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Biaxial strength characteristics of wood-based structural panels were evaluated by

using analytical and experimental methods. Cruciform plywood specimens were tested

under biaxial tensile-tensile, compressive-compressive loadings in a symmetrically-

jointed-arm test fixture, which was mounted on a universal testing machine. Performance

of the test fixture was also evaluated during the tests. Electrical resistance strain gauges

were used to measure strain values at a point of interest, and brittle coatings were also

used to analyze strain distributions over the test section. Finite-element analysis was

employed to develop an analytical tool. The basic configurations, detail alternatives, and

the influence of reinforcement orientation on the uniformity of the biaxial stress/strain

distributions in the test section of the cruciform specimen were examined by using the

finite-element method. The experimental strain values and those from finite-element

analysis were found in close agreement.
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The Tsai-Wu Tensor Polynomial Strength Theory was used to construct a

predicted biaxial strength envelope in stress space. Comparisons were made between the

experimental data and the theoretical predictions in quadrants I and III of stress space, as

well as between the finite-element results and the theoretical predictions in quadrants II

and IV of stress space. Good agreements were found in quadrants I, II and IV at a load

value that corresponded with audible cracking. In quadrant III of stress space,

compressive-compressive stress space, the experimental failure stress condition did not

agree with the analytical solution for the strength theory envelope in that quadrant.

With respect to testing method, the jointed-arm test fixture worked well in

tension-tension tests. However, a method of special lateral support was needed for the

compression-compression biaxial condition. Results also indicated that reinforcement

orientation in the arms may influence ultimate load capacity and failure mode of the

biaxial specimen.
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Assessing Biaxial Strength Characteristics of
Wood-Based Structural Panels

I. INTRODUCTION

Wood-Based Structural Panels, such as plywood, oriented strand board (OSB),

structural particleboard, and waferboard have been used widely as principle construction

materials in residential, commercial and other light-frame wood buildings for several

decades. As building components, they are usually used as exterior and interior wall

sheathings, roof sheathings, ceilings, and underlayment of floors. Among them, plywood

has been the principal wood-based structural panel and widely used. In the 1950's,

plywood displaced solid lumber, which was the main sheathing material used in light-

frame wood buildings. Its dominance in residential and commercial constructions met

the challenges until the mid-1980's when OSB and structural waferboard became

prevalent in wood structural buildings.

In general structural applications, the performance of floors, roofs, and walls are

influenced by the fasteners and the mechanical properties of wood-based structural panels

used in a light-frame wood building. Uniaxial loading conditions are assumed for design,

but in reality, wood-based structural panels are typically subjected to complex loading

conditions -- biaxial or even triaxial stress states. Shearwalls, for example, in a wood

building are designed to resist both vertical and horizontal loads produced by forces such

as wind and earthquake. Horizontal diaphragms, another type of structural component

used in a light-frame wood building, are usually designed to support both vertical load
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and horizontal loads. Other structural components of a building, such as columns and

beams, are simultaneously under combinations of uniaxial tensile or compressive loads

and bending moment. The applications of wood-based structural panels, whether

plywood, OSB, or others, as building materials require continuous improvements in the

definition of their design properties. Evaluating the complex mechanical behavior of

wood-based structural panels under biaxial loading conditions is an important step toward

understanding behavior of wood structures and investigating new structural applications.

The testing methods used to determine mechanical properties of solid wood

products and wood-based structural panels such as plywood are thoroughly described in

many standard test methods published by the American Society for Testing and Materials

(ASTM), such as test methods D143, D198, D1037, D2718, D2719, D3043, D3044,

D3500, D3501, and D4761, etc. These standard test methods are limited to simple

loading conditions: test specimens are tested under either uniaxial tensile or compressive,

static bending, and pure shear loading conditions. Numerous research papers detailed the

test methods for obtaining mechanical properties of wood-based structural panels (i.e.

Biblis, 1969; Biblis and Chiu, 1969; Bodig and Goodman, 1973; Gunnerson, Goodman

and Bodig, 1973; Hoppman, 1955; Huffington, 1965; Hunt and Suddarth, 1974; McLain

and Bodig, 1974; Watanuki et al., 1972). Although uniaxial tests are easily performed,

they give an inadequate physical indication of strength for wood-based structural panels

under loading conditions that are more complex than uniaxial loadings. As a matter of

fact, wood-based structural panels used in real structures are often subjected to multiaxial

loading, which means that the panels are loaded simultaneously in two or more directions.



The Multiaxial Stress State

In a multiaxial stress state, the forces in two or more directions need not be

equivalent, orthogonal with respect to each other, or coplanar with the panel in two

orthogonal directions. The simplest form of multiaxial loading is developed as a biaxial

load, a load applied to an object simultaneously in two directions. In this instance, the

biaxial loading for wood-based structural panels is assumed to exist in the plane of the

panel, although it is possible to examine the biaxial condition including loading

perpendicular to the plane face. The biaxial stress space is two-dimensional and includes

tension-tension, compression-tension, compression-compression, and tension-

compression. The results of uniaxial tests lie on the axes, while the biaxial conditions are

bounded by the axes. This is illustrated in Figure 1.1.

Many strength theories and failure criteria have been developed to evaluate the

behavior of composite materials and these are especially useful given multiaxial loading

conditions. The purpose of the strength theory or failure criterion is to give an analytical

definition of the failure surface, or strength envelope, in the stress space. Among

alternative theories, the Tensor Polynomial Strength Theory (Tsai and Wu, 1971) has

been widely used to predict the failure of composite material under multiaxial loading.

An example of a failure envelope is also shown in Figure 1.1. In the Literature Review,

several failure theories, such as Hill's theory, Tsai-Hill's theory, Norris's theory, and Tsai-

Wu's tensor polynomial strength theory and other strength theories, are discussed.

As an alternative to the analytical solution for failure under multiaxial loads, an

experimental method could be devised for the purpose of evaluating the multiaxial

3
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behavior. An important element in an experimental test system is the specimen design.

The geometry of the test specimen dictates the character of stresses from applied loads

and the uniformity of stress and strain fields in the test section. Two alternative specimen

configurations are generally used in biaxial testing: a thin-wall tube-shaped specimen, or

a flat plate cruciform-shaped specimen. The alternative specimen shapes serve different

purposes.

Objectives

The objective of this study was to develop a method to evaluate wood-based

structural panels under multiaxial loads. Specifically, the investigation was designed to

develop a method of imposing biaxial loads and to examine the behavior of structural

plywood in the biaxial stress state. Ultimately, a standard method of evaluating biaxial

strength characteristics of wood-based structural panels may result.

In overview, a cruciform-shaped, multiple-layered plywood specimen was first

designed using the finite-element method. The criteria for design were uniform stress

states and expected initial yielding in the central field of the specimen. The biaxial load

behavior of the cruciform plywood specimen was examined using finite-element method,

which was combined with the Tensor Polynomial Strength Theory of Tsai and Wu

(1971). Uniaxial material properties were used with the strength theory and the finite-

element analyses. Then the cruciform specimens were tested in a symmetrically-jointed-

um test fixture under equi-biaxial tensile-tensile and compressive-compressive strains.

This fixture with the specimen was mounted in a universal testing machine when tests



were conducted. Strain gauges and brittle coating were applied to assess the strain

distributions over the test section.

Compression

Tension

K < 1

Uniaxial Test Data

Corn pression

K > 1

K =1

Tension

Uniaxial Test Data

Figure 1.1. Failure envelope in a biaxial stress state.
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II. LITERATURE REVIEW

The common testing techniques for determining the mechanical behavior of

materials remain the uniaxial tensile, compressive and bending experiments, and those

testing procedures have not provided the multiaxial stress conditions which are usually

encountered in the actual applications materials. The simple uniaxial experimental test

results may not be reflective of the material characteristics under multiaxial loading

conditions. Experimental methods incorporating biaxial forces are needed to

approximate the probable conditions that materials may be subjected to in applications.

Biaxial Testing Systems

Recent investigations have been conducted to develop experimental systems

capable of biaxial testing. Most of them use an apparatus that imposes compressive or

tensile forces combined with torsional forces, internal-external pressure on the thin-

walled tubular-shaped specimen (Whitney, 1968; Andrews and Ellison, 1973; Lefebvre et

al., 1983; Swanson, 1988). Other researchers (Shiratori and Ikegami, 1967; Parsons and

Pascoe, 1975; Ferron and Makinde, 1988; Shimada et al., 1976; Swanson and Messick,

1987; Swanson and Christofumu, 1986, 1987;) have focused on imposing tensile and

compressive forces along two perpendicular directions on the cruciform specimens.

Biaxial testing systems developed to apply in-plane biaxial forces on the

cruciform specimens can be classified according to the configuration of the loading frame

and the method of applying mutually orthogonal loads. One is the "in-plane" frame

6
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configuration, and the other is the "out-of-plane" frame configuration. For the in-plane

frame configuration, the load frame surrounds the specimens (Shiratori and lkegami,

1967; Parsons and Pascoe, 1975; Shimada et al., 1976; Charvat and Garrett, 1980; Ferron

and Makinde, 1988), while for the out-of-plane systems, the load frame is on one side of

the specimen (Fessler and Musson, 1969; Hayhurst, 1973; Kelly, 1976). Out-of-plane

frames are subjected to bending moments under load and must be extremely stiff to

minimize the deflection normal to the plane of the frame (Makinde et al. 1992).

Different approaches were also employed in the design of the load train. Bert et

al. (1969) proposed in-plane biaxial displacement devices that were mounted directly

onto a conventional uniaxial testing machine. These devices consisted of a bi-directional

cable and pulley system. For biaxial creep testing, Hayhurst (1973) developed a testing

system. In this system, a deadweight lever system was used. The loads were applied on

cruciform specimens by means of wire ropes, which passed over pulleys. However, high

level of friction in the bearings limited the tests to small strains. Kelly (1976) applied the

deadweight loads on specimen by a knife-edge lever system with pull-rods to avoid

difficulties due to the friction in the bearings. It is found out that the knife-edge lever

system was very suitable for creep tests, because of its ability to maintain steady loads for

long periods of time. Ferron and Makinde (1988) proposed an inexpensive spatial

pantograph, a symmetrically-jointed-um fixture to apply biaxial in-plane loads to a flat

cruciform specimen. This fixture can be mounted directly onto a conventional uniaxial

testing machine. The value of strain ratios can vary between 0 to 1 depending on the

geometrical configuration of the fixture, and kept constant during the tests. However, in



8

those devices, the loading paths were not independent of each other and, consequently,

the possible biaxial strain paths were very limited (Makinde et al. 1992).

Using servohydraulic actuators to apply loads is the most versatile method for

testing cruciform specimens under monotonic and cyclic loading conditions. Various

actuator-based systems have been proposed, and manufactured. Fessler and Musson

(1969) designed and manufactured an out-of-plane loading frame with two actuators,

while Parsons and Pascoe (1975) and other investigators developed an in-plane frame

with two, three, and four actuators. It is was found that in those test systems with less

than four actuators, the test specimen was subjected to side bending loads, regardless of

the load frame configuration. Also, it is difficult to keep the specimen centered in the

center of system during testing using such a test system.

By reviewing the advantages and disadvantages, Boehler et al. (1993) developed a

new testing machine capable of biaxial tests. This machine consisted of four double-

acting screw-driven pistons, two in each direction, and rigidly supported on an octagonal

vertical frame, where the specimen installed. The screw-driven pistons could produce

loads up to 100 lcN. in each direction, either in tension or in compression. Large

deformation tests were performed using this technique. Since the plane of specimen

coincided with the symmetry plane of frame, the specimen was not subjected in-plane

bending moments, but the deadweight of horizontal arms and the gripping system may

have caused side bending on a thin specimen (Boehler et al., 1993).

In the present study, a symmetrically-jointed-arm fixture (Fig. 2.1) was used,

which was very similar to the one developed by Ferron and Makinde. It consisted of
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eight steel tubes having rectangular cross sections connected at each end by means of

pinned joints to which the specimen was fixed. The arms were arranged in such a way

that the fixture could convert the uniaxial force of the conventional testing machine into

loads along the two perpendicular directions of the specimen, and the displacements of

the specimen arms are constrained by the geometry of the fixture. Applications of the

fixture are discussed in Chapter IV.

Geometry of Test Specimen

An important part in any experimental test system is the design of the test

specimen. The geometry of the specimen for obtaining mechanical properties of

materials dictates the character of the stress calculated from applied loads and the

uniformity of stress and strain fields in the test section of the specimen. Various

techniques have been developed for producing biaxial states of stresses in test specimens.

These vary in design and complexity depending on the geometry of the specimens

employed. Either of two main basic configurations is used for biaxial specimens, thin-

walled tubular-shape or flat cruciform-shape. These are widely used in biaxial

experimental tests to investigate the failure modes and strengths of certain materials

under various combined biaxial loading conditions.

The thin-walled tubular-shape configuration is the most common geometry for

biaxial testing specimens. This can be tested under various combined load conditions

including uniaxial tensile, compressive loads combined with torsional loads, or internal-

external pressure. These loads can be applied on specimens independently or



Figure 2.1. Symmetrically-jointed-arm test fixture
for biaxial tests.
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simultaneously, and many biaxial states of stresses can be produced on the specimen.

However, the thin-walled tubular-shape has some drawbacks. These specimens are

difficult and expensive to make, and the testing apparatus is an expensive and

complicated fixture, which is subjected to the combined independent application of

internal or external pressure with uniaxial tensile or compressive forces. Furthermore, the

thin-walled tubular-shape specimen is not suitable for large strain studies of anisotropic

materials because of buckling and necking instabilities that may arise before very large

strain are attained (Makinde et al., 1992). Also, there are some other disadvantages of

tubular-shaped specimen (Shimada et al., 1976):

Biaxial testing of the cold-rolled steel plate is not possible.

Stress state is not exactly two-dimensional in the tube because the radial stress

gradient depends on the thickness of the tube and the applied loads.

It is difficult to fabricate the specimen using certain composites.

It is difficult to change the loading direction in the specimen after prestraining.

It is not suitable for laminated composite materials.

The flat cruciform specimen is often used for testing sheet materials under biaxial

loading conditions. Flat cruciform specimens may be fabricated with or without a

reduced-thickness test field in the central region of a specimen. In addition, some slots

may be cut in arms, which lead to a more uniform stress or strain distribution in the test

field of the specimen (M6nch and Galster, 1963). The most appropriate test method

using a cruciform-shaped specimen consists of applying in-plane biaxial loads to the

specimen. This method was proposed and used by many investigators (Shiratori et al.,
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1967; Bert et al., 1969; Wilson and White. 1971; and Parsons and Pascoe. 1975). This

method overcomes the shortcomings exhibited by the thin-walled tubular specimen.

In experimental applications of a flat cruciform specimen in a biaxial test, the

specimen must offer several features, and those features can be verified by an

experimental test (Shimada et al., 1976):

a relatively large uniform stress or strain field should exist in the test section of

specimen.

initial yielding should occur at the test section of the specimen.

the stress and strain should be discernible in the specimen after yield.

Two disadvantages can be identified for using flat cruciform configuration for

biaxial specimens in experimental testing: there is a stress concentration at the corner

fillets, and the flat cruciform specimen is difficult to fabricate with a reduced-thickness

test section using composite materials.

To reduce the influence of the specimen geometry on test measurements, Makinde

et al. (1992) conducted a study to determine the geometrical variables of the cruciform

specimen that may influence the stress and strain distribution and the failure of limit

strains in the specimen. In their studies, they determined the parameters of cruciform

specimen having slotted arms by using finite-element analysis and statistical analysis

methods. Twelve (12) geometrical variables were considered:

width of the arms.

length of the specimen outside grips.

radius of corner fillets between arms.
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radius of the circular central region.

radius of transition.

thickness of arms.

ratio of thickness of the arm to the thickness of the gage section.

width of central section.

width of slots.

number of slots.

length of slots.

position of slots.

In their study, cruciform metal specimens were made based on results of analyses

on the optimization of geometry for the cruciform specimen, and loaded biaxially. The

test results demonstrated that they successfully optimized the geometry of the specimen,

one to be used in biaxial low-strain studies. However, the tests with the composite

lamina were not entirely successful because the failure in the test section of specimen was

difficult to achieve.

Demmerle and Boehler (1993) developed a well defined mathematical criterion in

order to evaluate the suitability of a specimen design. The criterion was based on the

standard deviation of the values of the stresses in the test section. By means of a finite-

element code, they carried out a shape optimization for biaxial cruciform specimens. In

their studies, the geometry of the specimen was uniquely defined by 12 parameters, two

constants and ten variables for a test specimen. These were almost the same as those

defined by Makinde et al. (1992). Specimens were fabricated based upon these
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parameters and tested under biaxial loading conditions. The obtained results indicated

"the decisive superiority of the optimized specimens for the proper performance on

isotropic materials, as well as the paramount importance of the proposed off-axes testing

technique for biaxial tests on anisotropic materials."

Testing Methods for Various Materials

Several studies have been conducted to investigate the behavior of composite

materials under combined biaxial loading conditions over the past several decades.

de Ruvo et al. (1980) conducted biaxial tests using paper tubes with a longitudinal glued

seam to evaluate the biaxial strength of paper. Paper tubes were made of two different

commercial grade papers: sack paper and envelope paper. The specimens were subjected

to simultaneous internal pressure and axial tensile load, and loaded to failure. From the

experimental results, they found that the biaxial tensile strength is considerably greater

than the uniaxial tensile strength with the maximum increase approximately 50%. Failure

was circumferential at the highest stress ratios, longitudinal at the lowest ratios, and more

random at the intermediate ratios, which represented a more pronounced biaxial stress

state. The strength increase or the shape of the failure surface was not affected by strain

value per se, and the biaxial strength was not affected by orientation of the paper. The

applicability of different failure theories for predicting the biaxial strength was examined,

and best agreement between experimental data and theoretical predictions was obtained

with the Tsai-Wu Tensor Polynomial Strength Theory (Tsai and Wu, 1972).
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Uesaka et al. (1979) performed biaxial tensile tests to determine the mechanical

response of paper at a constant strain rate in two basic biaxial deformation modes. Two

deformation modes were uniform (equal) biaxial and strip biaxial deformation.

Laboratory handsheets and some machine-made paper were tested. From the study, they

found that under uniform stress conditions, normal stresses ax and ay were slightly

different, and the uniform biaxial stress was greater than the uniaxial stress over entire

strain range, but the difference between them was small.

Charvat and Garret (1980) developed a closed-loop, servo-hydraulic test system

for studies of direct-stress monotomic and cyclic crack propagation under biaxial loading.

In their studies, they used finite-element analysis to facilitate the development of a

cruciform specimen. A satisfactory biaxial stress field was found over the central region

of specimens. Their fatigue tests on mild steel plate revealed a significant role of

specimen geometry in biaxial crack-growth studies. They found a decrease in crack

growth rate in equi-biaxial tension compared with uniaxial tests, but a substantial increase

in crack growth rate during pure shear or equi-biaxial tensile-compressive loading. In

1980, Daniel conducted an experimental investigation to study the deformation and

failure mode under biaxial tensile loading for graphite/epoxy plates having circular holes

of various sizes. The influence of hole diameter on failure modes was a central focus. In

his investigations, the specimens, both notched and unnotched, were 1.6 by 1.6 in. (40 by

40 mm) laminates of [0/± 45/90], lay-up, and loaded in increments under equal biaxial

tension. He discovered that maximum strains at failure on the hole boundary reached

values up to approximately twice the uniaxial ultimate strain of the unnotched laminates.
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Failure occurred initially on the hole boundary at a point 22.5 degrees off the horizontal

and vertical axes.

In a subsequent and similar investigation (Daniel, 1982), the behavior of [021±

45], graphite/epoxy plates with circular holes of various sizes were investigated to

determine the influence of hole diameter on failure. In this investigation, biaxial tensile

loads in a ratio of 2:1 were applied to the test specimens, which were 1.6 by 1.6 in. (40 by

40 mm) graphite/epoxy plates of [02/±45], lay-up. Maximum measured strains at failure

on the hole boundary were higher than the highest ultimate strain of the unnotched

laminates.

Gu et al. (1989) designed a biaxial loading setup and a large shear strain-gauge to

achieve the tension-tension, tension-compression, compression-compression, and tension-

shear loading configurations on planar specimens. Based on the experimental results,

they established constitutive equations and a strength criterion. Strength data obtained

from these tests were fitted with a quadratic function separately in each quadrant of the

stress space. Good agreement was found between the experimental results and the

theoretical predictions obtained from established strength criterion.

Mott et al. (1985) conducted experimental investigations to develop a test method

and hardware to characterize the material behavior of coated fiber fabrics used in large

roof structures. They developed a biaxial cylinder specimen fabrication and appropriate

testing procedures. Specimens were tested under biaxial monotomic loading, step

loading, stress rupture, biaxial-shear, biaxial fatigue, and shear fatigue loading conditions,

respectively. Mott et al. (1985) also assessed combined biaxial tensile and shear loading
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by testing fabric cylinders under biaxial tensile and superimposed torsional loading

conditions. They found that for this load combination the biaxial strength of the fabric

was considerably lower than uniaxial strength. The stress-rupture test produced a lower

biaxial strength because of viscoelastic behavior exhibited by polytetrafluorethylene

coated fabrics. Their tests led to stress-strain and strength characteristics for various

fabric material types and material plots.

Gunderson and Rowlands (1983) experimentally evaluated paperboard strength

under general biaxial normal stress and shear stress conditions. Both flat cruciform

specimens and cylindrical specimens were used. Tension-tension data, compression-

compression data, and tension-compression data covering all four quadrants were

obtained.

Suhling et al. (1985) used tensorial-type failure criteria with linear and quadratic

terms to calculate the strength for paperboard under plane stress. Theoretical prediction

and experimental data were correlated in all quadrants of biaxial normal stress with

different levels of shear. The best agreement between theoretical results and

experimental data at all levels of shear was obtained. Rowlands et al. (1985) employed

the Hill-type theory to predict paperboard strength under biaxial normal plus shear stress.

A comparison was made in all four stress-space quadrants with experimental data, and

good agreement was obtained between the strength theory and experimental results.

Toombes et al. (1985) developed a tubular-shaped specimen to characterize mechanical

properties of advanced composite material lamina and laminate. Failure strains in the

tubular-shaped specimen are higher than those obtained in comparable flat-coupon tests.
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Many experimental investigations have been conducted on the strength of

concrete under biaxial loading conditions. These investigations can be divided into three

groups based on the test specimens geometry (Kupfer et al., 1969):

Cylindrical concrete specimens subjected to equi-biaxial compressive stresses

(ai=a2) by axial load and hydraulic pressure in radial direction.

Hollow cylinders subjected either to torsional and axial compressive loads or

internal hydraulic pressure combined with axial compressive loads.

Concrete specimens being either cubes or plates for studies of the biaxial

compressive strength.

The strength values obtained from these investigations for the case of equal

compression on both principal directions (ai=a2) vary from 80 to 350 percent of the

uniaxial compressive strength of an identical test piece (Kupfer et al., 1969). Another

investigator (Fumagalli, 1965) showed the strength of the concrete in two-dimensional

compression was at least as great as the strength in simple compression.

By reviewing previous investigations on behavior of concrete under biaxial

loading conditions, Kupfer et al. (1969) found a conflict in the test results among prior

studies. Prior to 1969, most studies were limited to tests in the range of biaxial

compression; no studies had been conducted on the behavior of concrete under biaxial

tensile loads. Therefore, Kupfer et al. (1969) conducted an experimental test using a

concrete plate specimen, 0.8 by 0.8 by 0.2 in. (20 by 20 by 5 mm) subjected to biaxial

tensile, compressive-tensile and biaxial compressive loads. They concluded that:
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The strength of concrete subjected to biaxial compression was up to 27 percent

higher than the uniaxial strength of concrete.

The strength increases by approximately 16 percent when concrete specimens

were subjected equal-compressive loads in two principal directions.

The compressive stress decreased at failure, while tensile stress increased when

the concrete specimen was under the compressive-tensile loading conditions.

The strength of concrete under biaxial tension was approximately equal to its

uniaxial tensile strength.

To study the behavior of repaired concrete subjected to biaxial tensile and

compressive loads, Voyiadijis and Abulebdeh (1992, 1993) conducted an experiment and

investigated the strength of repaired concrete using two kinds of specimens: patched and

unpatched. The specimens used in their studies were cured both under controlled

conditions in the laboratory room (28 days) and the environmental conditions (90 days).

Half of them were tested after 28 days, while the other half were tested after 3 three

months. The experimental units were tested under biaxial tensile-compressive loads

since the occurrence of tension-compression state of stress in roadway structures is not

uncommon. Based on the test results, they concluded that concrete strength under

combined tension-compression was lower than the strength under uniaxial loading. The

strength decreased as the applied tensile load increased. The strength of notched

specimens was lower than the strength of the unnotched specimens. The strength

decrease was dependent on the patch shape and depth. Other behaviors of repaired



concrete under biaxial tension-compression loads were found and reported in their

studies.

To demonstrate the failure modes of the unidirectional fiber-reinforced

thermoplastic composite materials under combined compressive loading conditions,

Couque et al. (1993) conducted compressive tests under uniaxial and biaxial loading

conditions at a strain rate of about 10-4 microstrain/sec. Cylindrical-shaped specimens

were used in the uniaxial compression tests, while cruciform-shaped specimens were used

in the biaxial test. A biaxial cruciform specimen having a uniform gauge section 0.5 by

0.5 by 0.07 in. thick (12 by 12 by 1.9 mm) was tested using a unique electromechanical

biaxial testing device. They found responses different from the simple uniaxial tests with

the biaxial specimen. The initial response followed a path similar to that of the uniaxial

specimen tested at a confining pressure of 250 MPa. Then, the load decreased at a small

strain, resulting in premature failure. The failure strain was more than 75% lower than

the uniaxial failure strain.

Measuring Methods for Strain

Analysis of an engineering design requires knowledge of stress and strain

distributions that develop at each point within a member when it is loaded. This

knowledge could be obtained using the theories of engineering mechanics or a reliable

experimental stress analysis, which is a popular established engineering tool

(Measurement Group Inc., 1992).
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Many different types of experimental stress analysis techniques have been

developed and used successfully to measure planar surface strains in a material when it is

loaded. Among them, photoelasticity, Moire interferometry, brittle coatings, electrical

resistance strain gauges, and acoustic emissions have been widely accepted and used for

evaluating metallic, plastic, and ceramic materials. More recently, digital image analysis

is being applied to wood and other composite materials. Recently, the biaxial

extensiometer was developed (Makinde et al., 1992) to measure strains in the flat

cruciform specimen. Each of these techniques has identifiable advantages and

disadvantages for applications with wood and wood-based composites. The physical

characteristics of wood and wood-based composites, such as the porosity, anisotropy,

hygroscopisity, and dimensional instability are important considerations when identifying

the preferred experimental method. Electrical resistance strain gauges and brittle coatings

were used in this study.

The Biaxial Extensiometer. The determination of the stresses in the gage

section of the specimen is an important problem encountered when cruciform specimens

are used in the biaxial tests. These stresses can not be calculated directly based on the

applied loads and cross-sectional area of the gage section since they are statically

indeterminate (Bert et al., 1969; Parsons and Pascoe, 1975; Shimada et al., 1976;

Makinde et al., 1992). The only method to obtain an estimate of the stresses in the gage

section is through accurate strain measurement (Bert et al. 1969; Parsons and Pascoe,

1975; Shimada et al., 1976).
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By reviewing the strain measuring methods for plate specimens, Makinde et al.

(1992) developed and built an instrument that they called the biaxial extensiometer

(Figure 2.2), which measured strains along mutually orthogonal directions simultaneously

in flat cruciform specimens. The strain measurement and control along one direction is

completely independent of the other. The biaxial extensiometer can be used with

different axial displacement transducers and extensiometers. It can be used with flat

cruciform specimens and uniaxial tensile specimens. The user-adjustable gauge lengths

of the extensiometer enable the application of a transducer with a given travel range for

different strain ranges and resolutions. The maximum strain range that can be measured

depends only on the transducers employed. To test the feasibility of the biaxial

extensiometer, Makined et al. (1992) conducted an experiment using the biaxial testing

apparatus. It was found that the results of the biaxial extensiometer compared quite well

with those of the strain gauges.

Electrical Resistance Strain Gauges. -- Electrical resistance strain gauges are

used more often than any other method for experimental stress analysis (Measurements

Group Inc., 1992). The theory of the resistance type of gauge is to express a displacement

as the function of a resistance change produced by the displacement. Strain gauges are

the primary sensing elements used in load cells as well as in pressure, force, torque,

displacement, and other specialized transducers because of precision, accuracy and

repeatability. In addition, electrical resistance strain gauges are widely known as the most

practical technology used to test load-bearing parts, members and structures because they

are also relatively inexpensive to purchase.



1 and 2 = lower and upper lightweight frame.
3 = a pair of parallel guide rods.
4 = two sliding block.
5 = a machined groove.
6 = a rectangular plate.
7 = screw contact points.
8 = two L-shape blocks.
9 = removable pins.

10 = the four screw rods.
11 = knurled nuts.
12 = spring system assembly.
13 = a miniature LVDTs.

Figure 2.2. Perspective view of the biaxial extensiometer (Makinde et al., 1992).
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A strain gauge is made of a grid of strain-sensitive metal foil which is bonded to a

flexible plastic backing material. During the test, the strain gauge is glued to the surface

of the specimen. When the specimen is loaded, surface strains are transmitted to the foil

grid, resulting changes of electrical resistance of the grid material in proportion to the

strain. It is limited to measure strain in the direction of its grid.

The main advantage of strain gauges is their ability to measure the average strain

over a small gauge length. However, resistance to deformation offered by the backing of

the strain gauge may also detract from the accuracy of the method on more highly elastic

materials such as wood.

To use strain gauges for experimental stress analysis, several factors need to be

considered so that acceptable strain measurement could be obtained. These factors

include quality of the strain gauge, proper selection of the strain gauge, proper circuit

design, installation of the strain gauge, bonding adhesive, environmental protection, strain

gauge accessories, and quality of the strain gauge instrumentation (Measurements Group

Inc., 1992).

Brittle Coatings. -- The brittle-coating method for experimental stress analysis is

a simple direct approach. The method can be used to solve design problems where

extreme accuracy is not required (Daily and Riley, 1978). The brittle coating is a

specially prepared surface coating that will fail by cracking when a certain value of tensile

stress is exceeded in response to the surface strains of its base material. Brittle coatings

are used to graphically show the distribution, magnitude, direction and gradient of

stresses on an actual structure or a test specimen treated with brittle coatings. The crack
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occurs normal to the maximum tensile stress on the surface unless the maximum and

minimum stresses are of close values.

Two types of brittle coatings are commonly used -- one is in liquid form and the

other is in solid form. The liquid form can be cured by evaporation at room temperature,

or at a moderately elevated temperature to improve its properties. Solid coatings are

applied to the base materials by melting the coating at elevated temperature.

When an external tensile load is applied to the test specimen treated with a brittle

coating, cracks will form in the coating. Normally, the coating cracks at right angles to

the directions of the maximum tensile strain. The number of cracks per unit length can be

used to provide an indication of the magnitude of the strain. Cracks will not form when a

specimen is under a compressive load because a brittle coating does not crack in response

to compressive strains.

Brittle coating has several marked advantages over other experimental stress

analysis methods:

Its effective gauge length is close to zero.

It presents an overall picture of the strain distribution and highlights areas of

stress concentration.

It can be applied to any mechanical part of the structure, regardless of material,

shape, or mode of loading.

Brittle coatings are used to locate the small area of high stress, determine the

directions of principal stresses, measure the approximate magnitudes of tensile stress

concentrations under static loads as well as under dynamic or impact loads, and to
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indicate localized plastic yielding. Many experimental studies were conducted using

brittle-coating method on wood. It was found that applying lacquer to the wood surface is

a tedious operation and difficult to control. However, the brittle coating method was

useful as a qualitative indicator of tensile strains in wood subject to tensile stresses.

Strength Theories for Composite Materials

Composite materials are usually made of one or more orthotropic plies that are

bonded together at different orientations. The anisotropic nature and layered structure of

composite materials make their strength properties directionally dependent. Extensive

acceptance and application of composite materials as structural components require

confidence in their load carrying capacity (Rowlands, 1978). When experimental tests of

composite materials are not physically possible to conduct, especially more complex

stress states, an analytical tool is needed.

Strength theories and failure criteria are analytical methods used for prediction of

strength and performance of composite materials under readily measurable types of

loading. A failure envelope is developed, which is an analytical description in stress

space of a bound on the stress states that a given material can sustain under a given

physical state without failure. It is important for design purposes that strength theories

and failure criteria be reliable and accurately predict strength of composite materials

under various combinations of normal plus shear loading conditions. Among theories

applied to isotropic materials, Hencky-Von Mises' theory and Tresca's criterion have

been widely accepted.



27

A number of anisotropic strength theories and failure criteria were developed to

predict strength of composite materials during the past several decades. The new strength

criteria were proposed because those for isotropic materials could not account for strength

differences in two principal material directions within the plane, which is typical in

composite materials. Most available anisotropic strength theories or failure criteria were

extensions of the strength theories proposed for isotropic materials, and some of them

were developed from the uniaxial tests results.

Before 1950, many research works on the strength of anisotropic materials were

performed in the field of wood technology and the mechanical response of single crystals

and metals. From those studies (Hankinson, 1921; Norris, 1939), the interaction

equations were developed to describe the strength of wood as a function of grain

orientation (Rowlands, 1985). Hill (1950) generalized Von Mises' formulation to include

anisotropy. Azzi and Tsai (1965) adapted the Hill's criterion as a strength criterion for

composite materials. Hoffman introduced a linear stress term in the Hill's theory to deal

with the unequal tensile and compressive stresses. Tsai and Wu (1971) and Tennyson et

al. (1978, 1980) developed tensorial-type strength theories, which are invariant with

respect to the coordinate system. The Tsai-Wu Tensor Polynomial Strength Theory was

recognized as the most general strength theory for analysis of composite materials

(Rowlands, 1985).

A modification of the Tsai-Wu Tensor Polynomial strength theory was made and

used to predict the in-plane biaxial strength of paper (Tryding, 1994). By adding a pair
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of cubic terms to the theory, the modified Tsai-Wu Tensor Polynomial Strength theory,

named as Hill-Tsai-Wu failure criterion, corrected overestimation of the strength in

biaxial tensile region for paper. This criterion was fitted to experimental biaxial strength

data, and it was shown that the Hill-Tsai-Wu criterion provided a better description of

biaxial failure of paper than the Tsai-Wu theory.

Rowlands et al. (1985) employed Tsai-Wu Tensor Polynomial Strength Theory to

predict biaxial strength of paperboard. They did not use the linear terms of the tensor

polynomial strength theory and determined the strength tensors F11 and F22, with respect

to all four quadrants giving difference in tension and compression strengths. Those

expressions are:

Rowlands et al. successfully predicted the biaxial strength of paperboard at low

shear (Ti2 < 10 MPa), but the equation they used was too conservative at high shear

values.

F111/X2 (al 0) (2.1a)

F22 1/Y2 (C52 0) (2.1b)

Fl = 1/X12 (61 <0) (2.1c)

F22 - 1/Y'2 (62 <0) (2.1d)
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The Tsai-Wu Tensor Polynomial Strength Theory

Most strength theories and failure criteria suffer from various inadequacies in their

description of experimental data (Tsai and Wu, 1971). In an effort to more adequately

predict experimental results and improve the correlation between theory and experiment,

Tsai and Wu (1971) proposed a tensor polynomial strength theory by adding additional

stress terms that did not appear in theories such as the Hill analysis. They assumed that a

failure surface in stress space exists in scalar form:

Fiai+Fijaiaj+Fijkaiajak±...= 1 (2.2)

where i, j, k = 1,...,6. Fi, F1, and Fijk are the strength tensors of second, fourth, and sixth

rank respectively, and a-6 a, and ak are related stresses. The linear terms account for

possible differences in tensile and compressive strength, while the quadratic stress terms

are similar to those in the Tsai-Hill formulation, and describe an ellipsoid in stress space.

For plane-stress states where T12 = a6, this theory becomes:

F1cT1+F2a2+F66a6+F11a_21+F22022±F66T212+2F12a1a2=1 (2.3)

with the stability conditions:

Fl1F22 - F12 >0 (2.4a)

F11F66 > 0 (2.4b)



where

X = tensile strength in the 1-direction.

X' = compressive strength in the 1-direction.

Y = tensile strength in the 2-direction.

= compressive strength in the 2-direction.

S = shear strength in the 1-2 plane.

The Tsai-Wu Tensor Polynomial Strength Theory is the most general strength

theory, and has received quite extensive use. However, applications of this theory have

been hampered by difficulties in properly determining the normal stress interaction term,

the uniaxial material strengths and algebraic manipulation:

F1=1/X+1/X' (2.5a)

F2 = 1/Y + 1/Y' (2.5b)

F11 = 1/XY (2.5c)

F22 = 1/X'Y' (2.5d)

F66 = 1/S2 (2.5e)
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F22F66 0 (2.4c)

The stability conditions assure that the quadratic failure surface (envelope)

described by Equation 2.3 be closed. The coefficients in Equation 2.3 can be derived from



F12. The Tensor Polynomial Strength Theory has some specific advantages (Tsai-Wu,

1972):

The equation is scalar and automatically invariant, and is valid for all

coordinate systems.

The transformation relations associated with invariant are well established.

The general anisotropic case and three dimensions present no special problems.

Attached stability conditions assume that the failure surface intercepts each

strength axis and can not be open-ended.

The possible interaction between normal and shear stresses is concerned.

Tsai-Wu Tensor Polynomial Strength Theory is also suitable to analyze the biaxial

strength characteristics of wood (Liu, 1984).

Based on the test results obtained in their experiment, Tennyson et al. (1978)

stated that the cubic form of the tensor polynomial strength criterion is well suited for

analyzing a composite lamina under plane stress conditions. They showed that if the

principal directions of strength are not orthogonal, then the failure surface will be opened.

In addition, their study suggested that general application of a quadratic formulation is not

accurate over the full range of lamina orientations and can yield conservative failure

loads. Although one cannot guarantee that a particular failure model will always provide

good results, it is recommended that further complex structural configurations and load

cases be studied to test the capabilities of the cubic equation proposed (Tennyson et al.,

1978; 1980).
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Normal Stresses Interaction Term, F12. -- The term F12, is the interaction term of

normal stress al and a2 in some polynomial-types of strength theories. It determines the

inclination and semi-axes of the failure surface (failure envelope). It is relatively difficult

to determine experimentally, and its value is highly sensitive to measurement errors. The

accuracy of the interaction coefficient, F12, makes the strength theories much more

effective (Suhling et al., 1985).

Basically, F12 cannot be determined from any uniaxial test in the principal

material directions, but it can be determined from an off-axis uniaxial tensile test (Tsai

and Wu, 1972). Moreover, a suitable biaxial test could be conducted to obtain an

optimum value of F12. Many investigators have performed experimental tests trying to

get the expression forms and values of F12. Wu (1972) proposed two methods to

determine F12:

Optimum ratios for normal biaxial stresses along longitudinal and transverse

directions.

Optimum ratios for combined normal stress and shear experiments in off-axis

orientation.

Tsai and Wu (1972) conducted 45-degree off-axis tensile and shear tests to

determine the value of F12. Because F12 was restricted to a small region by the stability

condition F1 1F22 - F12 2 > 0, small variations could obscure the determination of F12.

Collins and Crane (1971) stated that 45-degree off-axis test method may not be a valid

method to determine F12.
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With increasing anisotropy, F12 tends toward zero, and it is extremely sensitive to

small measurement errors. The following equation can be used to evaluate F12 (Wu and

Stachurski, 1984):

F12 = -(T1C1 + T2C2)1 (2.6)

where T1, T2, CI and C2 are tensile and compressive strengths in principal material

directions 1 and 2, respectively. Equation (2.6) shows that F12 depends on F11 and F22

and that these satisfied the stability criterion.

Tsai and Hahn (1980) suggested that F12 could be properly evaluated by

F12 = -[1/(T1C1T2C2)]1/2/2 (2.7)

The two approximations (Equations 2.6 and 2.7) converged when the ratio of F1 1/F22 is

about equal to 1.0.

Liu (1984) determined F12 from the Hankinson's formula for plane stress states in

solid wood. He stated the F12 was very sensitive to biaxial loading tests and can be very

difficult to obtain for highly variable materials such as wood. It is necessary that F12

satisfy a stability condition that limits the largest and smallest values of F12 for the

strength envelope to be closed (Pipes and Cole, 1973; Collins and Crane, 1971; Liu,

1984). The form of F12 proposed by Liu is:



F12 = (1/XY-F1/X'Y-1/S2)/2 (2.8)

Suhling et al. (1985) examined several methods for determinations of F12 of

tensorial-type failure criteria. In their study, the best analytical fit to zero shear data was

obtained using a tension-tension biaxial test. They calculated the strength of paperboard

subjected to plane stresses using linear and quadratic terms, and found that F12 was

relatively insensitive to small errors in biaxial data from the biaxial tensile test in which

the specimen was simultaneously loaded in the 1- and 2-direction. In their studies, Pipes

and Cole (1973) reported that only one of four values of F12 determined from careful

measurements during off-axis tests was found to satisfy the stability condition and was

physically meaningful.

Naraynaswami and Adelman (1977) recommended that the Hoffman strength

theory and the Tsai-Wu Tensor Polynomial Strength Theory with F12=0 could predict

failure of fiber-reinforcement composite materials under general biaxial loading with

sufficient accuracy for engineering applications.

It was shown that as F12 increased both positively and negatively within the

bounds of the stability constraint FliFii - Fii2> 0 the semi-axes of the failure envelope

increased, the center of the failure envelope translated in the x-y plane, and the principal

axes of the surface rotated about the z-axis (Collins and Crane, 1971). If F12 is assumed

to be negligibly small or zero, the error in the failure surface can become substantial (Hill,

1950; Hoffman 1967). The failure surface cannot be accurately drawn without the direct

measurement of F12 because F12 is independent and can vary between zero and the limits
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imposed by equation FiiFij - > 0 (Collins and Crane, 1971). The variation of the

interaction term F12 depends on both the magnitude of the biaxial strength and the

magnitude of F12 (Wu, 1972).

The Generalized Hooke's Law

The generalized Hooke's Law is a mathematical tool used to relate all components

of stress to all components of strain. It is based on the assumption that the stress and

strain components are linearly related. Application of Hooke's Law to wood composites

is simplified if several constraints are imposed (Bodig and Jayne, 1992):

Only small deformation is allowed.

The composite is maintained at a uniform temperature.

The material is homogeneous and of uniform density.

No coupling exists between stress components.

The stress and strain relationship of Hooke's Law in the tensorial form is shown

by equation 2.9.

= CijklEkl (2.9)

Where:

= stress components, including both normal and shear

= strain components, including both normal and shear

= stiffness tensor, i.e., proportionality parameter
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In which

ax 5 ay = normal stress in x, y direction

txy = shear stress in x-y plane

Ex , Ey = normal strain in x, y direction

7xy = shear strain in x-y plane

Cij = elastic stiffness in tensor notation.

Planar orthotropic materials have two perpendicular axes of elastic symmetry. If

their symmetry axes coincide with the coordinate axes, then C16 and C26 = 0. Thus,

Equations 2.10 to 2.12 become

ax = C116x + C 126y (2.13)
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i,j,k,1= coordinate indices, each can attain independently the values of 1, 2 or 3.

To be considered as a thin plate, the planar dimensions of plate are large

compared with the thickness. The resulting state of stress is approximately a plane stress

condition, where the generalized Hooke's Law is then expressed by Equations 2.10 to

2.12 (Bodig and Jayne, 1992).

ax = C 1 1 Ex ± C126y + C 1 axy (2.10)

ay = C 12Ex -I- C22Cy ± C267xy (2.11)

Txy = Cl6Ex ± C266y + C667xy (2.12)



where

EE
E E v2y x yx

C22 =
EE

Ex Ey v2xy

ExE v
C12 = C21 = Y Yx

E E v2y x yx

C66 = Gxy

and

Ex, Ey = moduli of elasticity in x, y directions

Gxy = modulus of rigidity in x-y plane

vxy, vy = Poisson's ratio of strain in the y (x) axis to the strain in the x (y) axis for

a normal stress in x (y) direction.

Finite-Element Analysis Method

The finite-element method is a widely used form of computer-based engineering

=

analysis method. It has been applied extensively in recent years for stress analysis and

(2.16)

(2.17)

(2.18)

(2.19)
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ay --= CI26x 4- C226y (2.14)

txy = C667xy (2.15)
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dynamic model evaluations in composite material and a broad range of engineering

structure and component problems of interest to applied mathematicians, engineers, and

scientists. The results of finite-element analysis are usually more detailed than testing

results, and procedures of finite-element methods can be used as sensitivity analysis tools

in composite materials and structural design (Baran, 1987).

When mathematical models are relatively simple, classical methods for solving

ordinary and partial differential equations can be used. However, when hand calculations

done by solving the governing differential equations cannot provide sufficiently accurate

or detailed results or when the system to be analyzed is so complicated that hand

calculations are not appropriate, finite-element methods are primarily used (Bickford,

1990).

The finite-element method involves separating the continuum of a structure into

geometric subdivisions called finite elements. Each element has a discrete number of

nodal points. The elements are assumed to be connected only at the nodal points. The

nodal displacements are the basic parameters of the finite-element analysis and the

external loads are applied at the nodal points. The relationship between the nodal

displacements and the applied loads is identified by a stiffness matrix derived from the

material and geometric properties. A stiffness matrix is determined for each element. All

the element matrices are combined to get a system stiffness matrix for the entire structure.

The effect of the boundary conditions of allowable displacements is included in the

system stiffness matrix. External loads and nodal displacements are related by

conventional matrix equation:



{Q} = [K]{d} (2.20)

where

[K] - system stiffness matrix.

{d} - system nodal displacement vector.

{Q} - system external load vector.

The steps involved in a finite-element analysis are shown in Table 2.1. The steps

are detailed in finite element analysis on microcomputers (Baran, 1987).

The finite-element method has been widely used for wood engineering and

engineering analysis. Some examples are given -- McGleen and Hartz (1969) presented a

study on deflection and stress analysis of orthotropic plywood plates using finite-element

method. Chen (1980) evaluated the methods for analyzing the stiffness of plywood using

finite-element method. Polensek (1973) employed finite-element method to model and

analyze floor stiffness and strength. Polensek (1976), and Fernandes (1978) applied the

finite-element method to the problems of wood-stud wall. Finite-element method was

used to study the stress concentration around a knot (Cramer and Goodman, 1985; Clark,

1975). Recently, Makined et al. (1992), Demmerle and Boehler (1993) performed studies

to optimize the cruciform specimen geometry. Vatovec (1995) applied finite-element

analysis method to model metal-plate-connected (MPC) joints in wood trusses. In his

study, experimental test results were used to verify finite-element models in their studies.

It was found that 3-D model predicted the overall experimental load-deflection truss

behavior most accurately.
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Table 2.1. Steps in finite-element analysis (Baran, 1987).

40

1. User creates the finite element model

Define geometry, nodes, and elements
Specify material properties, loading conditions, and boundary conditions

2. Finite element program performs analysis

Formulate equation
Solve equation

3. Finite element program reports results

Compute node and element values (displacement, temperatures, stresses,
reaction forces, etc.)

Postprocess results (plots, code checks. etc.)



III. MATERIAL AND MATERIAL CHARACTERIZATIONS

The Material

The wood-based structural panel used in this study was plywood, which is a

widely used building material having a variety of structural and nonstructural

applications. The plywood panels were purchased from a local building supplier. All

panels were sanded sheathing-grade plywood with minimum veneer quality of C for both

face and back veneers and made of Douglas-fir. The panels were 4 by 8 ft (1219 by 2438

mm) of five-ply construction and 0.4 in. (10.2 mm) thick, and having the grain in the top

veneer oriented in the long direction of the panel. These were stored in the standard

conditioning room, 68 ± 5°F and 70± 5% relative humidity, to let them reach an

equilibrium moisture content (MC). The expected equilibrium moisture content in this

environment was 11%. The plywood panels were used to fabricate specimens for both

uniaxial and biaxial tests.

Data Acquisition System

A computer-controlled data acquisition system was used to measure loads,

displacements, and strains. The data acquisition system consisted of the computer, data

acquisition system software, and measuring instrumentation. The same system was used

for both materials testing and biaxial tests.
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System Software

WorkBench PCTM data acquisition and control software is a "programming"

environment that is completely intuitive. This software can be used for many data

acquisition and control tasks by connecting functions, or icons, on the worksheet. It was

designed to simplify laboratory and industrial data logging, monitoring, controlling,

testing, analysis, and simulation. In this study, WorkBench software was used with data

acquisition hardware to measure the loads, deflections, and strains.

Load and Deflection Measurement

A Vishay 2100 system provided excitation and signal conditioning for the

measurement devices used in materials tests. The Vishay 2100 system used in this study

generated conditioned high-level signals from strain gauge inputs for recording. Ten

channels were available in the system. A remote terminal box was employed to provide

interface access for the strain gauges and deflection instruments.

Loads were sensed by using a 5000-lb dual bridge tension-compression universal

load cell in uniaxial tensile tests and five-point bending tests. A 25,000-lb load cell was

used in uniaxial compressive and biaxial tests. The load cells were connected directly to

the signal conditioner rather than through the remote terminal box. Load cells were

calibrated at a number of amplifier gain settings to provide a range of load to voltage

outputs.
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In five-point bending tests, one spring-slider linear potentiometer was used to

measure the deflection. The spring-slider linear potentiometer had highly linear voltage

versus displacement relationships. In unaxial tensile and compressive tests, an

extensiometer was used to measure the deflections of the specimen. They were calibrated

such that the displacement was determined as volts per inch of displacement. The voltage

source was provided by the signal conditioner through the remote terminal box.

Uniaxial and Elastic Material Properties

Many standard test methods (ASTM, 1993) are used for evaluations of

mechanical properties of solid wood lumber, engineered wood composites and wood-

based structural panels. Those tests are conducted by subjecting the specimens to

uniaxial or simple loading conditions, such as uniaxial tension, compression, static

bending, and pure shear. Satisfactory test results of mechanical properties of wood-based

structural materials have been obtained from those test methods.

In the present study, experimental tests were divided into two phases. In the first

phase, uniaxial tests such as uniaxial tensile, compressive, and five-point bending tests

were conducted. In the second phase, biaxial tensile-tensile and compressive-

compressive tests were conducted. In this chapter, unaxial tests, including unaxial tensile

and compressive tests, and five-point bending are discussed.



Uniaxial and Bending Tests

Objectives of Uniaxial and Bending Tests

Unaxial tests performed in this study included the uniaxial tensile, compressive,

and five-point bending tests. Uniaxial tensile and compressive tests, both parallel and

perpendicular to the grain direction, were conducted to obtain uniaxial tensile (X and Y)

and compressive (X' and Y') strengths, while the five-point bending tests were carried

out to obtain elastic properties, such as modulus of elasticity (MOE), and shear modulus

(G) of the plywood used in this study. The strength properties were used to calculate the

strength tensors of tensor polynomial strength theory, while the elastic properties were

used as input to the finite-element analysis.

Tensile Tests

Uniaxial tensile test is a simple method of mechanical testing used for obtaining

mechanical properties of wood-based composite materials.

The uniaxial tensile tests conducted in this study followed the procedures of

ASTM standard test method D3500 (ASTM, 1993h). The dimensions and shape of the

small specimens were dictated by the standard test method and the plywood construction

and thickness. Figure 3.1 illustrates the preferred specimen. The reduced cross section at

the center of specimen length was specified to prevent failure in the grip area. The

transition from full specimen width to the reduced section at center was gradual to
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minimize stress concentration that could be present at a sharp reentrant corner. Sufficient

length of reduced cross section at center of specimen was provided to accommodate an

extensiometer.

To obtain tensile strengths both parallel and perpendicular to the grain direction of

the face panel, two different configurations of test specimens were fabricated: one

configuration had the grain direction parallel to the longitudinal direction, and the other

configuration had the grain direction perpendicular to the longitudinal direction of

plywood panel. A total of twenty specimens, ten for each grain orientation, were

fabricated and stored in the standard conditioning room after fabrication.

The specimen was held by a pair of self-aligning grips that were installed on a

universal testing machine. A 5000-lb load cell was used to measure the loads.

Deformation of specimens was measured by using an extensiometer. The extensiometer

(Epsilon Technology Corp.) had a gauge length of 2 in. (50.8 mm) and the travel length

of +0.2 in./ -0.2 in. (+5.8 mm/-5.8 mm). The extensiometer was calibrated before it was

used. Load and displacement were recorded by the data acquisition system. The

specimens were loaded to failure at a constant rate of 0.02 in./min (0.5 mm/min) of

motion by the movable crosshead. Tensile strengths were calculated based on the

maximum load and cross-sectional area of the specimen. Calculated strengths are listed

in Tables 3.1.
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Figure 3.1. Dimensions and shape of specimen
for uniaxial tensile test.
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Table 3.1. Calculated strengths X and Y and stiffness.

X is parallel to the panel major axis.

Y is perpendicular to the panel major axis.

Compressive Tests

Standard test method D3501 (ASTM, 1993i) presents two approaches for

determining the compressive strength of plywood in response to stresses acting in the

plane of the panel. One method calls for a small specimen, 1 in. (25 mm) wide by 3.5 in.

(89 mm) long, while the other employs a large specimen, 7.5 in. (190 mm) wide by 15 in.

(381 mm) long. The small specimen can be used to evaluate either elastic properties or

compressive strength of plywood.

When Lee and Biblis (1980) were conducting an experimental test to evaluate the

compressive strength and MOE of southern yellow pine plywood using small specimens,
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Statistic n MOR

(103psi)
n MOE

(106psi)

1.91

Plywood Xa

mean 10 3.66 10

Std. dev. _ 0.95 - 0.36

C.V.(%) - 24.17 - 19.04

Plywood yb

mean 10 2.96 10 1.92

Std. dev. _ 0.39 - 0.68

C.V.(%) - 12.52 - 35.82
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they observed a significant difference in deformation on two sides of small specimens.

They also examined the large size specimen and reported problems with inconsistent

results. This difference led them to develop a new specimen size for testing plywood in

compression. Lee and Biblis (1980) proposed a size of 2 in. (50 mm) thick by 2 in. (50

mm) wide by 8 in. (200 mm) long. These dimensions are consistent with ASTM D143

(ASTM, 1995a). They concluded that the proposed specimen was suitable for testing

plywood in compression because this size specimen gave consistent results, required no

special testing frame, and provided strength and stiffness compressive properties in a

single test.

In the present study, compressive tests were done by using both small size

specimens recommended by D3501 (ASTM, 1995i) and specimen size proposed by Lee

and Biblis (Lee and Biblis, 1980). Figure 3.2 shows the dimensions and shape of the

compressive test specimen proposed by Lee and Biblis, but the width and thickness were

changed to 1.6 in. by 1.6 in. (40 by 40 mm). Both parallel (Y) and perpendicular (Y') to

the grain compressive strengths, were needed to calculate the strength tensors of Tsai-Wu

Tensor Polynomial Strength Theory.

The specimens were fabricated by gluing four five-ply plywood panels and by

orienting the grain direction of face panel either parallel or perpendicular to the

longitudinal direction of the specimen. A polyvinyl adhesive was used to bond the layers.

Twenty small specimens, 1.5 in. (25 mm) wide by 2 in. (50 mm) long, ten for each grain

orientation, and twenty large specimens, 1.6 in. (40 mm) wide by 1.6 in. (40 mm) thick by
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8 in. (200 mm) long, ten for each grain direction, were fabricated. The thickness of the

small specimens was the thickness of plywood panels.

The small specimens were tested using a universal testing machine. A 5000-lb

load cell was installed and measured the applied loads. A linear variable differential

transformer (LVDT) was used to measure the displacement of the moving crosshead of

the testing machine. The small specimens were loaded to failure at a constant rate of 0.02

in./min (0.5 mm/min). It was found that compressive strength and elastic properties

calculated based on the test data were not acceptable.

Then, the large specimens were tested. The specimens were loaded in a universal

testing machine to failure at a constant rate of 0.05 in./min (1.3 mm/min). A 25,000-lb

load cell was used to monitor load. The arrangement for compressive tests is shown in

Figure 3.3. The same extensiometer used for tensile tests was used to measure the

deformation of the specimen during the tests. Constant test results for calculations of

compressive strength were obtained using the large specimen. Compressive strength, X'

and Y', and stiffness were calculated using load-deflection data, and are listed in Table

3.2.
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Figure 3.23.2 Dimensions and shape of compressive test
specimen based on the work of Lee and Biblis (1980).
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Figure 3.3. Photograph of compressive test set-up
for large plywood specimen.
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Table 3.2. Calculated strengths X' and Y' and stiffness.

X' is parallel to the panel major axis.
Y' is perpendicular to the panel major axis.

Five-Point Bending Test

ASTM Standard test methods D1037 (ASTM, 1993c) and D2718 (ASTM, 1993d)

describe the methods to obtain both the shear strength and modulus of rigidity of wood-

based structural panels. The tests measure the planar shear (rolling shear) strength

developed in the plane of the panel. Those standard test methods for the determination of

interlaminar shear properties of structural wood composites are laborious and costly

(Bradtmueller et al., 1994; Bateman et al., 1990). For example, in test method D2718

(ASTM, 1993d) the test specimen, 6 in. (15 cm) wide by 18 in. (45 cm) long, is rigidly

bonded to the heavy steel plates using epoxy and polyvinyl adhesive. The weight of a
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Statistic n MOR

(103psi)
n MOE

(106psi)

1.79

plywood X'a

mean 10 6.41 10

Std. dev. - 0.34 - 0.25

C.V.(%) - 5.24 - 13.81

Plywood Y'b

mean 10 5.44 10 1.61

Std. dev. - 0.46 - 0.37

C.V.(%) - 8.37 - 22.92
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specimen with steel plate is over 60 pounds (Bateman et al., 1990). After each individual

test, the residual of wood and adhesive on the steel plate must be removed by scraping

after mild heating of the plate in an oven to soften the bond between wood and steel plate.

The ideal testing method should be easier to use and would facilitate applications in

industrial quality control programs.

A five-point bending test method has been investigated by several researchers.

Five-point bending test is the test method wherein the test specimen is a two-span

continuous beam with concentrated loads placed at each midspan. The five-point

bending apparatus usually consists of three supports and two active load points.

Bateman, et al. (1990) examined the five-point bending test method as a potential

alternative for interlaminar shear test and the shear properties of oriented strand board

(OSB). In their study, they divided the specimens into several groups based on the ratio

of span-length. From the tests, they found that the shear strength decreased while the

ratio of span-depth of the specimen increased, but the shear strength remained almost

constant at span-depth ratios ranging from 12 to 16. Appropriate ranges of span-depth

ratios were determined based on thickness of the panels being tested (Bateman et al.,

1990).

Bradtmueller et al. (1994) carried out both quarter-point and five-point bending

tests to determine shear modulus (G) and shear-free Young's modulus (E) simultaneously

using the same specimen. Results showed that E and G were generally independent of

span length. Also, they reported a large discrepancy between the results of shear modulus

(G12 and G23) determined by five-point method and those determined by current ASTM



54

standard methods for interlaminar shear. They concluded that the five-point bending test

has potential as an alternative method to evaluate the interlaminar shear properties of

structural wood composites such as OSB, plywood, structural composite lumber, and

glue-laminated beams (Bradtmueller et al., 1994).

Five-point bending tests conducted in the present study followed the test

procedures used by Bradtmuller et al. (1994). The configuration of the quarter-point and

five-point load cases and the corresponding shear and moment diagrams are shown in

Figures 3.4 and 3.5, respectively. The dimensions of specimens, 2 in. (50 mm) wide by

14 in. (355 mm) long, were determined based on the test results of Bateman et al. (1990).

The depth was the thickness of plywood panels, and span was 6 in. (150 mm). The span-

depth ratio was 15. Two specimen orientations were tested: one had the top veneer grain

direction parallel to the span, and the other had the grain direction of the top veneer

perpendicular to the span. Total of twenty specimens were fabricated, ten for each grain

orientation. After fabrication, all specimens were conditioned to equilibrium moisture

content in a standard conditioning room. The average width and thickness of five-point

specimen were recorded by averaging five equally spaced width and depth measurements.

All tests were conducted using a universal testing machine. Loads were measured

by an 5000-lb (25-1N) load cell. Displacements at midspan were measured by using one

potentiometer placed at midspan under the specimen. A five-point loading fixture made

of steel was used for all quarter-point and five-point tests. The experimental set-up for

five-point bending tests is shown in Figure 3.6. The bending tests were conducted in two

parts. In the first part, the specimens were tested under quarter-point nondestructive



loading -- loaded to the elastic proportional limit at a constant rate of 0.03 in./min (0.8

mm/min), and then unloaded. In the second part, the center support was added to the test

fixture, the same specimens were tested again as two-span continuous beams with equal

loads applied at each midspan and loaded to failure. Load-deflection data were regressed

to determine the reciprocal of the load-deflection slope of quarter-point (Yqp) and five-

point (Y5p) elastic loading, respectively. Those values were used to calculate the E and G

values by solving the two simultaneous equations (Bradtmueller et al., 1994):

Es = 24912 / {40961[-73Yqp Y5p]}
128

where

L = five-point span that is one-half of the quarter-point beam span (2L)

E = Young's modulus (psi)

G = shear modulus (psi)

K= shape factor (5/6 for a rectangular beam)

I = moment of inertia (in4)

A = cross-section area (in2)

S = denotes that these properties have been determined using the principle of

superposition.

Results of material properties calculated from bending test data are listed in Table 3.3.

7
Gs = 747L / {5632KA[Y5p

176 YqP]l

(3.1)

(3.2)
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Figure 3.4. Quarter-point load case and the corresponding
shear and moment diagrams.
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Figure 3.6. Five-point bending test set-up.

Figure 3.6. Five-point bending test set-up.
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Table 3.3. Calculated elastic material properties from bending test data.

PL: grain direction parallel to the span.
PP: grain direction perpendicular to the span.
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Statistic n
G

(104psi)
n

MOE

(106psi)

Plywood PLa

mean 10 1.24 10 1.6

Std. dev. - 0.15 - 0.33

C.V.(%) - 12.19 - 20.72

Plywood ppb

mean 10 0.79 10 0.76

Std. dev. - 0.33 - 0.18

C.V.(%) - 41.53 - 23.37



IV. BIAXIAL EVALUATION METHODS

Objectives of Biaxial Evaluations

The uniaxial tensile strength, compressive strength, and shear strength, obtained

from standard test methods may be too conservative and limit the applications of wood-

based structural materials. Complex loading conditions rather than simple, uniaxial

loading conditions are often the case in real structures. The wood-based structural

component must be designed to withstand the complicated loading conditions. Multiaxial

tests are needed to evaluate the strength characteristics of wood-based structural materials

in more complex loading. The simplest form of multiaxial loading conditions is the case

of biaxial loading.

Biaxial testing was conducted in this study to:

Evaluate a method for testing wood-based structural panels under biaxial

loading conditions, including the fixture hardware, loading scheme, and rate of loading.

Obtain load-deflection data, which were compared with the output of finite-

element analysis.

Assess the predictability of strength under biaxial loads by using experimental

and analytical methods.

In this chapter, optimization of the biaxial test specimen, methods of biaxial

testing, and the evaluation of mechanical testing and finite-element modeling are

discussed.
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Biaxial Specimen Optimizations

The geometry of the test specimen is an important aspect in any experimental

investigation. The geometry of the specimen for obtaining mechanical properties of

materials dictates the character of the stress calculated from applied loads and the

uniformity of stress and strain fields in the test section of the specimen.

Basic Geometry Development

Planar Configuration. -- A standardized specimen geometry to be used for the

purposes of biaxial tests has not been identified. However, the criteria for development

of a cruciform specimen have been published. Based on prior art, a cruciform

configuration of specimen with a square test central section and slots on the arms was

developed and used in this study. The specimen geometry is shown in Figure 4.1. The

criteria for development of the cruciform specimen include:

Uniform stress and strain distributions in the test section of the specimen.

A stress at the test section that can be calculated by dividing each of the two

applied loads through the cross-sectional area.

The highest stress level can be observed in the test section, and it is there where

initial yielding occurs, with no stress concentration outside the area.

In the reported studies on development of cruciform specimens, the specimen

dimensions were relatively small; they were metals and composites having small basic

materials. However, such small dimensions cannot be used in this study because a small
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specimen would not represent the behavior of wood-based structural panels under

complex loading conditions.

For a preliminary biaxial test, a cruciform specimen was fabricated according to

several research studies (Manch and Galster, 1963; Makinde et al., 1992; Demmerle et

al., 1993; Tranxuan, 1995). The geometric parameters of this specimen were defined as:

width of the arms, 2Wa = 9 in. (228 mm)

length of the arms, L-Wa = 6.5 in. (165 mm)

radius of corner fillet between two arms, Rf = 1 in. (25 mm)

radius of corner in central region, Rc = 1 in. (25 mm)

radius of transition, Rt = 0.4 in. (10.2 mm)

thickness of test section, Tc = 0.4 in. (10.2 mm)

width and length of central test section, 2Wt = 9 in. (228 mm)

width of slots, Dslot = 0.25 in. (6.4 mm)

length of slots, Lsolt = 4 in. (101 mm)

number of slots = 7

position of slots = evenly spaced

ratio of the thickness of arm to the thickness of test section = 3.

In these 12 variables, the plywood thickness in the test section was constant. The

width and length of the arms were determined by the test fixture configuration. Seven

slots were cut at each arm to eliminate the transverse strain influences and to impose

uniform tensile loads to the test section of specimen by a set of narrow strips (Monch and

Galster, 1963; Arcan et al., 1978). It was found that a large fillet radius was not necessary
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to obtain a lower stress concentration at the corner fillet and an optimum value of 1.3 in.

(26.5 mm) for fillet radius was obtained by using finite-element analysis (Tranxuan,

1995). A fillet radius of 1 in. (25.4 mm) was employed when cruciform plywood

specimen were fabricated. The slots were equally spaced and this dictated the width of

the strips.

Reinforcement

All specimens tested in this study were reinforced over the entire specimen except

for the central test region to prevent failure in the arms. The reinforcement had same

geometry as base specimen and as fabricated using same plywood as the test specimen.

They were bonded on both sides of the base specimen using polyvinyl adhesive and

firmly compressed together in a cold press at a pressure of 100 psi for approximately 45

minutes.

The effects of reinforcement orientation of specimen were unknown and were

included in the investigation. Of interest were the effect of reinforcement orientation on

stress and strain distributions in the test section, load capacity, and failure modes. In the

present study, two configurations of cruciform specimens were designed based on the

orientations of reinforcements: the reinforcement was oriented parallel to the grain

direction of the face panel of the base specimen (00RF), and oriented perpendicular to the

grain of the face panel (90RF). Ten cruciform specimens were fabricated for this study --

five with each reinforcement orientation. All specimens were tested following the same

test procedures.



Finite-Element Evaluation of the Cruciform Specimen

The objective of the finite-element evaluation of the cruciform specimen was to

accurately represent the behavior of the specimen being evaluated. In particular, the

effect of specimen geometry on stress and strain distributions in the test section could be

evaluated by this method. Furthermore, the loading fixture had certain constraints that

limited physical testing to two quadrants of stress space; the finite-element method could

be used in all four quadrants of stress space.

The probable success of finite-element model is a function of several critical

model features: element type, element mesh, boundary conditions, geometric similarity,

and characteristic material properties. Many finite-element analysis programs are in use

today. In this study, the ANSYS® finite-element analysis program (version 5.2) was used

to perform the finite-element evaluations (ANSYS®, 1992).

ANSYS® Finite-Element Program

The ANSYS® finite-element program (Swanson Analysis System, Inc.) was

developed in the late 1960's and has been widely accepted and used since 1970.

ANSYS® was used because it is a general-purpose, finite-element analysis program. It is

a powerful tool capable of, but not limited to, performing the analysis of all disciplines of

engineering such as structural, mechanical, electrical, electromagnetic, electronic,

thermal, fluid, and biomedical (ANSYS®, 1992).
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The ANSYS® program is organized on two basic levels: Begin level and

Processor (or Routine) level. The Begin level acts as a gateway into and out of the

ANSYS® program. At the Processor level, several routines are available, each serving a

specific purpose. Users spend most time at this level to create a finite-element model, run

the model, and get the analysis results from the model. A general description of the

finite-element method was not discussed here as it can be found in text books on the

finite-element method (e.g. Bickford, 1990). The ANSYS® User's Manual provides

extensive discussions and details about the program; only the details essential to

understanding the procedures used in this study are discussed herein. A more detailed

description of the ANSYS® finite-element program used in the this study is given in

Appendix A.

ANSYS'9 Element Types. -- The ANSYS® element library consists of

approximately 100 different element formulations or types. Each element type is

identified by the element category followed by a unique number, i.e. Solid46. The

ANSYS® elements are categorized with respect to their applicability and features:

Their applicability to two- or three-dimensional analysis.

The disciplines to which they are applicable.

The number of nodes on an element.

Their distinguishing options.

Their characteristic shapes, etc.

The solid element type was capable of representing a solid material in three

dimensions. Some of the input properties associated with this element are: modulus of



elasticity, shear modulus, and Poisson ratios for all three principal element directions.

The primary output data consist of overall nodal solution, and the additional element

output, which includes loads, pressures, stresses, strains, etc.

Development of Finite-Element Model

Element Type

Since the main goal was to represent wood-based structural panels most

realistically, the selected element type must include the most parameters that describe the

physical and mechanical properties of wood-based composite materials.

The finite-element models presented in this section were built by using the

ANSYS® element type Solid46, which is a layered eight-node version of the three-

dimensional brick-shape, isoparametric quadrilateral element defined by eight nodes.

Each node has three degrees of freedom, which are translations in the nodal x, y, and z

directions. Layer thickness and layer material direction angles are also included. The

element type Solid46 can be used to model layered composite material such as plywood,

and the brick-shape elements can be defined by using orthotropic material properties.

This characteristic is important since wood materials can generally be described as

orthotropic.

The geometry, node locations, and the coordinate system for this element type

(Solid46) are given in Appendix B. In the model, element coordinate system was parallel

to the global coordinate system.
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Finite-Element Model

Figures 4.2, 4.3, and 4.4 show the models involved in this study. The criteria for

design of a finite-element model were uniform stress states and expected maximum stress

or strain in the central test field of the specimen. All finite-element models were modeled

in three dimensions. The 12 geometric variables previously discussed were used as input

parameters to build the finite-element models. Figure 4.2 is a model (single-layer model)

without reinforcement on the arms. The model shown in Figure 4.3 (reduced model) has

reinforcement on the arms, but the reinforcement tapers to the end of the corner fillets.

Figure 4.4 shows the model (full model) with reinforcement completely covering the

arms. The full model was selected for finite-element analyses and the results were

compared with that of experimental tests. Only 1/8 of specimen was modeled because the

biaxial specimen was elastically and geometrically symmetric. An example of input data

for development of finite-element model is given in Appendix C.

Element Mesh

The element mesh is generally described by coarseness. For a problem of simple

geometry and boundary conditions, a coarse mesh will provide a very adequate solution

to the stress analysis problem. However, problems of multiple materials, complex

geometry, and fracture require substantially refined element mesh. The analyst generally

refines the mesh until the solutions go unchanged from one refinement to the next. In this

study the full model was built using 234 elements in the central test field. The element
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size was partially based on geometric factors, such as width of slots. The mesh was

refined at the transition area and corner fillet. Figure 4.4 shows the element mesh of the

full finite-element model used in this study.

Boundary Conditions

After the finite-element model was built, a set of boundary conditions was then

imposed. The nodes on the vertical center axis (y-axis) were allowed only to translate

along y-direction, but movement was restrained in the x-direction. The nodes on the

horizontal center axis (x-axis) were allowed to displace along x-direction, but restrained

in y-direction. All nodes on the symmetric plane were fixed to prevent from moving

along the z-direction.

Elastic Properties

The model was assigned with elastic properties. These properties included moduli

of elasticity (MOE) in the three directions [longitudinal (X), radial (Z), and tangential

(Y)], shear moduli (G) for the three principal orientations, and Poisson's ratios. The

longitudinal MOEx values for each model were assigned based on the average results of

bending tests, and the MOE values for the other two directions radial (Z), and tangential

(Y), as well as the shear moduli for all three orientations, were derived from the MOEx by

using the methods given in the Wood Handbook (Forest Products Laboratory, 1987).

Those values are given in Table 4.1. Only one value for Poisson's ratio was assigned
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(y0.033), and the others were calculated by the ANSYS® program by using the

symmetry of stiffness matrices.

Effects of orientation of reinforcement on stress distributions in central test

section were investigated by redefining the reinforcement stiffness properties to represent

either 0-degree or 90-degree grain directions with respect to the face veneer of base

specimen.

Loadings

The models were evaluated by applying equi-biaxial loading (both pressure and

displacement) of an arbitrary magnitude, and unequi-biaxial loading to the edge nodes of

the arms in the form of a set of nodal forces. The ratios of unequi-biaxial loads were

defined as Py:Px = 0.0, ±0.5, ±0.75. The same ratios were used for displacement loading.

Expected Stress Distributions

The modeled geometric parameters lead to nearly uniform stress distributions in

the central test section under both equi- and unequi-biaxial loads. The results of finite-

element analysis indicated that orientation of reinforcement had no obvious effects on the

distribution of stress and strain in the test section of specimen. The stress distributions in

the central test section under equi-biaxial tensile loads are shown in Figures 4.5 to 4.7 (0

degree reinforcement) and Figures 4.8 to 4.10 (90 degree reinforcement): normal stress crx

(Figure 4.5), normal stress ay (Figure 4.6), shear stress txy (Figure 4.7), and normal stress
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ax (Figure 4.8), normal stress ay (Figure 4.9), and shear stress txy (Figure 4.10). The

stress distributions under unequi-biaxial loads are shown in Figures 4.11 and 4.12. These

stresses are reported for pathways designated as OX and OY. OX is the distance along

the boundary in the x-direction from the center point to the edge of the test section, while

the OY is the distance in the y-direction from the center point to the edge of the test

section. These results demonstrate the stresses are uniform across the test field but are

influenced by the boundary geometry.

Table 4.1. Elastic properties used in the finite-element analysis.

Property Value

Ex 1,800,000 psi

Ey 900,000 psi

Ez 1,204,000 psi

Gxy 120,000 psi

Gyz 13,000 psi

Gx, 13,000 psi

vxy 0.033
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PLOT NO. 1

MODAL SOLUTION
STEP=1
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TIME=1
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RSYS=0
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Methods of Biaxial Testing

The Test Fixture

A number of testing fixtures and testing systems have been developed for biaxial

tests. In this study, a fixture having symmetrically-jointed-arms was used. This fixture is

shown in Figure 2.1. It was designed and manufactured for biaxial tests of cruciform

specimens under displacement loading conditions rather than force loading conditions.

Details of the fixture design are given in Appendix D. This test fixture consisted of eight

arms made of rectangular steel tube. The arms were pin-connected to the specimen-

mounting heads, HI, H2, H3, and H4, at one end and the loading apexes, CI and C2, at the

other end.

The fixture was mounted on a conventional uniaxial tensile testing machine.

Mechanically the fixture converted the uniaxial load produced by the testing machine into

in-plane forces along the two perpendicular directions of the specimen. When loaded, the

fixture was expected to generate identical strains in the planar orthogonal directions.

Unlike the symmetrically-jointed-arm test fixture developed by Ferron and Makined

(1988), this test fixture was not intended to impose differential strain values to the

specimen in orthogonal directions during the tests. In addition, the fixture could generate

only tension-tension and compression-compression biaxial loads. These biaxial loads

represented quadrants I and III in stress space as defined in Figure 1.1.

A set of preliminary tests first was conducted to evaluate the fixture performance.

Two identical strain gauges were bonded on adjacent arms of the biaxial fixture. These
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gauges were monitored during a series of preloads to examine the forces within the arms

of fixture. By this method, the symmetry of force application could be studied.

The cruciform specimens were bolted to the biaxial fixture by using eight steel

splice plates -- one on the top and one on the bottom at the end of each arm. The bolts

were 1/2-in. (12.5 mm) in diameter and 5 in. (125 mm) long. The bolt shanks were long

enough that the specimen bearing was on the shank and not on the threads. Five bolts

were used in each side of the splice plate on each arm, hence 40 bolts attached the

specimen to the biaxial fixture.

For biaxial tensile tests, the fixture was mounted between the traversing crosshead

of the testing machine and machine weighing platform. The head C I was bolted to the

crosshead while head C2 was attached to a 25,000-lb load cell that was placed on the

weighing platform. When the traversing crosshead moved down, a uniaxial compressive

load was applied on the heads C1 and C2 of the fixture, the distance between the heads C1

and C2 decreased, while the distance increased between head pairs H1 - H2 and head pairs

H3 - H4. Thus, the testing specimen was subjected to equi-biaxial tensile forces. Figure

4.13 shows the test set-up for biaxial tensile tests.

For biaxial compressive tests, the test fixture was mounted by connecting head C1

to the fixed crosshead of the testing machine. Head C2 was connected to the load cell that

was mounted on the bottom surface of the traversing crosshead of the testing machine.

The configuration for biaxial compressive tests is shown in Figure 4.14. When the

traversing crosshead moved down, a tensile load was applied on the fixture through C1

and C2, the distance between the heads C1 and C2 was increased, while the distances
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between the specimen-mounting head pairs H1 - H2 and H3 - H4 were decreased. Then the

specimen was under equi-biaxial compressive forces.

Loading Method

Before the biaxial tests were conducted, the expected maximum load was

estimated by using uniaxial strength properties obtained from uniaxial tensile tests. The

calculation of the expected maximum load is given in Appendix E. This was done to

avoid accidentally breaking the specimen during the preliminary tests, which were

designed to examine the performance of test fixture.

Each specimen was loaded four times. The incremental load value for the first

three steps was approximately 1000 lb, and the time interval between loading was 30 to

45 minutes. First, the specimen was loaded to 4500 lb, unloaded to zero, and relaxed for

30 to 45 minutes. Then, the specimen was loaded to 5500 lb, unloaded, and relaxed, and

so on. Each specimen was loaded to failure as the last step. This procedure was used in

both biaxial tensile and biaxial compressive tests.

Rate of Loading

The biaxial tests were conducted at a constant loading rate, 0.05 in. per minute of

traversing crosshead motion. Maximum loads in the final load step were reached in not

less than three minutes nor more than 10 minutes. On average, the specimens were

loaded 6.41 ± 0.94 minutes from load initiation to failure.
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Measurement and Data Storage

During the testing period, load and strain readings were recorded by the computer-

controlled data acquisition system at one-second intervals. The real load-strain

measurements were written on the hard disk of the computer and copied to a floppy disk

after specimen failure. A load-strain curve subsequently was plotted for each strain

gauge on the specimen.

Biaxial Stress Analysis Methods

Strain Gauges

Strain gauges are often used in experimental stress analyses. Reports are limited

of strain gauge applications with wood-based composites. Questions and limitations of

using strain gauges with wood-based composite materials were discussed in several

research papers (Sliker, 1967, 1971; Bert, 1985).

In this study, electrical-resistance foil strain gauges were used to measure strain

values at a point of interest on cruciform specimen during biaxial tests. The strain gauges

were selected based on several parameters: strain-sensing alloy, backing materials, gauge

length, gauge pattern, and option features. The characteristics of the strain gauges are

shown in Appendix F. Two additional factors were considered important to this

application - temperature compensation and transverse sensitivity.
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Dry wood is a good insulator and a poor heat conductor. The mismatch between

the thermal expansion coefficients of strain gauge and the wood to which it is bonded

forced a need for temperature compensation. Temperature compensation can be

accomplished by using an active gauge and a dummy gauge in adjacent arms of the

wheatstone bridge circuit as shown in Figure 4.15. For this study, the dummy gauges

were mounted on Lucite® blocks. Lucite® was used because it is also a poor heat

conductor and has a low thermal expansion coefficient.

Transverse sensitivity in a strain gauge is referred to as the behavior of the strain

gauge to strains that are perpendicular to the primary sensing axis of strain gauge.

Errors in strain measurement due to transverse sensitivity are generally small. However,

in biaxial strain fields characterized by extreme ratios between principal strains, the error

in small strain calculations can be substantial if the strain measurements are not corrected

for transverse sensitivity.

The transverse sensitivity can be evaluated for a two-gauge 90-degree rosette by

using equations 4.1 and 4.2 (Measurements Group, Inc., 1982):

=
(1- 4ti0Kt2) -KtiE22 (1- P0Kt2) 4.1

- ISIKt2)

62-
e(1- p0Kt2) - (1 - ALAI)

(1 - isiKt2)
4.2
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Figure 4.15. Wheatstone bridge circuit with
temperature compensation.
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where

6ii, 622 = indicated strains from gauges 1 and 2 uncorrected for transverse

sensitivity.

Ktl, Kt2 = transverse sensitivity of strain gauges 1 and 2.

61, 2 = actual strains along gauge axes 1 and 2.

llo = Poisson's ratio of specimen

In this study, two identical foil strain gauges (gauge 1 and gauge 2) were bonded

in 90 degree rosettes by using epoxy adhesive on the cruciform specimens. Gauge 1 on

the specimen was placed in the grain direction, while gauge 2 was placed in the transverse

direction. Figure 4.16 shows the layout of strain gauges on the specimen. The strain

gauges mounted on the cruciform plywood specimen were the active strain gauges in the

quarter-bridge configuration. The temperature compensating gauge mounted on a Lucite®

block completed the half bridge. A signal conditioner (Vishay 2100) provided precision

resistors to make up the remaining half bridge. The signal conditioner was set up to

produce a 1 V dc excitation and a gain of 100.

Attenuation of the strain gauge signal may be a problem if the lead wires are too

long. Unshielded leads from the gauges to the terminal box were kept to 3 ft. (1 m) to

limit the losses of the gauge signal to less than two percent. The cables from the terminal

box to the signal conditioner were shielded, five-conductor, multi-strand wire.
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Brittle Coatings

The primary role of stress analysis is to evaluate an engineering structural design

for force distribution and strain values at critical areas when loads that simulate the

service conditions are applied to the structure. When the critical area, i.e. high stress

area, is not exactly known, the brittle coating method for experimental stress analysis can

be used for detection. Brittle coatings provide a full-field graphic picture of distribution,

direction, location, sequence, and magnitude of tensile strains. The directions of principal

tensile strains can be obtained from coatings because the brittle coating fractures

perpendicular to the principal tensile strains.

The brittle coating material used in this study was Stresscoat® lacquer (ST-

70F/21C). This was selected according to the temperature and relative humidity at the

time of the tests. Brittle coatings were applied to four of the ten cruciform specimens on

the one side of the specimen. The 90-degree strain gauge rosette was bonded to the other

face of the central field. Two of the specimens had 0-degree reinforcements, while the

other two specimens had 90-degree reinforcements. The specimen surfaces were cleaned

by removing dirt and dust before the brittle coating was sprayed. The spray can was filled

with lacquer to two-thirds full before it was charged with clean air and pressurized to

about 100 psi. When spraying lacquer on the specimen, quick but steady spray passes

with a spray distance about 6 in. (150 mm) were maintained. The brittle coatings were

built up slowly to a thickness of approximately 0.004 in. (0.1 mm) by applying several

light coats on the test specimen. The first coat did not cover the surface evenly but this

was evened out by subsequent coatings. A period of 30 seconds was required to
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evaporate the solvent in the material before another coat was sprayed on the specimen. A

nonflammable reflective undercoat was sprayed on two specimen to provide a uniform

background on the surface and eliminate any directional reflectance characteristics of the

surface. Same time intervals were used between two undercoatings. The undercoatings

were dried for 45 minutes before the Stresscoat® lacquer was applied. After the brittle

coatings were applied on the specimen, they were dried for at least 24 hours at room

temperature.

Evaluations of Mechanical Testing and Modeling

Performance of the Fixture

In biaxial tensile-tensile and compressive-compressive tests, the uniaxial loads

(machine load, P) produced by the testing machine were transferred into the arms of the

test fixture. The tensile or compressive loads (panel load, P') applied on the cruciform

specimen can be calculated from the load values acted on the arms. The load (Pa) values

on the arms can be calculated by using equations 4.3 and 4.4. Figure 4.17 illustrates the

method of calculation for the applied loads, which were applied on the specimens.

Fa =axA (4.3)

with



cr=ExE (4.4)

where

Fa = load values on the arms

= normal stress act on the arms

E = experimental strain values of the arms

E = Young's modulus of steel

A = cross-sectional area of the arm.

From the Figure 4.17, the panel load can be calculated by using equation 4.5.

P' = 2 x Fa x cos() (4.5)

where

P' = the panel load

B = the angle (35') between the arm and specimen.

When a unaxial machine load was 4500 lb (201N), for example, the calculated

panel load was approximately 3200 lb (161N).

To evaluate performance of the biaxial test fixture, two identical foil strain gauges

(gauge 3 and gauge 4) were bonded on adjacent arms of the test fixture. Gauge 3 was

related to gauge 1, which was bonded on the specimen in the grain direction of face
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veneer, while gauge 4 was related to gauge 2, which was bonded on the specimen in the

transverse direction.

During biaxial tensile tests, it was found that the strain values measured by gauge

4 were slightly greater than that measured by gauge 3. The corresponding strain values

measured by gauge 2 were larger than that measured by gauge 1. To find out what led the

different strains between gauge 3 and gauge 4, the specimen was rotated 90 degrees

(gauges 1 and gauge 4 aligned and gauges 2 and 3 aligned), and then tested again under

biaxial tensile loads. Larger strains were measured by gauge 4 and gauge 1. This

indicated that the test fixture had certain geometric asymmetry, which caused the strain

differences in the two orthogonal directions.

Load-strain curves were plotted for each specimen. Figure 4.18 shows a typical

load-strain curve. From Figure 4.18, it can be seen that two curves represented by gauge

3 and gauge 4 followed each other at the almost same slope after certain load values (i.e.

1500 lb). The difference of strains between two orthogonal directions on the arms of the

fixture indicated that two adjacent arms of the fixture took different loads, and may

produce different strains on the specimen, this is shown in Figure 4.18 by curves gauge 1

and gauge 2.

The same procedures were employed for biaxial compressive tests. From the

tests, strain values measured by gauge 3 were larger than that measured by gauge 4. The

related strain values measured by gauge 1 on the specimen were also larger than that

measured by gauge 2. The difference of strain values implied that specimens were not

tested under equi-biaxial strains.



In general, the performance of the test fixture was better when it was used to

conduct biaxial tensile tests than it was used to perform biaxial compressive tests. It may

provide good results for biaxial tensile tests and could be used to perform biaxial

compressive tests after making some modifications on the fixture.

Fixture Arm

Figure 4.17. Schematic diagram of the calculation
of load acting on the specimens.
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Figure 4.18. Biaxial tensile test load-strain data, showing
different strain values on specimen PA02 with OORF

and adjacent arms of the test fixture.

Tensile-Tensile Results

During biaxial tension tests, the crackling noises were heard at load level

approximately 4500 lb for specimens having 0- and 90-degree reinforcement. The

crackling noises were assumed to represent initial yield or interlaminar failure. Nonlinear

strain responses and full specimen failure did not occur at this load level. The gross

specimen load capacity actually exceeded the initial failure load by approximately a factor

of two.
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The ultimate failure loads and corresponding strains obtained from the

experimental tests are given in Table 4.2. Load-strain relationships were plotted for each

individual test. These are given in Appendix G. The experimental data were the strain

measurements at the point of interest on the cruciform specimens. The selected point was

located close to the center of the cruciform specimen and was approximately 0.7 in. from

center on the bisecting diagonal. Actually, the center point of the specimen would be the

preferred location for strain measurements. However, the center point translation was

expected to be small because of the symmetry of the specimen and loading conditions and

model boundary conditions may have caused stress anomalies. In addition, the selected

point was the nodal point in the finite-element model from which the stress and strain

values were obtained.

The strains at the failure, as shown in Table 4.2, in the two orthogonal directions

were very close for each reinforcement configuration; they differed by less than 5%. The

strains measured on the specimen having 90-degree reinforcement were larger than those

measured on specimens having 0-degree reinforcement. The differences between

measured strains were 31.8% for ex and 27.6% for Ey, respectively.

The finite-element stress-strain analysis results are given in Table 4.3. The full

finite-element model was analyzed under equi-biaxial tensile loads, which was the

experimental failure loads.

The experimental results were compared with finite-element results. The

comparisons are given in Tables 4.4. The differences between strain measurements sx for



the finite-element and experimental results were 6.7 percent and -5.2 percent,

respectively. The differences in strain measurements Ey were 9.6 percent and

-9.5 percent, respectively.

Table 4.2. Failure loads and strains for tension-tension specimens having 0-degree
(00RF) and 90-degree (90RF) reinforcements.

Table 4.3. Stresses and strains of finite-element analysis for specimens having

0-degree and 90-degree reinforcements.

100

Stat. n

OORF 90RF

Load

(lb)

Strain Load

(lb)

Strain

Ex EY Ex EY

mean 5 9865 0.0030 0.0031 11603 0.0042 0.0044

Std.

dev.
- 1732 0.00014 0.00016 1885 0.00017 0.00018

C.V.% - 17.6 4.6 5.4 16.2 3.9 4.2

Load

(lb)

Strain Stress (psi)

cx EY ax CTy

0-degree reinforcement

9865 0.0032 0.0034 5948 3229

90-degree reinforcement

11603 0.0036 0.0038 6650 3608



Table 4.4. Comparisons of finite-element to experimental strains for specimens
having 0-degree and 90-degree reinforcements.

experimental data.
finite-element results.
percent difference, (FE - EX) / EX x 100%.

Compressive-Compressive Results

A similar iterative loading scheme was used for biaxial compressive-compressive

tests. It was found that the test fixture was not adequate for the biaxial compressive tests

because the gripping plates tended to rotate, thus producing a bending moment on the

specimen. This caused specimen failure in bending, not in a compressive-compressive

in-plane stress state.

A simple lateral support was rigged in the fixture, and biaxial compressive tests

were conducted again. The problem was to design an appropriate lateral support because
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Source Strain (Ex) Strain (Ey)

0-degree reinforcement

EXa 0.0030 0.0031

FEb 0.0032 0.0034

Ac 6.7 9.6

90-degree reinforcement

EX 0.0038 0.0042

FE 0.0036 0.0038

A -5.2 -9.5
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the distance between the heads C1 and C2 increased when the uniaxial loads were applied

on the head C2 of the test fixture. To obtain experimental data from biaxial compressive

tests, a 10-in, long wood bar was used as the lateral support. The test set-up for biaxial

compressive tests shown in Figure 4.14 does not have the support bar in place. Each

specimen was loaded to failure and the maximum loads and corresponding strains were

recorded by computer-controlled data acquisition system. The failure loads are given in

Table 4.5.

Table 4.5. Failure loads and strains for compression-compression specimens
having 0-degree (00RF) and 90-degree (90RF) reinforcements.

OORF 90RF

Stat. n Load

(lb)

Strain Load

(lb)

Strain

Ex EY Ex EY

mean 5 10134 0.0031 0.0026 10261 0.0041 0.0031

Std. dev. - 21.1 0.0004 0.0002 691.9 0.0003 0.0002

C.V. % - 0.2 16.2 8.9 6.7 7.2 5.4



Effects of Reinforcement Orientations on
Biaxial Strength Characteristics

Effect on Load Capacity

Not enough experimental data were available to evaluate the effects of

reinforcement orientations on load capacity by using statistical methods. However,

experimental failure loads given in Tables 4.3 and 4.6 suggested that the load capacity

was not affected by the reinforcement orientations.

Effect on Failure Mode

For tension-tension tests, failure mode was influenced by reinforcement

orientation. Specimens having 0-degree reinforcement generally failed through one

corner and along the edge of the test region. The cracks were perpendicular to the grain

of the face veneer on the test specimen. Specimens having 90-degree reinforcement

failed through one corner and along the edge of the test region. The cracks were parallel

to the grain of the face veneer. One of the specimens failed through one corner and then

followed a jagged diagonal path across the center of the specimen.
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V. STRENGTH THEORY ANALYSIS

Methods of testing have some problems and limitations, especially as the loading

schemes and apparatus requirements become more complex. For this reason, it is of

practical importance that a reliable method of strength prediction is available. Thus,

rather than physically testing all probable material combinations, it may be preferred to

analytically predict composite performance.

Of specific interest in this study is the prediction of composite strength while

under a biaxial load. Plywood cruciform specimens were loaded to failure under biaxial

tensile-tensile loads during the tests. However, as shown in Figure 1.1, the biaxial load

might also take the form of compression-tension, compression-compression, or tension-

compression. Strength theory provides a tool to predict the multiaxial strength, in this

case biaxial strength, from uniaxial strength properties and knowledge of the biaxial

stress state.

The polynomial strength theory was calculated at one point on the cruciform

specimen. Because the stress field was uniform over the central test field, the results at a

single point should provide a reasonable estimate of initial failure. The point of interest

for the strength theory was the same as the stress analysis point of interest. Damage

analysis and propagation were not within the scope of this analysis.

The objective in this section was to apply the Tsai-Wu Tensor Polynomial

Strength Theory to plywood subjected to biaxial load. The uniaxial strength properties

and finite-element stress analysis were coupled through the strength theory to estimate
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biaxial strength in the quadrants of stress space that were not physically tested.

Furthermore, this approach facilitates analysis of uneven biaxial loads.

Calculation of Strength Tensors

To perform biaxial strength analysis by using the Tsai-Wu Tensor Polynomial

Strength Theory on plywood, the second- and fourth-rank strength tensors, Fi and

respectively, in the strength function, equation 2.3, were evaluated. Data for calculations

of the tensorial strength parameters came from the uniaxial strength values reported in

Tables 3.1 and 3.2. The strength tensors were calculated by using equations 2.5a to 2.5f,

and the stability conditions shown as equations 2.4a to 2.4c were evaluated. Uniaxial

properties reported in Chapter 3 were used for all strength tensors except F66. The

numerical value of F66 was from Leichti (1985), where S = 1100 psi. The numerical

values of the strength tensors for this plywood are given in Table 5.1.

Some researchers suggested that F12 equal to zero is reasonable and admissible.

Narayanaswami et al. (1977) employed Hoffman's theory and Tsai-Wu Tensor

Polynomial Strength Theory to predict the strength of boron-epoxy and E-glass/epoxy test

specimens under off-axis loads. They stated that F12 must lie in the range of - VFI1F22 and

1-1-'22 and the most convenient numerical value for F12 in this range is zero, and this

was verified as an acceptable choice for F12 for highly orthotropic materials. In his

studies on the strength of paperboard, Suhling (1985) recommended F12 = -3.4 x 10-8,
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which brought the inclination of the failure envelope semi-axes closer to zero, and

satisfied the stability condition.

For this study, the interaction term, F12, was evaluated by using equations 2.6 to

2.8. The numerical value of F12 evaluated by equation 2.8 was too large in comparison to

the product of F11 and F22 while F12 evaluated by Equations 2.6 and 2.7 satisfied the

stability condition given in equation 2.4c. The numerical values of F12 by each equation

are given in Table 5.2.

The practice of calculating the strength tensors based on uniaxial strength test

results effectively homogenized the plywood through the thickness. Conceptually, the

plywood was transformed to a fictitious homogeneous material having the same

macroscopic response as the real laminated material. The error imposed by this

assumption may be small if the microstructure is small compared to the overall

dimensions of the specimen and if the microstructure is a repeating unit. The through-

the-thickness homogenization precludes damage and failure analysis that are based on

interlaminar stresses.

Calculation of Stress Components

Stress components, ai and aij, in the strength function, equation 2.3, were

calculated by solving the Tsai-Wu Tensor Polynomial Strength Theory given one pair of

normal stress values. For example, given ax, then the strength theory equation was

solved for ay, and vice versa. In biaxial tension-tension, compression-tension, and

tension-compression stress space, the normal stress values used in the calculations of the
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equation 2.3 were not larger than the uniaxial strengths. However, in compression-

compression stress space, the normal stress values exceeded the uniaxial strengths. Two

roots were determined when solving the quadratic equation 2.3 for given normal stress ay,

and both of them were used to construct the ellipses in quadrants I, II, and IV. In

quadrant III, only compressive normal stresses, ay, were accepted as the correct roots

when solving equation 2.3 for given compressive normal stress, ax, and used to build the

ellipse in the quadrant III. Calculated stress components for construction of the strength

envelope are given in Table 5.3.

Table 5.1. Strength tensors for the tensor polynomial strength theory for plywood.

Parameter Value

F1 (104psi-1) 1.1682

F2 (104psi-1) 1.5896

F11 (10-8psi-2) 4.2615

F22 ( 10-8psi-2) 6.3078

F66 ( 10-7psi-2) 8.2644



Table 5.2. Calculations of F12.
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Strength Envelope

The strength envelope represented by the Tsai-Wu Tensor Polynomial Strength

Theory for plane stress state (Equation 2.3) is an ellipse in the a. and ay plane with fixed

shear stress levels of axy. The strength envelope is composed of four quarter-ellipses

joined at the coordinate axes to yield an envelope that is continuous and has continuous

slopes. The failure surface will not close if stability condition, Equation 2.4c, is not

satisfied.

The predicted strength envelope was constructed by using Tsai-Wu tensor

polynomial strength theory with shear stress axy = 0. Because, in this study, the normal

stresses a. and ay were assumed to be the principle stresses. The value of interaction term

F12 = -2.5923 x 10-8 was employed for all quadrants of stress space. The selected

numerical value of F12 was the result of equation 2.7 and satisfied the stability condition,

equation 2.4c. The predicted strength envelope closed as shown in Figure 5.1. The

intercepts of envelope with axis were the uniaxial strengths which are given in Tables 3.1

and 3.2.

Equation Function Value of F12

2.6 -(T1C1-FT2C2)-1 -2.5433 x10-8psi-2

2.7 41/(TiCiT2C2)] 1/2/2 -2.5923 x10-8psi-2

2.8 (1/XY'+1/X'Y-1/S2)/2 -3 .6134 x 10-7psi-2



Comparison of Results -- Experimental v. Strength Theory

Stress components, ax and ay, respectively, in the strength function, equation 2.3,

were calculated using the relationship for orthotropic stiffness and strains as given by

equations 2.13 to 2.15 based on the experimental data. The stiffness coefficients in these

equations, Cii, were calculated using equations 2.16 to 2.18. The elastic properties given

in Table 4.1 were used. Table 5.4 gives the stiffness coefficients, C11, C22, and C12 for this

plane stress problem.

Stress components were calculated at load level of 4500 lb (20 kN) with

corresponding strain values because audible cracking sounds were heard during the tests

when specimens were loaded to this load level. The cracking noises were assumed to

represent initial yielding or interlaminar failure. Even though the initial yielding did not

lead to nonlinear strain responses or full specimen failure, it was assumed that it was the

point at which the strength theory should be calculated. The calculated stress components

are given in Table 5.3. Shear stress 'c calculated, but it was near zero at this point,

and therefore, shear stress was ignored.

Biaxial strength predictions of Tsai-Wu Tensor Polynomial Strength Theory are

compared with experimental test data at load level approximately 4500 lb in quadrant I at

shear stress t" = 0. Figures 5.2 shows the comparison result for cruciform specimen

having 0-degree reinforcement. Plotted point (solid square) represents average of five (5)
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specimens stress values of Table 5.5. Figure 5.3 shows the comparison result of average
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of stress values obtained from five (5) specimens having 90-degree reinforcement with

theoretical predictions.

The finite-element stress-strain analysis results were used in the Tsai-Wu function

to compare to the theoretical predictions in quadrants II and IV of stress space as shown

in Figure 1.1. It is reasonable to use finite-element results for two reasons:

There was good agreement between biaxial experimental data and finite-

element results in quadrant I of stress space; the difference between experimental and

finite-element strains was less than 10%. Hence, predictions of stresses should be good

as well.

No biaxial experimental test data were available from quadrants II and IV for

biaxial strength predictions because the biaxial test fixture was limited to tension-tension

(quadrant I) testing.

An assumed applied machine load P = 4500 lb (20 l(N) was the basis for panel

loads, P', used in finite-element analyses to obtain stress values for quadrants II and IV.

The load ratios were -P'/P'y = -1, P'xi-P'y = -1, where P'x and Ply were the panel loads in

the x and y directions, respectively. The stresses and strains obtained from finite-element

results are given in Table 5.6. Figure 5.2 shows the comparison of finite-element results

with theoretical predictions. Plotted points (solid square) represent the finite-element

results.

Comparison was made in Quadrant III. Experimental compressive test data were

compared to the theoretical predictions. The calculated stresses for compressive-

compressive specimens having 0-degree and 90-degree reinforcement are given in Table
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5.7. Data for calculating stresses were from Table 4.8. Figure 5.2 shows the comparison

between experimental data (solid square) and theoretical predictions for the specimens

having 0-degree reinforcement, while Figure 5.3 shows the comparison for the specimen

with 90-degree reinforcement.

Table 5.3. Normal stresses (psi) ax and Gy for construction of the predicted strength
envelope.

Quadrant I Quadrant II Quadrant III Quadrant IV

ax CYy ax aY ax GY ax GY

3663 0 0 2916 -6404 0 0 -5436

2577 1000 -3333 2000 -7422 -1000 438 -5000

3025 2000 -102 1000 -8217 -2000 1351 -4000

2000 2766 -6404 0 -8812 -3000 2140 -3000

1000 3027 -9204 -4000 2789 -2000

0 2916 -9369 -5000 3316 -1000

-9235 -6000 3663 0

-8583 -7000

-8000 -7396

-7000 -7718

-6000 -7790

-4000 -7474

-2000 -6685

0 -5437
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Figure 5.1. Predicted biaxial strength envelope for plywood.



Table 5.4. Stiffness coefficients, C.

Table 5.5. Calculated stresses (psi) a, and ay based on measured strains Ex and ey
on the biaxial tension-tension specimens.

measured strain value in grain direction.

measured strain value in transverse direction.

OORF01: specimen number 1, 0-degree reinforcement.

90RF01: specimen number 1, 90-degree reinforcement.
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Coefficient Value

CH 1,803,929

C22 901,964

C12 59,630

Specimen Load exa C
b

Y sa. aY

OORFO lc 4494 0.1572e-2 0.1852e-2 2946 1764

OORFO2 4515 0.1496e-2 0.2099e-2 2824 2018

OORFO3 4546 0.1497e-2 0.2356e-2 3055 2213

OORFO4 4559 0.1715e-2 0.2056e-2 3216 1956

OORFO5 4515 0.1627e-2 0.2605e-2 3096 2492

90RFO1d 4497 0.1804e-2 0.1854e-2 3365 1780

90RF02 4514 0.1764e-2 0.2479e-2 3330 2341

90RF03 4490 0.1504e-2 0.1071e-2 2776 1055

90RF04 4529 0.1456e-2 0.1862e-2 2737 1766

90RF05 4532 0.1756e-2 0.2325e-2 3382 2168



Table 5.6. Finite-element results from analyses at the same load level as
the experimental data for 0-degree reinforcement specimens.

Table 5.7. Calculated stresses (psi) for compressive-compressive specimens

having 0-degree (00RF) and 90-degree (90RF) reinforcement.

114

ex EY
(Yx

(psi)
O'Y

(psi)

-Px'/Py' = -1 -0.002059 0.002146 -3555 1918

Px'/-Py' = -1 0.002059 -0.002146 3555 -1918

OORF 90RF

Strain Stress Strain Stress

ex Cy ax ay EX EY ax ay

-0.0031 -0.0026 -5747 -2530 -0.0041 -0.0031 -7581 -3040
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Figure 5.2. Comparisons of theoretical predictions (solid triangle points)
with both experimental biaxial test data and finite-element results

(solid square points) at load level P = 4500 lb (20 IN) for
the specimens having 0-degree reinforcement;

experimental results are shown in quadrants, I and III;
finite-element results are shown in quadrants, II and IV.
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Figure 5.3. Comparisons of theoretical predictions (solid diamond points)
with experimental biaxial test data (solid square points) at

load level P = 4500 lb (20 lcN) for the specimens
having 90-degree reinforcement.
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Summary

The biaxial tensile strength value at specimen failure was not greater than the

uniaxial tensile strength. It must be pointed out that the comparisons between

experimental data of biaxial tensile tests and theoretical predictions were not made based

on the ultimate failure loads, which were approximately two times greater than the load

values used. The comparisons were made based on the assumption of the load value

when the crackling noises were heard.

The cruciform specimen must be optimized to minimize issues related to stress

concentrations at the reentrant corner, transverse restraint, and end restraint of the arms.

These potential weaknesses were identified by the finite-element analyses and the failure

modes of biaxial tensile tests.

The brittle coating examination showed that a large area of uniform stress

distribution exists in the central region of the specimen and that the region of transition

from uniaxial stress in the arms to biaxial stress in the central region was small.

Buckling failure mode is a major concern when conducting the compressive tests,

both uniaxial and biaxial. Tung and Surdens (1987) conducted a study on the buckling of

rectangular orthotropic plates under biaxial loading. Simply supported edge conditions

were considered in their study because the buckling modes consist of integer numbers of

half sine waves in the two perpendicular directions. In their study, the lowest buckling

load occurred with a single half wave in an effectively short direction, or in both

directions if the plate was effectively nearly square under biaxial compression. Similar
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results were found from the present study when the cruciform specimens were tested

under equi-biaxial compressive loads.
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VI. CONCLUSIONS

The present study was designed to develop a method to assess the strength

characteristics of wood-based structural panels under multiaxial loads. Specifically, the

investigations were to focus on developing a method of imposing biaxial loads on a

cruciform-shaped multiple-layered plywood specimen. To attain this goal, the methods

of standard tests, biaxial testing, finite-element analysis, and biaxial strength theory were

employed. Based on the results from actual test and analyses in this study, the following

conclusions can be stated:

The optimization of geometric parameters for a cruciform specimen was

evaluated by using the finite-element method. The cruciform specimens were fabricated

based on optimized geometrical parameters and tested under biaxial loads. Gross

specimen failures were at the perimeter of the test field as suggested by the finite-element

analyses. Additional specimen optimization is needed to move the gross failure into the

test section of specimen.

Finite-element model developed in this study can be used as an alternative to

approximate the stress and strain values, which were used to conduct the biaxial strength

analyses in this study. The experimental test data measured at a point of interest on

specimen were compared with results of finite-element stress analyses. Good agreements

between experimental data, and finite-element results were found tension-tension

condition. Compression-compression results were not good because the experimental

measurements included bending strains.
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The symmetrically-jointed-arm test fixture designed and manufactured for

performing biaxial test was evaluated under biaxial loads. From the tests, it was found

that the fixture can be used to apply biaxial tensile loads on the cruciform specimens. It

was not adequate for biaxial compressive tests unless it is modified by redesigning the

joints and adding lateral support.

The method for applying biaxial loads on the specimens used in this study

effectively identified the load level when initial failure occurred, and this load level was

referred to as the "failure load". This load level was associated with audible crackling

noises, but gross specimen load capacity actually exceeded the initial failure load by

approximately a factor of two.

Strain gauges provided a good method of strain measurement and compared

with finite-element results and theoretical predictions.

It was found from this investigation that biaxial tensile strength at initial failure

(cracking noises) was very close to uniaxial tensile strength of plywood used in this study.

The strength theory prediction suggested that compressive-compressive strength should

exceed the uniaxial compressive strength.
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Appendix A: ANSYS® Program (ANSYS®, 1992)

The ANSYS® finite-element program allows users to communicate with the

program through a sophisticated menu system which is a shell built around a command

set that make the program easier to use. The menu consists of three "trees" of

information: Main commands, Utility commands, and Reference.

The Main command tree contains almost all ANSYS commands. Users spend

most their time in the course of an analysis, i.e. using commands to build a finite element

model by defining nodes and finite elements, applying loads and boundary conditions

onto the model, etc.. The Utility command tree contains commonly used commands such

as graphics controls, select logic, and parameters. The Reference tree contains reference

information such as general program information, help on the menu system, analysis

procedures, and element library. Although the user can communicate with the program

interactively via the menu system or by directly issuing commands, the ANSYS program

allows for the program to be run in batch mode as well.

The ANSYS® program works with a large database that stores all input and result

data in an organized fashion. The advantage of having such a database is that it allows

the user to list, display, modify, or delete any specific data item quickly and easily from

anywhere in the program, as well as terminate and resume a program session by simply

saving and rereading the data file.

The ANSYS® program has many finite-element analysis capabilities ranging from

a simple, linear static analysis to a complex, nonlinear transient dynamic analysis.
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However, the procedure for any finite element analysis can be divided into three distinct

steps:

- Build a model

- Apply loads and obtain solutions, and

- Review the results.

In the first part of the analysis, the user specifies the analysis title, defines ANSYS

element types, element real constants, material properties, and the model geometry. In

the second step, the analysis type and analysis options are defined, loads are applied, load

step options are specified, and the finite element solution initiated. In the last part of the

analysis, after the solution has been calculated, the postprocessors are used to review the

results.

As mentioned earlier, the ANSYS program handles many types of finite-element

analyses: static analysis, model analysis, harmonic analysis, transient dynamic analysis,

spectrum analysis, buckling analysis, along with several special purpose features such as

fracture mechanics, composites, and fatigue. Analysis of composite materials is one of

the most common applications of the finite element analysis and it is the only one of

interest for this study. Composite materials are materials which contain more than one

bonded material. Each material has its own structural and mechanical properties. Two

main types of composite materials are used in engineering applications: advanced fiber

and laminated composites. The ANSYS program can be used to model composite

materials by using layered elements. In this study only static structural analysis is used,

therefore static structural analysis are discussed. The primary unknowns (nodal degrees
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of freedom) calculated in a structural analysis are displacements. Other quantities, such

as strains, stresses, and reaction forces, are then derived from the nodal displacements.

Static analysis is used to determine displacements, stresses on the materials being

tested under static loading conditions. Both linear and non linear static analysis (not used

in this study) are possible. Static analysis is valid for all degree of freedom. The

program's frontal solver operation depends on a set of simultaneous linear equations to

predict the response of an engineering system.



Appendix B: ANSYS® Element (ANSYS®, 1992)

The ANSYS® element library consists of approximately 100 different element

formulations or types. Each element type is defined by a unique number and a prefix that

identifies the element category. The elements are categorized with respect to their

applicability and features, whether they are applicable to two or three dimensional

analyses, the discipline to which they are applicable, the number of nodes of the element,

the distinguishing options, their characteristic shape, etc.

The element type used in this study was Solid46, a 3-D Layered Structural Solid.

This element is capable of representing a layered thick shells or solid materials in the

three dimensions. The element is defined by eight nodes having three degrees of freedom

at each node: translations in the nodal x, y, and z directions.

The element can be employed with layer thickness, layer material direction angles.

Some of the input properties associated with this element include modulus of elasticity,

shear modulus, and Poisson's ratios for all three principal element directions.

Orthotropic material properties may be used with this element, which is an very important

characteristic because wood-based composite materials are generally described as

orthotropic. The primary output data consist of the overall nodal solution, and additional

element output, such as loads, pressure, stresses and strains, etc. The geometry, node

locations and coordinate system for this element are shown in Figure 1. The element

coordinate system is parallel to the global coordinate system, unless specified otherwise.
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Figure B-1. ANSYS® solid46 3-D layered structural solid element type.

134

Z J

/ > Y



/Title,Biaxial Test Modelling

III c*** Full Model
I I 11 c*** equal biaxial tension

/prep7 !!! Preprocessing
antype,static !!! Define analysis type
et,1,46,2,4 !!! Define element type

!!! Define the Material Properties for
!!! Material Type 1

r,1,3
rmore
rmore,1,0,0.046875,1,90,0.09375 ! Define layer thickness and
rmore,1,0,0.0625

mp,ex,1,1.6e6
mp,ey,1,0.8e5

mp,ez,1,1.1e5

mp,gxy,1,1.25e5

mp,gyz,1,1.2e4
(1987): 0.007 x
mp,gxz,1,1.2e4

mp,nuxy,1,.033

r,2,5
rmore
rmore,2,0,0.0625,2,90,0.09375
rmore,2,0,0.09375,2,90,0.09375
rmore,2,0,0.0625

Appendix C: Finite-Element Input File

layer orientation
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! MOE in x Direction (average of five-point bending tests)
! MOE in y direction (calculated from Wood Handbook(1987):
! 0.05 x MOE in x direction)
! MOE in z direction (calculated from Wood Handbook (1987):
! 0.068x MOE in x direction)
! Shear modulus xy (calculated from Wood Handbook (1987): 0.078

! xMOE in x direction)
! Shear modulus yz (calculated from Wood Handbook

! MOE in x direction)
! Shear modulus xz (assumed = gyz)

!Poisson's ratio (Wood Handbook,1987)

mp,ex,2,1.866 !!! Defined as material type 1
mp,ey,2,0.8e6

! Define layer thickness and layer orientation

!!! Define the Material Properties for Materials Type 2



mp,ez,2,1.1e6
mp,gxy,2,1.25e5
mp,gyz,2,1.12e4
mp,gxz,2,1.12e4
mp,nuxy,2,0.033

/angle,1,45,zm,1 !!! Sepcify graphical options
/angle,1,-45,xs,1
!!! Define Nodes for FEA Model

n,1
ngen,2,1,1,.125
ngen,3,1,2,.375
ngen,2,1,4,.25
ngen,3,1,5,.375
ngen,2,1,7,.25
ngen,3,1,8,.375
ngen,2,1,10,.25
ngen,2,1,11,.375
ngen,9,1,12,.25
ngen,9,1,20,.5
ngen,2,50,1,28,.125
ngen,3,50,51,78,.375
ngen,2,50,151,178,.25
ngen,3,50,201,228,.375
ngen,2,50,301,328,.25
ngen,3,50,351,378,.375
ngen,2,50,451,478,.25
ngen,2,50,501,528,.375
ngen,5,50,551,578,.25
ngen,5,50,751,766,.25
ngen,5,50,951,966,.5
ngen,5,50,1151,1166,.5

!III! nodes on fillet

n,1367,4.53175,5.25
n,1368,4.634,5
n,1369,4.75,4.8385
n,1370,4.8385,4.75
n,1371,5,4.634
n,1372,5.25,4.53175
n,1373,3.75,4.467
n,1374,4,4.366
n,1375,4.1615,4.25
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n,1376,4.25,4.1615
n,1377,4.366,4
n,1378,4.467,3.75

!III, nodes on 2nd and 3rd layers

ngen,2,2000,1,13780.20
ngen,2,4000,1,13780.60
nde1,17,23,1
nde1,801,1101,50
nde1,715
nplot

!!! Define Elements for Material Type

type,1
mat,1
rea1,1

e,1,2,52,51,2001,2002,2052,2051
egen,15,1,1
egen,11,50,1,15
e,551,552,602,601,2551,2552,2602,2601
egen,14,1,166
e,565,566,1378,615,2565,2566,3378,2615
e,566,616,1378,1378,2566,2616,3378,3378
e,601,602,652,651,2601,2602,2652,2651
egen,14,1,182
e,615,1378,1377,665,2615,3378,3377,2665
e,1378,616,666,1377,3378,2616,2666,3377
e,651,652,702,701,2651,2652,2702,2701
egen,13,1,198
e,664,1375,714,714,2664,3375,2714,2714
e,664,1376,1375,1375,2664,3376,3375,3375
e,664,665,1376,1376,2664,2665,3376,3376
e,665,1377,1376,1376,2665,3377,3376,3376
e,1377,666,716,1376,3377,2666,2716,3376
e,701,702,752,751,2701,2702,2752,2751
egen,11,1,216
e,712,713,1373,762,2712,2713,3373,2762
e,1373,763,762,762,3373,2763,2762,2762
e,713,714,1374,1373,2713,2714,3374,3373
e,1374,764,763,1373,3374,2764,2763,3373
e,714,1375,1374,1374,2714,3375,3374,3374
e,1375,765,764,1374,3375,2765,2764,3374
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e,1376,716,765,1375,3376,2716,2765,3375
e,716,766,765,765,2716,2766,2765,2765
e,66,67,117,116,2066,2067,2117,2116
egen,8,1,235
egen,2,50,235,242
egen,2,150,235,242
egen,2,200,235,242
egen,2,300,235,242
egen,2,350,235,242
egen,2,450,235,242
egen,5,50,283,290
e,24,25,75,74,2024,2025,2075,2074
egen,4,1,323
egen,15,50,323,326
e,752,753,803,802,2752,2753,2803,2802
egen,8,50,383
egen,2,1,383,390
egen,2,3,383,390
egen,2,4,383,390
egen,2,6,383,390
egen,2,7,383,390
egen,2,9,383,390
egen,5,1,431,438
e,1151,1152,1202,1201,3151,3152,3202,3201
egen,4,50,471
egen,15,1,471,474
e,916,1367,966,966,2916,3367,2966,2966
e,866,1368,1367,916,2866,3368,3367,2916
e,816,1369,1368,866,2816,3369,3368,2866
e,766,767,816,816,2766,2767,2816,2816
e,767,1370,1369,816,2767,3370,3369,2816
e,767,768,1371,1370,2767,2768,3371,3370
e,768,769,1372,1371,2768,2769,3372,3371
e,769,770,1372,1372,2769,2770,3372,3372

!!! Define Elements for Material Type 2

mat,2
rea1,2

e,2566,2616,3378,3378,4566,4616,5378,5378
e,3378,2616,2666,3377,5378,4616,4666,5377
e,3377,2666,2716,3376,5377,4666,4716,5376
e,3373,2763,2762,2762,5373,4763,4762,4762
e,3374,2764,2763,3373,5374,4764,4763,5373
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e,3375,2765,2764,3374,5375,4765,4764,5374
e,3376,2716,2765,3375,5376,4716,4765,5375
e,2716,2766,2765,2765,4716,4766,4765,4765 !(e539-e546)
e,2066,2067,2117,2116,4066,4067,4117,4116 !(e547)
egen,8,1,547 !(e548-e554)
egen,2,50,547,554
egen,2,150,547,554
egen,2,200,547,554
egen,2,300,547,554
egen,2,350,547,554
egen,2,450,547,554
egen,5,50,595,602 !(e627-e634)
e,2024,2025,2075,2074,4024,4025,4075,4074 !(e635)
egen,4,1,635 !(e636-e638)
egen,15,50,635,638
e,2752,2753,2803,2802,4752,4753,4803,4802 !(e695)
egen,8,50,695
egen,2,1,695,702
egen,2,3,695,702
egen,2,4,695,702
egen,2,6,695,702
egen,2,7,695,702
egen,2,9,695,702
egen,5,1,743,750 !(e775-e782)
e,3151,3152,3202,3201,5151,5152,5202,5201 !(e783)
egen,4,50,783 !(e784-e786)
egen,15,1,783,786 !(e787-e842)
e,2916,3367,2966,2966,4916,5367,4966,4966 !(e843)
e,2866,3368,3367,2916,4866,5368,5367,4916
e,2816,3369,3368,2866,4816,5369,5368,4866
e,2766,2767,2816,2816,4766,4767,4816,4816
e,2767,3370,3369,2816,4767,5370,5369,4816
e,2767,2768,3371,3370,4767,4768,5371,5370
e,2768,2769,3372,3371,4768,4769,5372,5371
e,2769,2770,3372,3372,4769,4770,5372,5372 !(e850)
eplot
finish ! finish preprocessing

tint Start Solution

/solu

It 111 Specify Symmetry Boundary Conditions on the Plate

nsel,s,1,16,1

139



nsel,a,2001,2016,1
nsel,a,24,28,1
nsel,a,2024,2028,1
nsel,a,4024,4028,1
dsym,symm,y
nsel,all
nsel,s,1,751,50
nsel,a,2001,2751,50
nsel,a,1151,1401,50
nsel,a,3151,3401,50
nsel,a,5151,5401,50
dsym,symm,x
nsel,all
nsel,s,1,1372
dsym,symm,z
nsel,all

11111 Put displacement

nsel,s,loc,x,9.5
d,a11,ux,.02
nsel,all
nsel,s,loc,y,9.5
d,a11,uy,.02
nsel,all

IIIII Put the pressure load

esel,s,326,382,4
esel,a,638,694,4
sfe,a11,3,pres-950
esel,all
esel,s,474,530,4
esel,a,786,842,4
sfe,a11,4,pres-950
esel,all
solv
save
fini

IIIII Start postprocessing

/postl
fini
/exit,all
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Appendix D: Design of Test Fixture

Fixture design is attributed to Ulf Esterberg and Claes Backlund. The design of

the test fixture included four parts: specimen connector, arms, "brass-bearing", and

connector plates. Among them, the design considerations of connectors and arms are

discussed in this section.

Specimen Connector

The shape and dimensions of specimen connector are given in Figure D-1. The design

load (P) that is going to be applied on the cruciform specimen is assumed not exceed

751(11 (16860 lb). The connectors transfer the forces to the specimen. The load-bearing

capacity is evaluated based on the cross-sectional area (Ac) and assumed load (P). The

effective cross-sectional area of connectors is 0.5 x 2 in. (12.7 x 50.8 mm), which gives

an 1 in.2 cross-sectional area.

The tensile stress (Fr) in the connectors was calculated by using the assumed load,

P, divided by effective cross-sectional area, Ae,

Ft = P / (D. 1 )

The calculated tensile stress (116.25 Nimm2) in connector is smaller than the

allowable tensile stress (200 Nimm2), the dimensions of connector were OK.
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Arms

Figure D-2 shows the shape and dimensions of arms. Buckling of the arms was a

major concern when designing the arms. The expected load acting on the arms was

approximately 45.8 kN, which was calculated from the assumed load.

The following Euler formula for critical force was used to obtain the critical load

value.

Pcr = (7t2 X I X E) / 2 (D.2)

where

Pcr = critical load.

I = b x h3 / 12, moment of inertia.

b = width of steel bar.

h = thickness of steel bar.

E = modulus of elasticity of steel.

X = length of the steel bar.

The calculated critical load was 1097 kN, which was greater than the expected

load, 45.6 kN, the arms would be stable, and the dimensions of arms were acceptable.

A brass-bearing was design to minimize the friction between the arms and brass-

bearing connectors. The bolts were selected according to ASTM designation A 325. The

allowable shear load for bolts is 48.15 kN (10700 lb), which was greater than the shear

load, 46.35 kN (10300 lb), that was expected on the bolts. Figures D-3 and D-4 show the

shape and dimensions of brass-bearing and steel plate, respectively.
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Figure D-3. Shape and dimensions of brass-bearing.
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Appendix E: Calculations of Expected Maximum Load

The expected maximum loads were evaluated by using Tsai-Wu Tensor

Polynomial Strength Theory. It was assumed that normal stress al = a2 in the strength

theory function, equation 2.3, and that ai = Pi / Ai and a2 = P2 / A2. Because Ai = A2 =

A, which was the effective cross-sectional area plywood panels, the Pi = P2 = P, then the

P can be calculated by using following equation:

P2(F 1 1 ± F22 ± 2F12) + PA(Fi + F2) - A2 =0 (E.1)
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Appendix F: Strain Gauge Characteristics

The precision strain gauges used for strain measurement on the biaxial test

specimen were manufactured by the Micro-Measurements Division of the Measurements

Group, Inc. EA series gauges are general purpose constantan strain gauges for

experiment stress analysis. The gauges were open faced with a 1 mil flexible polyimide

film backing.

Gauge type: EA-06-10CBE-120.

Resistance (0): 120.0 ± 0.15%.

Gauge factor at 24°C: 2.085 ± 0.5%.

Transverse sensitivity factor: -0.8 ± 0.2%.
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Appendix G: Load-Strain Data of Biaxial Tests
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