1 0  
-2 

SELECTED CURVE « X) Linur V • a * bX 

a - -2.409 
b • 6347. 
c » .0000 
RB • .9999 
RC » .9999 

ACTUAL AND FITTED DATA 

ACTUAL FITTED ERROR 
NO X  ( I )  V ( I )  Y ( I )  ( X )  
1 .124E-02 .948E*01 .944E*01 .0699 
2 • 141E-02 •694E+01 .697E+01 .0391 
3 •199E-02 .766E+01 •769E+01 .0366 
4 .177E-02 ••7BE+01 •8B1E+01 .0348 
5 .212E-02 .UlE-*02 .1UE+02 .0216 
6 .230E-02 .122E+02 .122E+02 .0176 
7 .247E-02 •133E+02 .133E+02 .0142 
e .263E-02 .144E+02 •144E*02 .0114 
9 .283E-02 •196E+02 .199E*02 .0093 

10 .301E-02 •166E+02 •167E+02 .0282 

Avaraga Abaoluta Error (AAE) • .2704 

Test Number 27 Stress-Strain Plot 

L E G E N D  

D ACTUAL 

© FITTED 
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w «. 
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S H E A R  S T R A I N  * 1 0 '  

SELECTED CURVE t 1) Lint«r 

« • -1.750 
t> - 9090. 
c • .0000 
RR • .9997 
RC - .9996 

• • tx 

ACTUAL AND FITTED DATA 

ACTUAL FITTED ERROR 
NO X ( I >  V< I) V ( I )  ( X )  
1 •141E-02 •942E+01 .949E+01 .0484 
2 •177E-02 .719E+01 .723E-KU • .0809 
3 •212E-02 .902E«01 .903t»01 .0339 
4 .247E-02 .109E+02 • 108E+02 .0908 
9 .269E-02 • U8E+02 .117E+02 .0831 
6 .283E-02 .127E+02 •12&E+02 .0692 
7 .301E-02 .136E-»02 •139E+02 .0060 
6 •318E-02 •144E*02 .144E*02 .0094 
9 .336E-02 •193E*02 .193E+02 .0199 

10 .394E-02 .161E«02 .162E+02 .0608 

Avtr*gi Absolut* Error (AAE) • .4900 

L E G E N D  

• HCTUflL 

Q FITTED 

Test Number 28 Stress-Strain Plot 
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U. I? 
—1— 
0. 16 

-1 
0.20 0.2V 

—I 
0.28 0.32 0.36 

S H E A R  S T R A I N  * 1 0  
-2 

0.U0 

L E G E N D  

• ACTUAL 

© FITTED 

SELECTED CURVE I 1) Lin««r V • • + bX 

• - -2.833 
b • seeo. 
c » .0000 
RR « .9999 
RC - .9999 

ACTUAL AND FITTED DATA 

ACTUAL FITTED ERROR 
NO * < I ) Y( I) Y(I> (X) 
1 .1996-02 .694E+01 .A92E+01 .0312 
2 •177E-02 .794E+01 • 796E+01. .0231 
3 •212E-02 •960E+01 .964E*01 .0391 
4 •247E-02 .U7E+02 .U7E+02 .0072 
S .203E-O2 .138E+02 .13BE+02 .0097 
6 •318E-02 •199E+02 .199E+02 .0219 
7 •336E-02 .169E»02 •169E+02 .0021 
e .354E-02 .1B0E+02 .180E+02 .0427 
9 •371E-02 .190E+02 .190E+02 .0104 
10 .3B9E-02 •200E+02 .200E+02 .0289 

Avaraga Absoluts Error (AAE) • .2060 

Test Number 29 Stress-Strain Plot 
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SHEAR STRAIN 

••... SELECTED CURVE J ll Lln••r Y • • + bX 

• • -1.619 
b • 4912. 
c • .oooo 

RR • .9993 
RC • .9992 

ACTUAL AND FITTED DATA 

ACTUAL FITTED ERROR 
NO X(l) Y(l) Y(l) (Yo) 

1 .141E-02 .S36E+01 .S33E+01 .0640 
2 .15qE-02 .613E+01 .620E+01 .1111 
3 .177E-02 .701E+01 .706E+01 .0751 
4 .194E-02 .790E+01 .793E+01 .0465 
5 .212E-02 .884£+01 .880E+01 .0425 
6 .247E-02 .lo.£+02 .105£+02 .0645 
7 .265E-02 .US£+02 .114E+02 .0730 
B .2B3E-02 .124E+02 .123E+02 .0807 
9 .301E-02 .131E+02 .131E+02 .0020 

~0 .318E-02 .13BE+02 .140E+02 .1184 -------
Av•r-•v• Ab•olut• Er-r-or- (AA£) • .677'1 

Test Number 30 Stress-Strain Plot 
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