sms o T OOPY /
ez h
STRUCTURAIL RESPONSE of MARINE SANDWICH PANELS
to UNIFORM PRESSURE LOADING

by

e o

e

J. Rowland Huss i’ :
B.S. Ocean Engineering, U.S. Naval Academy '
(1981)
Noo!2 3@ = 89-G - os$o
Submitted to the Department of Ocean Engineering

in Partial Fulfillment of the
Requirements for the Degree of

v

NAVAL ENGINEER
and
MASTER OF SCIENCE IN MATERIALS SCIENCE
AND ENGINEERING
at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June, 1990

AD-A227 038

© J. Rowland Huss, 1990. All rights reserved.

The author hereby grants to M.I.T. and the U.S. Government permission to
reproduce and to distribute copies of this thesis document in whole or in part.

Signature of Author _/ . W Alqv
C/

Department of Ocean Engineering
May 11, 1990

Certified by oy M sy
ProfesYor-Frederick /M

cGarry
Thesis Supervisor, Department of Materials Science and Engineering

Certified by Vowave e udidhe,

Professor Tomasz Wierzbicki
Thesis Reader, Department of Ocean Engineering

Accepted by 772’ S A [ @» 6
‘ Professor Thomas W. Eagar
Chairman, Materials Science and Engineering Departmental Gr te Committee

Accepted by ‘?4’ /oy /of e L
— > Professor A.fbougfayea}michael

Chairman, Ocean Engineering Departmental Graduate Committee

i =,

»e,  Distribunon unlmnffl_ .

)
-

~
A




—

STRUCTURAL RESPONSE of MARINE SANDWICH PANELS
to UNIFORM PRESSURE LOADING
by

J. Rowland Huss

Submitted to the Department of Ocean Engineering and Department ot Materials Science
and Engineering on May 11, 1990, in partial fulfillment of the requirements for the
Degrees of Naval Engineer and Master of Science in Materials Science and Engineering.

ABSTRACT

oot
Sa Ty
: 9N

The deflection and strain responses of six marine sandwich panels to uniform
pressure loading are investigated. Panels are full scale typical of those found in a 40 foot
high performance deep-vee monohull. Three combinations of matrix-reinforcement are
used in the panel faces: bi-axial (0°-90°) E-glass in a fire retardant vinyl ester resin
(DERAKANE® 510A), bi-axial and double bias (#45°) Kevlar in DERAKANE® 5104,
and bi-axial and double bias Kevlar with an elastomer modified vinyl ester resin
(DERAKANE®8084). Polyvinyl chloride (PVC) foam AIREX® is the core material. A
panel test mechanism applies uniform pressure to panels 90 inches wide by 120 inches
long. The central test section is 30 by 60 inches-and is isolated by one panel span to
simulate in situ boundary conditions. Two pressure loading rates (static and cyclic) are
employed allowing examination of viscoelastic effects.

A material and mechanical characterization of the sandwich panel lower faces is
conducted. ;The faces are characterized by specific gravity, reinforcement weight and
volume fractions, and void content. The mechanical properties of tensile, compressive, and
flexural strengths and moduli, in-plane shear strength, and Poisson's Ratio are determined.
Material properties of the panel lower faces are commensurate with those typical of hand
lay-up molding processes. The lower specific gravity of Kevlar provides a panel weight
saving of 29%. Bias reinforcing in the Kevlar panel faces reduces in-plane mechanical
properties and they are lower than the E-glass faces.

A low elastic limit (5.5 psi), pronounced hysteresis, and presence of membrane
behavior are evident during static (0.0079 psi/sec.) loading tests. Bias reinforcing lessens
the difference between transverse and longitudinal strain components, and reduces the
transverse arching effect. The elastomer modified matrix gives a more non-linear response
with larger deflections and more permanent deformations.

A larger linear region with steeper slope are present during cyclic (0.684 psi/sec.)
testing. ‘Membrane behavior is not evident on a per cycle basis, yet its effect can be seen
over successive cycles. The non-linearity and hysteresis diminish with repeated loading.
After relatively few cycles, the deflection and strain responses become linear, the rate- -
normalized bending stiffness lessens, and the overall panel response approaches that
recorded during static tests.; Thus, the long term response of the panel is closely
approximated by static load.?g conditions.

Thesis Supervisor: Professor Frederick J. McGarry
Title: Professor of Materials Science and Engineering
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NOMENCLATURE

Panel longitudinal dimension, specimen gage length
Panel transverse dimension, specimen width
Thickness of face layers (uniform), specimen thickness
Support span width (3-point flexure test)
Load
Panel thickness between centers of face layers
Lower face thickness
Upper face thickness
Lower face elastic modulus
Upper face elastic modulus
Core elastic mo-.dlus
Overall panel thickness
Deformation in longitudinal direction (x axis)
Deformation in transverse direction (y axis)
Panel deflection (z axis), specimen deflection
Shear modulus of core
Elastic modulus of faces
Poisson's Ratio of panel faces
Assumed Airy stress function at panel boundary
Bending stiffness
Uniform pressure load normal to faces
Shear force per unit length of panel
Stress resultants per unit length of panel
Panel slope in x-direction
Panel slope in y-direction
Defined by Equation (5)
Defined by Equation (6)
? P
oy
pat
16Eth?

, non-dimensional load
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I. INTRODUCTION

I.1. OVERVIEW

Composite sandwich panels with fiber reinforced plastic (FRP) faces and low
density foam cores are fast becoming the structural material of choice in the marine small
craft industry. This is particularly true for high performance applications, where naval
architects strive to expand the craft operational envelope by improving the hull structural
performance. Most often this is accomplished with a simultaneous reduction in the hull
weight. In the commercial sector, the goal in expanding this envelope is typically higher
craft speeds with smaller, more efficient power plants. For military applications, the goal
is most often a higher payload capacity or combination of the two.

Although many benefits are realized by using sandwich panels. there is a trade-off
derivi 1 from the selection of low density foam cores. The tradeoff is the inability to
accurately predict the structural response of sandwich panels having such low density,
resilient foam cores. Panel prediction techniques for homogeneous isotropic materials are
well developed, but those for resilient foam cores are still evolving. Currently, there is an
effort in the marine industry to develop more precise methods of predicting the structural
response of this type of panel. As with any evolutionary process, validation of new
techniques with experimental results is necessary and desirable.

The objective of this research is to develop a realistic method for determining the
structural response of marine sandwich panels to uniform pressure loading and to test
candidate panels so the data can be used to support the evolution of new panel prediction
techniques. The panels are full scale, commensurate with those found in high performance
craft having overall lengths ranging from 35 to 50 ft. Within the limits of economic
feasibility, the boundary cc.ditions and the application of the pressure load simulate
conditions found in the actual craft. Supporting this objective are two additional
requirements. First, is a review of panel prediction techniques and their range of

applicability. This will help define data collection requirements and methods of presenting

1
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the results. Second, it is necessary to ascertain the material properties of the candidate
panels. This will enable direct application of prediction techniques and allow comparison
with experimental results.

The research is sponsored by Naval Sea Systems Command (PMS 300.4) for use
by the Combat Craft Division (Code 61) of the Naval Sea Combat Systems Engineering
Station, Norfolk, VA.

1.2. BACKGROUND

Sandwich panels are well suited for marine applications. The most significant
attributes are high strength and high stiffness-to-weight ratios. FRP sandwich panels using
E-glass reinforcement are 1.7 times stronger than aluminum and almost 7 times stronger
than steel on a per weight basis. Even greater differences exist when comparing stiffness
characteristics on a per weight basis. In this case, FRP panels are more than 100 times
stiffer than steel and 17 times stiffer than aluminum. [1]

Sandwich panels have several other attributes which make them attractive for
marine applications. Some of these include: smooth surface finish for excellent
appearance and reduced skin friction drag, good fatigue properties, excellent thermal and
acoustic insulation capability, reduced inner structure requirements for more useable
volume, superior environmental resistance, and excellent producibility. They are often
compared to I-Beams because of their geometry and method of transferring loads. The
relatively thin faces, sometimes referred to as skins, perform functions similar to I-beam
flanges. A thicker, light weight core, separates the faces and thereby acts like the I-beam
web. The loads are transferred in a method similar to I-beams. Tensile and compressive
stresses in the faces are accompanied by shear stresses in the core. Inability of the core to

absorb these stresses will cause the panel to delaminate so, the bond between the core and
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faces becomes an important factor in panel performance. The stiffness of a sandwich panel
derives from the distance separating the faces. The core must support the faces to prevent a
reduction in the face separation; if the core compresses, a reduction in the moment of
inertia will occur which can lead to panel failure. Unlike I-beams in flexure, in sandwich
panels the shear deformation plays a larger role and it cannot be neglected. This is
particularly true for the resilient foam cores used in the marine industry.

Several authors have pointed out that the core properties influence the performance
of a sandwich composite; most recommend that the core have low density, high shear
strength and shear stiffness, prevent buckling of the faces, and have good compressive and

tensile strength and stiffness perpendicular to the taces in the thickness direction.

1.2.1. Structural Response Prediction Techniques
Techniques which predict the structural response of panels vary in scope and
complexity. Earlier work based on classic plate theory is used for predicting finite
deflections while more rigorous techniques are developed for predicting large deflections.
In recent years, much of the design work for marine panels uses modified composite beam
theory due to its simplicity and ease of application. A review of some of these techniques

and their applicability to panels with resilient foam cores follows.

1.2.1.1. Panel Methods
In the late 40's and early 50's, considerable effort was directed to deriving sandwich
panel deflection prediction techniques. The majority of these refer to the work by Reissner
(2] where he derived a system of equations for small deflections of sandwich plates based
on a generalization of the classic homogeneous plate equations.[3] Several simplifying

assumptions were made by Reissner. These were: stresses in the faces parallel to their
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planes were distributed uniformly over the thickness of the face layers; the face-parallel
stresses in the core and their effect on the deformation of the composite plate can be
neglected: the core only resists the transverse shear and transverse normal stresses; the
nonlinear terms could be neglected in all but the most extreme cases of core softness.
Reissner arrived at a system of two simultaneous equations by following von Karman's
procedure for the homogeneous plate. The solution involved relating the force equilibrium

equations with the differential of an Airy's Stress Function:

2 2 2
_OF = %F J°F

Nx =9 §=.0%__
* ayz y 8x2 axay (l)

From the stress-strain relations, the first of two simultaneous equations was obtained in the

same form as for the homogeneous plate,

2

o*w
ox 9y

VVE=2 Ef“ - (a;;; xaaz;; ﬂ (2)

To obtain the second equation, the moment equilibrium equations were introduced into the
transverse force equilibrium equation and applied to the stress-strain relations. In the

resulting equation, the bending stiffness factor D was introduced,

2
D:ﬁ
A1 - v? 3)

and the second of the two simultaneous equations was derived.

o 2 32 2 2 2 32
DV2V2w=(1 ht g V-K F’Fodw JF dw  oFdw

- L - +
Arv2)Ge NPT ay2 a2 Toxdy amdy " ax2 ay2 @
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In the case where the core has infinite shear modulus, then Eqn (4) reduces to the form for
the homogeneous plate.

The majority of work on sandwich plate deflections which followed Reissner also
operated on the assumption that the face-parallel stresses in the core and the face stress
variation over the thickness of the face layers were negligible. However, several different
solution techniques were developed. Liaw and Little [4] developed the governing equations
for the bending of multi-layered sandwich plates by variational methods. They formulated
an energy functional with the stresses considered as independent variables and introduced
the stress resultants as constraint conditions using Lagrange multipliers. A neutral surface
was identified so the equation defining the plate deflection could be obtained in a manner
similar to Reissner. The analysis conducted by Ng [5] also employed some of the results
developed by Reissner, but it was based on a small parameter perturbation technique. Ng
used this method to predict the finite deflection behavior of uniformly loaded clamped
circular, elliptical, and rectangular sandwich plates resting on elastic supports. Throughout
the analysis, the sandwich plate material was considered to be elastic and the elastic support
reaction to be that of the Winkler type, where the reaction is proportional to the deflection.

Energy methods were also used extensively to predict finite deflections of
sandwich panels. Thurston [6] used an Lagrangian multiplier technique applied to energy
expressions to derive equations for predicting the deflections and buckling loads of
rectangular plates clamped on all four edges. In the analysis, he developed an expression
for the strain energy of the plate consisting of three parts; the strain energy of the face plates
in their own plane, the strain energy from bending of the face plates, and the strain energy
of shear in the core. (The strain energy due to transverse shearing in the faces and normal
strains in the core were considered negligible and not introduced.) The potential energy
expression was developed and included contributions from the energy of the distributed
transverse load and the distributed compressive load. Thurston used these expressions

applied to the Rayleigh-Ritz method of minimum potential energy to obtain an approximate
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solution. He introduced additional simplifying assumptions to reduce the complexity of
the solution. The established boundary conditions included setting the shear strain in the
faces equal to zero along the panel edges. This assumption was based on the application of
the principle of virtual displacements where longitudinal displacements are possible along
the edges parallel to the longitudinal axis and that transverse displacements are possible
along the edges parallel to the transverse axis. The displacement functions based on
symmetric loading included a double cosine series for the vertical displacements. a sine-
cosine series for the transverse displacements. and a cosine-sine series for the longitudinal
displacements. Since the coefficients of the vertical displacement function are not all
independent, Thurston employed the technique of finding an upper and lower bound on the
solution. The lower bound was obtained by using the complete set of coefficients but
without satisfying all the constraint relations. This method was based on the principle of
calculus of variations. The upper bound solution was obtained by satisfying all the
constraint relations from setting some of the vertical displacement coefficients to zero.

Since the work of Reissner, considerable effort has been devoted to deriving
equations for predicting large deflections of sandwich panels. This effort tried to resolve
the disparity between linear solutions and experimental results for plates having deflections
greater than the panel thickness. Various methods were used in references [7-11] to
develop the goveming equations and a corresponding approximate solution. The most
thorough of these methods appears to be that provided by Kao, Barron and Hartman [7].
They derived the three goveming differential equations using the principle of
complementary energy. In their analysis, expressions for the stress resultants were
obtained in terms of deflection, a stress function, and auxiliary functions. This allowed
evaluation of the plate stresses as well as the deflections. Two of the three governing
equations used in the analysis were derived by Reissner (Eqn's 2,4) and similar

assumptions were applied.
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The third equation was derived from relations between the stress resultants and

displacements by introducing two new functions.

B dy
P=0x T ay (5)
_9B _Jy
T dy ox (6)
Where:
ow  Q
B _5;+Gch )
_ 9w Q.
1= %y "G (8)

Boundary conditions were applied followed by substitution of Eqn's (7) and (8) into Egn
(5) using one of the five equilibrium equations. The Airy Stress function, Eqn (1), was

applied to the resulting equation and yielded:

0=V w. | +32_F82w_282F *w +82F82w
= Geh |17 5y2 3x2 ~ 7 3xdy 0x 9y * ax? 0y? )

The overall stress resultants were solved for in terms of  and v using the displacement

relations, moment equilibrium equations, and Eqn's (5) and (6). The resulting equations

were solved in terms of B and vy, where:

_D éLL—vE‘L’}_B_W
P } ox (10)

Gh|ox 2 dy

dy (11)
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Eqn's (10) and (11) were then introduced into Eqn (6) and simplified to yield the third

goveming differential equation.
DL-v) " (12)

Several other authors developed predictive techniques for determining large
deflections of sandwich panels. Alwan 8] used the method of complementary energy and
Lagrangian multipliers to treat plates with orthotropic cores. His technique was similar to
Reissner's, but, he accounted for the different elastic properties of the core by introducing
bending stiffness factors for both the longitudinal and transverse directions. Kamiya |9]
used the method of variational calculus developed by Berger. In his analysis, the
deflections were decoupled with the in-plane displacements which disregards the second
invariant of the middle plane strains of the plate. Kan and Huang [10] used the goveming
equations developed by Reissner and applied a power method to approximate the panel
deflections. This used ascending powers of the deflection variable for the six characteristic
equations. A series of linear differential equations were then obtained by equating like
powers of the deflection variable. Nowinski and Ohnabe [11] develop two govemning
equations in addition to those derived by Reissner and solved the four equations using the
variational principles of Lagrange. In their work, they developed methods which account
for differences in the elastic properties of the panel faces.

Comparison of experimental and analytic data using the finite deflection panel
methods are generally in good agreement for deflections on the order of the panel thickness
and for core materials having mechanical properties similar to aluminum honeycomb.[5]
As the magnitude of the deflections approach the panel thickness, nonlinear effects
dominate and the solution technique breaks down. The extent of the linear region is also

severely affected by the properties of the core. When the core shear modulus is
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significantly less than the face elastic moduli, the nonlinear terms dominate resulting in a
very limited linear region.

Larger deflections can be modeled using reference [7] techniques. but the
mechanical properties of the core become even more influential at larger deflections. It also
should be noted that the majority of these techniques fail to account for normal strains in
the core. In the case of resilient cores, normal strains are present with a reduction in core
thickness. If normal displacements in the core are present, a reduction in the panel moment

of inertia will occur reducing any benefit from membrane effects.

1.2.1.2. Beam Methods

Deflection prediction techniques based on a variation of sandwich beam theory
have been adopted extensively in the marine industry because of their simplicity and ease
of application to marine design. Plantema [12] was one of the first to publish many of the
relationships governing the bending and buckling of sandwich beams and much of his
work has been applied to design techniques in practice today. He derived the basic
formulas governing sandwich beam deflections by applying assumptions similar to those
applied by Reissner. Plantema believed that the essential difference between sandwich
beam analysis and conventional beam theory for bending was that the effect of the shear
strains in the core of the sandwich beam could not be omitted. In order to account for these
strains, he proposed that the total deflection due to bending was a combination of two
components. Thus, the partial deflection from bending and the partial deflection from
shear could be superimposed to achieve the total deflection. Plantema used this approach
to develop equations for the strain energy produced by moments and shear as a function of
their partial deflections. The solution to the total deflection of sandwich beam was obtained

by solving for the bending component of deflection using ordinary beam theory and
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solving for the shear component of deflection by integration of the shear force diagram.
The total deflection was then obtained by adding the two components.

Later, Weissman-Berman [13] expanded the method developed by Plantema to
predict the deflection response of FRP sandwich beams with resilient foam cores. In the
analysts, Berman calculated the deformations and stresses due to bending and warping
using thin walled bars theory. She introduced a core correlation factor to account for the
varniations in strains from varying equivalent core thicknesses. This was derived from
experimental data which illustrated the relationship between foam core beams having the
same total skin to core thickness ratio. A skin factor ratio was also introduced., since the
shear warping component depends on the face thickness. This was necessary to account
for the rather dramatic effect increases in face thickness have on the shear warping
component, and thus, an increase in shear stiffness for a similar strain. Weissman-
Berman, Petrie and Wang [14] expanded this analysis by presenting two additional
approaches to predicting the flexural response of FRP sandwich beams with resilient foam
cores. One approach considered the linear foam Airex® as an elastic foundation for the
skins of a sandwich beam. Ordinary differential equations were developed to predict the
response of the skin on the core, the skin stresses, the shear at the neutral axis, and the total

deflection of the beam. The method also introduced a new parameter «.

a=1-HR (13)

The parameter o was defined as the residual ratio of the energy permanently absorbed
(hysteresis) to the capacity of a material to store energy (modulus of resilience). The elastic
hysteresis loss (H) was calculated from the area enclosed by stress-strain curve when the
load was relaxed and the modulus of resilience (R) was calculated from the area under the
linear region of the stress-strain curve. This parameter provided a somewhat better

understanding of the dynamic response capabilities of the core.
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The second method presented in the analysis was a two-dimensional method which
used an extension of the spectrum method for solving Airy's stress function applied to a
three-layered beam of finite length. The goveming equations were developed as bi-
harmonic partial differential equations with the solutions expressed as infinite trigonometric
series. This allowed reduction of the partial differential equations to linear differential
equations with constant coefficients. Two assumptions were made which reduce the
complexity of the solution. The elastic constants and Poisson’s Ratio were assumed
constant for each layer. and the variation of stress and strain along the vertical axis were
assumed to be zero (plane-strain). This method allows prediction of the normal and shear
stress distribution in the cross section under the point load in addition to the beam stresses
and deflections.

Beam methods have been expanded to take into the account the effect of varying the
elastic moduli in the faces and core, and differing face thicknesses.[15] In this case the

bending stiffness of a sandwich beam was represented by:

In} yoh? (d-hy)* (d- hz)z d Yo
D = 2 (BB - 20 (BB - T2 (BB 4y T () 4 g - ), a4
and the distance from lower surface to the neutral axis was given by:
go= L (@ AEsE) - h{E, -E) - Epd?|
2 | (d-hoXEp-Ee) - hy(Ef-Eo) - Exd | (15)

Structural response prediction based on sandwich beam methods compared
favorably with three and four point sandwich beam flexure data in the linear-elastic
region.[13,14] However, conflict exists when these techniques have been used to predict
sandwich panel response. Comparison of sandwich beam and panel deflection test data by

Reichard [16,17] indicated that deflections from beam models were significantly higher
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than those from similar sandwich panels loaded by uniform pressure, and this was
particularly true for panels with bias reinforcing in the faces or having a resilient core
material. Additionally, Reichard proposed that the stresses in the cores of sandwich beams
were higher than those found in similar sandwich panels. and that the flexural response of
the beam was more dependent on the core properties. He attributed this disparity to

membrane effects which were present in the panels.

1.2.1.3. Finite Element

The use of finite element methods for modeling sandwich panel response has
increased with the development of faster, more capable computers. However use of finite
element methods in the small craft industry has been limited because of their relative
complexity, expense, and requirement for detailed material property characteristics. Unlike
the aircraft industry, there has been only limited information published on finite element
modeling of sandwich panel structures, particularly those having resilient foam cores.

Reichard [16,17] modeled the response of sandwich panels to uniform pressure
loads using the MSC/NASTRAN Finite Element Structural Analysis Program. Here, a
uniform pressure load was applied to the test panels which were assumed to have fixed-
end boundary conditions. Finite element predictions based on a pinned edge condition
(rotation without in-plane displacement) solution compare favorably to the panel results,
while the fixed edge condition predictions underpredict the actual panel response. Reichard
concludes that finite element modeling can be used to predict sandwich panel stiffness
however, pressure tests should be conducted to determine ultimate panel strength. Other
weaknesses noted in finite element modeling include: requirement for accurate laminate
material property characteristics, interpretation of the edge constraints for modeling the
panel boundary conditions in the actual craft, and the inability to model the through-the-

thickness response of resilient foam cores.
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Weissman-Berman, Petrie and Wang [ 14] have also used finite element methods to
predict sandwich panel response. In this case however, a small width section of a high
aspect ratio, pressure loaded panel was modeled as a point loaded simply supported
sandwich beam in flexure. Unlike the MSC/NASTRAN model which uses individual ply
laminate properties, the sandwich beam was modeled using three layers. The upper and
lower faces were modeled using plane-stress elements and three-dimensional brick
elements were used to model the core. Results of three-point sandwich beam flexure tests
and finite element predictions showed good correlation in the linear elastic region.
Additionally, it was noted that some finite element models do not support explicit
specification of the core shear modulus. In [14], the core shear modulus for Airex® was
calculated using linear elastic theory with an elastic modulus of 5500 psi and Poisson's

Ratio of 0.11 as inputs.

1.2.2. Development of the Panel Test Pressure

Experimental modeling of the pressure loading event imposed on a planing craft
operating at high speeds in a random sea is a major undertaking. This is evident when
considering that the duration of the pressure impulse is on the order of 40 to 60 msecs.
[18], and that the encounter frequency is approximately 1.2 Hz for a craft operating at 50
knots in deep water with sea state 3 surface conditions.[19,20] The project scope and
economic constraints do not lend themselves to modeling a dynamic event of this
magnitude and complexity. In the spirit of providing results which can be used with
existing design methods, it is necessary to formulate a method of testing the candidate
panels at an effective pressure load commensurate with that experienced by typical high
performance planing craft.

Several methods [18, 21-26] exist which predict the magnitude of the pressure

loads imposed on planing craft operating in a seaway. The majority of these methods are

23




empirically derived using craft characteristics, wave velocity, known or derived craft
accelerations, or some combination of these. Load distribution factors and impact area
pressure reduction relationships are applied to the derived impact pressure to obtain a mean
effective pressure. This mean effective pressure is then used by naval architects to size the
structural components dictated by the design area.

The methods of Silvia [22], Heller and Jasper [18], and Allen and Jones [23] are
used in this study to determine the mean effective pressure load on a candidate high
performance craft. The candidate craft characteristics are provided in Table 1-1. Applying
these methods to the craft characteristics results in an impact pressure of 24.7 psi. The load
distribution and area pressure reduction factors are then applied to obtain a mean effective
prescure. Based on these results and sponsor requirements, a pressure of 10 psi is

established as the design test pressure for the candidate panels.

_Table 1-1: Characteristics of the Candidate Craft

LCHARACTERISTIC CRAFT
Displacement (Ibs.) 18500
Waterline Length (ft.) 32
Chine Beam (ft.) 9
Deadrise Angle (deg.) 24
Draft (ft.) 3
Acceleration (g's) 5
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2. EXPERIMENTAL PROCEDURE

2.1. PANEL MATERIALS

Six sandwich panels 90 in. wide by 120 in. long were manufactured by Stolper
Marine, Fall River, MA. Two E-glass reinforced sandwich panels and ‘our Kevlar®
reinforced sandwich panels were made to marine industry standards. The E-glass
reinforced panels and two of the Kevlar reinforced panels have 2 fire retardant vinyl ester
matrix and two of the Kevlar reinforced panels have a non-fire retardant vinyl ester matrix.
The panels were hand layed-up and cured at room temperature. Temperature varied from

58° ¥ to 63° F during lay-up. The core was contact molded to the sandwich taces.

2.1.1. Reinforcement

The laminate schedule of the lower faces of panels 1 and 2 include one ply of 1.5
oz. per sq. ft. chopped-strand mat (CSM) and three plies of Vectorply® 1808. The CSM is
1.5 oz. per sq. ft. E-glass produced by PPG Industries, Inc., Pittsburgh, PA. The
Vectorply 1808 is an E-glass fabric consisting of two bi-axially (0°-90°) aligned plies of
continuous, non-woven fibers stitched to one ply of 0.75 oz. per sq. ft. CSM. The
Vertorply 1808 fabric warp and weft weights are 9 oz. per sq. yd. and with stitching yields
a total fabric weight of 25 oz. per sq. yd. Vectorply 1808 is produced by Bean Fiberglass
Inc., Jaffrey, NH.

The upper face of panels 1 and 2 contain three plies of the 1808 fabric. A 6 in.
wide doubler of 1808 is also added to the upper face to reduce local stress concentrations
imparted by the panel test mechanism. The doubler is collocated with the test mechanism
panel restraining frame. A sectional view of the E-glass reinforced panels less the doubler

and core bedding compound is illustrated in Figure 2-1.
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Figure 2-1: Sectional View of E-Glass Reinforced Sandwich Panels (Panels 1 and 2)

Panels 3 through 6 have Kevlar reinforced faces. The laminate schedule of the
lower face of these panels includes one ply of 1.5 oz. per sq. ft. CSM followed by two
alternating plies of Cofab® 2208 and Knytex® KDB 110. Cofab 2208 is a bi-axial (0°-
90°) Kevlar 49 fabric having 3.57 oz. per sq. yd. in the warp and weft directions and a total
fabric weight of 8.19 oz. per sq. yd. It is produced by Composite Reinforcements,
Tuscaloosa, AL. The Knytex KDB 110 is a double-bias (+45) Kevlar 49 fabric with a
total weight of 10.7 oz. per sq. yd. The Knytex® KDB 110 is produced by Knytex-
Proform, Sequin, TX.

The upper face of panels 3 through 6 contain two altemating plies of 2208 and
KDB 110. The doubler material for panels 3 through 6 is KDB 110. A sectional view of
the Kevlar reinforced sandwich panels less the doubler and core bedding compound is

shown in Figure 2-2.
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Figure 2-2. Sectional View of Kevlar Reinforced Sandwich Panels (Panels 3 through 6)

2.1.2. Matrix

A brominated vinyl ester resin (Dow DER AKANE® 510A) is used in panels 1
through 4. The DERAKANE 510A panels are promoted with 0.3% cobalt naphthenate
solution (CoNap) and catalyzed with 2% methyl ethyl ketone peroxide (MEKP). The
CoNap promoter is DMR cobalt 6% produced by Nuodex Inc., Piscataway, NJ. The
catalyst is Thermacure® Fast, a 8.8 £ 0.1 % active oxygen MEKP produced by Freeman
Chemical Corp., Port Washington, WI.

The matrix 1n panels 5 and 6 is a high elongation elastomer-modified vinyl ester
resin (Dow DERAKANE® 8084). The DERAKANE 8084 panels are promoted with a
0.4% CoNap solution and catalyzed with 3% MEKP.

Roor t=mperature mechanical properties [27] of clear castings of the two resins are

provided in Table 2.1.
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Table 2-1: Mechanical Properties of Candidate Resing

PROPERTY DERAKANE S510A| DERAKANE 8084
Tensile Strength (psi) 10-11,000 10-11.000
Tensile Modulus (ksi) 500 460
Elongation (%) 4-5 10-12
Flexural Strength (psi) 16-18.000 16-18,000
Flexural Modulus (ksi) 530 440
Heat Distortion Temp (°F) 220-230 170-180
Barcol Hardness 40 30

2.1.3. Foam Core

A rigid, closed cell, polyvinyl chloride (PVC) foam (AIREX™) is used in the six
test panels. The | in. thick core is contacted molded to the lower face using a polyester
based bedding compound (Core-bond™). The core and bedding compound are produced

by Torin Inc., Waldwick, NJ. Mechanical properties of AIREX [28] are provided in Table

Table 2-2: Mechanical Properties of AIREX®

| PROPERTY AIREX® N
Density (Ib./ft.3) 5-6
Compressive Strength (psi) 125
Compressive Modulus (psi) 9200

Tensile Strength (psi) 200

Tensile Modulus (psi) 10900

Shear Strength (psi) 170

Shear Modulus (psi) 2900
Flexural Strength (psi) 255

Flexural Modulus (psi) 7558

28




2.2. PANEL TEST MECHANISM

2.2.1. Panel Test Apparatus

The test apparatus allows uniform pressure loading of full scale sandwich panels
typical of those found in high performance craft. Panels 90 in. wide by 120 in. long and up
to 1.5 in. thick can be tested in a static or cyclic pressure mode. An actual panel test section
of 30 in. width and 60 in. length is isolated by one test section span in both the longitudinal
and transverse directions. This isolation allows simulation of boundary conditions similar
to those found in the actual craft. Figure 2-3 is a top view of the test mechanism frame
illustrating test section isolation.

Data collection for the panel test mechanism allows development of the panel
transverse deflected shape and the upper and lower face strain response as a function of the

applied pressure load.

2.2.1.1. Panel Test Frame

The panel test mechanism is composed of an upper panel restraining frame and
lower bladder support frame contained within a heavy I-beam outer frame. The upper
frame is constructed of 6x3x0.25 in. and 6x2x0.25 in. mild steel tubing capped with a
4x3x0.25 in. tubing doubler. The 6x3 tubing is continuous in the longitudinal dimension
and the 4x3 tubing is continuous in the transverse dimension. The tubing is welded into a
single frame with all interior comers reinforced with a 4 in. lengths of 2x2x0.25 in. angle.

Design of the upper frame is based on a grillage type analysis [29, 30]. In order to
decouple the panel deflections from the frame deflections, a longitudinal mid-span
deflection limit of ().25 in. is established for a maximum design load of 50 psi. This
restricts frame deflections to at least one order of magnitude less than the anticipated

maximum mid-span panel deflections of 2.5 - 2.75 in.
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The lower frame is a grillage network of 4x2x().25 in. steel tubing covered by a
0.25 in. thick steel deck. The 4x2 tubing members are continuous in the longitudinal
dimension and located on |5 in. centers. Transverse members are located on 30 in.
centers. The lower frame has a 4x2x0.25 tubing doubler located at mid-frame in both the
longitudinal and transverse directions

Design of the lower frame is also based on a grillage type analysts. However in
this case, the frame is designed to be yield stress limited. A factor of safety of 1.5 is
applied to a maximum yield stress of 46 ksi.

The outer frame is constructed of four W18x46 steel I-beams. The beam ends are
machined to 45° and joined at the top and bottom with ().25 in. thick comer plates and 0.75
in. diameter hardened steel bolts. The upper and lower frames fit within the outer frame
against the I-beam web and flange. They are secured to the I-beam web with ().5 in.
diameter hardened steel bolts. Two 1x1x0.125 angles are welded to the interior side of the
I-beam web. The longitudinally aligned 1x1 angle serves as a guide and supports the panel

during installation. A sectional view of the panel test mechanism is shown in Figure 2-4.
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Figure 2-3: Top View of Panel Test Mechanism Frame
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2.2.1.2. Pressure Control System

Pressure loading is achieved by regulating air pressure to a water storage tank
connected to a deformable bladder. The bladder is constrained by the test mechanism
frame and panel and provides the means to apply the uniform pressure load. Supply air is
available at 90 psi and 12 cu. ft. per min. from the M.LT. installed system. This is
delivered to the water tank by a (.25 in. diameter pipe and controlled manually by a
Kendall® model 10 pressure regulator. The regulator is manufactured by Fairchild
Industrial Products Co., Winston-Salem, NC. A 0.25 in. diameter quick action ball valve
on the supply air side and a (.75 in. diameter ball valve on the vent side provides the means
to cyclically load the bladder.

The 50 gal. water tank is equipped with a sight level indicator to monitor water level
during the filling and pressurizing process. The tank is connected to the bladder with a 2.0
in. diameter pipe that has a quick action 2 in. ball valve in line. The valve allows isolation
of the bladder during tank pressurizing and draining. It can also function as an alternative
means to control the bladder loading rate.

The bladder is 90 in. wide, 120 in. long and 4.75 in. tall. It is made of a (.04 in.
thick thermoset polyester based, high elongation polyurethane material. The material has a
durometer hardness on the Shore A scale of 93. The bladder is equipped with a 2 in. pipe
diameter filling orifice and a 0.375 in. diameter bleed line with a petcock valve is located in
an upper comer of the bladder to allow venting of trapped air. The bladder is constrained
on seven sides by the test mechanism frame, and on the top side by the test panel. It is
protected from chaffing by the addition of an 0.125 in. thick rubber lining. The bladder is

made by Aero Tec Laboratories Inc., Ramsey. NJ.
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2.2.1.3. Data Acquisition

Data acquisition is pertorrned by a Hewlett Packard Model 3497A control unit with
strain gage bridge completion assembly (Option 071) and a PC/XT computer using
software designed at M.L.T. Panel transverse deflected shape, sandwich panel face strains
and bladder pressure are sampled at rate of 300 times per sec. and recorded at a minimum
I sec. interval. A schematic of the data acquisition is shown in Figure 2-5.

Panel deflected shape 1s determined from three displacement transducers mounted
on a 2 in. steel channel cross-member that is welded to the upper frame. Each transducer
is an integrated unit consisting of a linear variable differential transtormer, a solid state
oscillator, and a phase-sensitive demodulator (LVDT). The LVDT's are produced by
Trans-Tek Inc., Ellington, CT. They are mounted at the mid (Model 0245-0000, £ 2.0 in.).
quarter (Model 0244-0000, £ 1.0 in.), and eighth (Model 0243-0000, + 0.5 in.) span
positions relative to the center of the longitudinal members of the upper panel restraining
frame.

Sandwich panel face strains are measured with FAET 25B-35-S6ET bi-axial 350Q2
strain gages produced by BLH Electronics. Canton, MA. Gages are mounted on the upper
and lower faces of the sandwich panels using Devcon® epoxy adhesive.

Pressure is measured with a Model AB-50 HP pressure transducer produced by
Data Instruments, Lexington, MA. The transducer is a semiconductor strain gage type
with an accuracy of H).25%.

Separate power power supplies drive the strain gages at approximately 2.0 V4. and
the LVDT's and pressure transducer at approximately 5.5 V.. A digital voltmeter is
connected to a distribution terminal to allow monitoring of the power supply input voltages

and LVDT's and pressure transducer output voltage.

34




f “ A - Mid-Span LVDT (* 2.0 in.)
I~ Quarter-Span LVDT (£ 1.0 in.)
' - Eighth-Span LVDT (+ 0.5 in.)

Data distribution and

!
|
|
|
monitoring termin: L .
\ Bi-axial strain gages
‘JJL located on upper and lower

TP I 5 WS

._-:jja jo ceo F face of sandwich panel

C

r b R L — ﬁwl
=l T )

|
|
|

an

Digital Volt Meter

Power Supply

Power Supply

( HP 3497A PC/XT

Data Acquisition Control Unit

Figure 2-5: Data Acquisition System




2.2.2. Panel Test Procedure

2.2.2.1. Panel Preparation and Svstem Initialization

Detailed panel preparation procedures were necessary prior to installation and
testing. The panels were trimmed and squared to nominal dimensions of 90 in. wide by
120 in. long. The edges were sanded and duct tape applied to the transverse ends to
prevent chaffing of the bladder. The doubler on the upper panel face was sanded to a
uniform height to prevent binding of the panel during loading and to allow uniform loading
against the panel restraining frame.

The bi-axial strain gages were aligned and mounted to the upper and lower faces of
the panel. Due to a coarse surface on the upper face, a thin layer of polyester filler was
necessary prior to strain gage installation. The filler was sanded smooth until the outer ply
of fiber reinforcement was exposed. A covering of non-adhereing film and thin rubber
matting was used to protect and isolate the strain gages from the bladder on the lower face.
A similar covering was used on the upper face to protect the strain gage from the mid-span
LVDT probe. Three-lead ribbon wire was soldered to the lower face strain gage and
securely taped to the panel surface prior to installation. The upper face strain gage leads
were connected after panel installation.

Panel installation required slight elevation of one end of the test mechanism frame
to free and allow removal of one of the transverse, outer frame I-beam members. Saw
horses cut to the required height were positioned under the panel to allow level entry into
the mechanism frame. The panel support guide (1x1x0.125 angle) was cleaned and
lubricated with liquid soap to reduce friction and ease panel entry. An even distribution of
loading force was necessary to keep the panel aligned with the frame and prevent panel
binding. When the panel was within 2 to 3 in. of the opposite end, the lower strain gage

leads were routed through an opening in the I-beam web and secured to a terminal
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connection. After panel loading, the outer frame I-beam was reattached and the test
mechanism frame was lowered to its foundation.

System initialization procedures followed panel loading. The water tank was tilled
to a height level with the test panel and entrapped air vented by pressurizing the system to
(.5 psi. When the all air was purged from the bladder, the water tank was vented to the
atmosphere and the pressure system allowed to stabilize. Power was then applied to the
data acquisition system. The LVDT cores were installed and LVDT's aligned to allow
initial voltage readings within their linear region. A 24 hour system stabilization and
warm-up period was maintained for all tests to eliminate heating transients from the
various electronic components. Upon completion of the stabilization period, all data
acquisition channels were zeroed.

Then the water tank w-s filled to ensure that an appropriate water supply was
available to support the * jume absorbed by the panel deflections. The additional water
provided a 22 in. static head and preloaded the panels to 0.8 psi. This allowed initial

stressing of the panel test mechanism frame and a constant hydrostatic load on the panel.

2.2.2.2. Pressure Loading Procedures

Two types of pressure loading were used in this study: static and cyclic. The static
pressure loading rate was approximately two orders of magnitude slower than the cyclic
loading rate. This allows some investigation of the rate sensitivity of this combination of
reinforcement, matrix, and core materials.

The static pressure sequence was a (.5 psi increase over a 30 sec. period with a 30
sec. hold at each 0.5 psi increment. A load sequence to 10.8 psi and back to 0.8 psi took
40 min. The pressure vs. time plots for the static pressure load tests are provided in

Appendix E.




The loading rate during the static pressure tests was controlled by manipulating the
pressure regulator. Visual feedback from the on-screen pressure reading, a watch, and
pressure-time schedule was sufficient to provide repeatability. Depressurization was
accomplished by securing the supply air ball valve and purging with the ().75 in. diameter
tank vent valve.

The cyclic pressure test loaded the panels at the maximum rate of the system. Prior
to these tests, the bladder was isolated from the water tank by closing the 2 in. ball valve.
The pressure regulator was then preset to 30 psi by opening the supply air valve and
adjusting the regulator. This procedure was necessary to achieve sufficient flow through
the regulator during the cyclic test. The supply air valve was then closed, tank vented to the
atmosphere, and bladder isolation valve opened. To initiate a cyclic loading test, the supply
air valve was fully opened and pressure allowed to increase to obtain an 10 psi deviation
(10.8 psi total pressure). After reaching this pressure, the supply air valve was closed and
tank vent valve opened. Multiple cycles were obtained by closing the vent valve after
reaching the initial pressure (0.8 psi), and repeating the procedure. System limitation in
this configuration was 16 sec. to load from 0.8 to 10.8 psi and 21 sec. to vent to 0.8 psi.
Total cycle period was 37 seconds. Pressure vs. time plots for the cyclic load tests are

provided in Appendix F.

2.2.3. Panel Boundary Conditions
Three types of tests were conducted on the test panels to determine panel boundary
conditions. These included; measuring deflections of the panel upper restraining frame,
measuring the panel deflections equi-distant from the upper restraining frame members at
the panel test section boundary, and measuring the in-plane deflections at the panel test

section boundary.




It was necessary to measure the panel upper restraining frame deflections in order
to determine the coupling effect between the panel and frame. This was accomplished by
attaching dial gages to two, 2 in. channel steel beams placed on top of the panel restraining
frame. The beams were simply supported at the ends and their lengths corresponded to
those of the longitudinal and transverse frame members. Mid-span deflections as a
tunction of pressure were monitored during testing of panel-1. Frame deflections were
less than 0.02 in. for pressure loads to 10 psi while mid-span panel deflections were 0.6 in.

Two additional tests were conducted to determine type of end fixity. At the test
section boundary panel deflections were measured to determine 1f comparable panel
rotations were present. A test fixture was made which could be clamped to the upper
frame and could measure panel deflections a distance of 4.375 in. from the frame, both
inside and outside the test section. This fixture was attached to the frame during the panel
static pressure tests at one of four positions and measurements taken at 2.5 psi intervals.
These locations corresponded to the mid-span position in the longitudinal and transverse
directions. In the panel transverse direction, deflections outside the test section were 6% to
11% more than the corresponding deflection inside the test section. Some inconsistencies
between panels were present. These inconsistencies were attributed to non-symmetry in
the doubler location and the relative bending stiffness of the panels. At the longitudinal
ends of the panel, deflections inside and outside the test section exhibited greater
inconsistency between panels. Detlections inside the test section were 5% to 14% larger
than deflections outside the test section for panels 1 through 4, while deflections for panels
5 and 6 were 30% to 35% larger inside the test section than outside the test section . Larger
panel rotations inside the test section for panels 5 and 6 were attributed to the type of panel
response and will be discussed in section 3.2.3.

In addition to panel rotations, it was necessary to determine if in-plane
displacements were present at the test section boundary. Fuji Prescale film (pressure

sensitive) was placed between the panel and restraining frame during one of the panel tests.
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Symmetric pressure distributions with respect to the frame centerline were recorded by the
microcapsules of the film and there was no evidence of shear or in-plane displacement.
Interpretation of the results from these tests allows a qualitative and quantitative
assessment of the type of boundary conditions imposed by the test mechanism. Upper
restraining frame deflections were more than one order of magnitude less than the
measured mid-span panel deflections. Therefore, the frame and panel deflection response
were effectively decoupled. Similar panel rotations inside and outside the test section.
particularly at the mid-longitudinal panel position, and no in-plane displacements at the test
section boundaries provides sufficient evidence to conclude that the panel test section has

clamped or tixed end conditions.
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2.3, MATERIAL PROPERTY TESTING

Material property tests were conducted on the sandwich panels to provide a
periormance baseline and allow comparative analysis. All specimen were taken from an
molded extension of the sandwich panel lower faces. Specimen orientation with respect to
the panel differed between the various tests. Specimen were pre-conditioned in accordance
with ASTM procedures. This included drying at 100° C for one hour following water
polishing and storage at 23° C and 45 (£5%) relative humidity for a minimum of 48 hours.

All mechanical property tests were conducted using an Instron Model 4505 test
machine. Data acquisition was performed by an IBM PS2 computer using Instron

Corporation, Series IX Automated Materials Testing System software, Ver. 4.006.

2.2.4. Characterization of Sandwich Panel Faces

The specific gravity and density of the sandwich panel lower faces was determined
in accordance with ASTM D-792 [31]. Specimens were cut and polished into nominal 0.5
in. width by 0.75 in. length and typically weighed between one and two grams. Specific
gravity was determined from the ratio of the specimen dry weight to the difference between
the submerged and dry weights.

The reinforcement weight and volume fraction for the E-glass panels was
determined by matrix burn-off tests and ASTM D-2584 [32] procedures. A preliminary
reinforcement weight and volume fraction for the Kevlar panels was determined by
multiplying the specimen area by the fabric weight per unit area and dividing by the
specimen weight. The 4 in. width by 6 in. length compressive specimen were used for this
calculation. Several unsuccessful attempts at determining fiber weight content were made
using matrix digestion techniques in ASTM D-3171 [33] and DUPONT Test Method 724
[34]. Failure of these methods was attributed to the chemical resistance properties of

DERAKANE 510A. Matrix digestion did occur using sulfuric acid (H2SOy4) at elevated
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temperatures. However at temperatures near or above 100° C, the HoSO4 severely
attacked the Kevlar tiber and fiber weight contents were not accurate.

The void content was determined in accordance with ASTM D-2734 |35]. A
specific gravity of 2.54 tor E-glass and 1.44 for Kevlar was used in the void content

calculations.
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2.2.5. Tensile Strength and Modulus

The tensile strength and modulus of the sandwich panel lower faces were
determined in accordance with ASTM D-3039 [36]. The longitudinal axis of the tensile
specimen corresponded with the panel transverse direction. Specimens were cut and
polished to a nominal 1.0 in. width by 12 in. length. Grip tabs of 3M Scotchply were cut
to a 2 in. length, sanded to a 10° angle of incidence, and attached to the tensile specimen
using FM 123 adhesive.

The cross-head rate for all tensile tests was ().1 in. per min. Data acquisition
sample rate was two samples per second.

One specimen from each panel was equipped with a model FAET-25A-12 S6 ES
bi-axial strain gage manufactured by BLH Electronics Inc.. Canton. MA. Strain gages
were used to determine the Poisson's Ratio and validate strain and modulus calculations.

Tensile stress was determined by dividing the load by the minimum cross sectional
area in the gage region. Tensile modulus was determined from the linear slope of the

Instron load deflection curve by:

Where:
vp

-—— = Linear slope of the load deformation curve
Vw

Tensile modulus values based on strain gage data were calculated by dividing the linear
slope of the load deformation curve by the specimen cross sectional area and the slope of

the longitudinal strain.
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The Poisson's Ratio was determined from the linear slope of the longitudinal and

transverse strain curves by:

- Vg,

Ve —
Ve, (7

where:
Ve, = linear slope of the transverse strain
Ve, = linear slope of the longitudinal strain

2.2.6. Compressive Strength and Modulus

The compressive strength of the sandwich panel lower faces was determined using
the method developed by Byers [37]. The longitudinal axis of the compressive test
specimen corresponded to the panel longitudinal axis. This orientation was not consistent
with the other tests but necessary because of a limited amount of test material. It was
justified from the quasi-orthotropic nature of the laminate Specimens were cut and
polished to a nominal 4.0 in. width by 6.0 in. length.

The compressive specimen was placed in a support fixture and loaded in edgewise
compression. The crosshead rate for compression testing was 0.1 in. per min.

The compressive stress was determined by dividing the compressive load by the
specimen cross sectional area. Compressive strain was calculated by dividing crosshead

deflection by the specimen length.

2.2.7. Flexural Strength and Modulus
The flexural strength of the sandwich panel lower faces was determined in
accordance with ASTM D-790 [38]. The specimen longitudinal axis corresponded to the

sandwich panel transverse direction.




Two series of flexural tests were conducted using specimen of differing geometry.
Specimens were cut to facilitate support span-to-depth ratio's of 40:1 and 16:1 for the
ASTM three-point bending procedure. This corresponded to specimen sizes ot (.5 in.
wide by 9.5 in. long and 0.5 in. wide by 4.0 in. long respectively.

The specimens were placed in a three-point test fixture equipped with support and
loading noses having a diameter of 0.5 in. to reduce stress concentrations. Flexural
specimen were loaded with crosshead rate of 0.5 in. per min for the 40:1 span-to-depth
ratio tests and .08 in. per min. for the 16:1 span-to-depth ratio tests. The outer-ply of the
sandwich panel lower face was loaded in compression during the 40:1 span-tc-depth ratio
tests and in tension for the 16:1 span-to-depth ratio tests.

The flexural strength of the specimen was determined from the maximum stress of

the fibers in the outermost ply by:

o= 3PL
2bt? (18)

In the case where the mid-span deflections exceeded 10% of the support span width, the

flexural strength was calculated using:
G= 3PL | 6(w)2 A(L) (W
thZ[ : L/ ‘L)(L)J

(19)

This correction factor was applied to all of the 40:1 span-to-depth ratio test results and to

specimens from panels 3 through 6 for the 16:1 span-to-depth ratio tests.
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2.2.8. In-Plane Shear Strength

The in-plane shear strength of the sandwich panel lower faces was determined in
accordance with ASTM D-3846 [39]. Specimens were cut and polished to a 0.5 in. width
by 3.125 in. length. A (.04 in. transverse notch was machined to one half the specimen
depth on opposing sides of the specimen using a water cooled diamond grit-edge blade.
These notches were cut to provide a centrally located (.25 in. longitudinal shear plane.

The in-plane shear specimen was placed in the required support jig with bolts
torqued to an approximate 1.0 Ibf.-inch. Specimen were loaded in edgewise compression
with a cross-head rate of 0.05 in. per minute.

In-plane shear strength was determined by dividing the compressive load by the
cross sectional area of the shear plane. In-plane strain was calculated by dividing crosshead

deflection by the specimen length.
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3. RESULTS and DISCUSSION

3.1. MATERIAL PROPERTIES OF SANDWICH PANEL FACES

Material properties of the sandwich panel lower faces are presented in tabular form
for reference and graphically for discussion. Detailed results including load-deformation,
stress-strain plots, specimen dimensions, and statistical analysis are provided in the related

appendix.

3.1.1. Characterization of Sandwich Panel Faces
The panel lower faces are characterized by specific gravity, reinforcement weight
fraction, reinforcement volume fraction, and void content. A summary of the results are
provided in Table 3-1. Panel face properties are commensurate with those typical of hand

lay-up molding processes. Differences between panels are attributed to the panel

constituents.
Table 3-1: Characterization of Sandwich Panel Lower Faces
Panel Specific Fiber Weight Fiber Volume Void Content
Number Gravity Content (%) Fraction (%) (%)
Panel-1 1.635 42.491 27.40 1.44
Panel-2 1.661 43.167 28.39 0.28
Panel-3 1.303 37.597 30.15 8.25
Panel-4 1.377 35.017 29.67 2.52
Panel-5 1.208 42.830 31.84 4.78
Panel-6 1.194 45.388 33.34 6.84

The E-glass/DERAKANE 510A panel faces exhibit specific gravity values 18.7%

to 27.5% greater than the Kevlar/DERAKANE 510A panels and 35.23% to 39.1% greater
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than the Kevlar/DERAKANE 8084 ones. The higher values are attributed to the specific
gravity of E-glass (2.54), as compared to Keviar (1.44).{40} Differences between the
Kevlar panels are attributed to resin type. The specific gravity of DERAKANE S10A s
1.32 and DERAKANE 8084 is 1.09. These values are obtained from clear castings of the
cured resins.

The influence of the hand lay-up molding process is evident in the reiniforcement
weight fraction, volume fraction, and void content results. During this process, E-glass
fabric wets-out easily, and entrapped air or voids can be observed visually and removed.
This is more difficult for Kevlar due to its poor wetting characteristic and opaque nature.

Bum-off test results for the E-glass panel faces are consistent with marine industry
standards. Reinforcement volume fraction values are lower than expected but may he
attributed to the loose or open nature of the Vectorply 1808 fabric. Void contents are also
within industry standards. Visually the void contents are noticeably lower than for the
Kevlar panels. ;

Quantitative assessment of the characteristics for the Kevlar panels has greater

uncertainty since the results of the matrix digestion tests are inconclusive. Reinforcement
weight fractions derived from specimen weight and area calculations are consistent, with
coefficients of variation less than 3.7%. Weight fraction values for panels 3 and 4 are 5%
to 10% less than those for panels 5 and 6. Differences may be related to the wetting-out
characteristics of DERAKANE 510A.

Void contents for the Kevlar panels are higher than the E-glass ones. Differences
are attributed to manufacturer experience and noted difficulties when working with
Kevlar.[41] The distribution of voids varies; visually there is a higher void content along

the panel boundaries and outside the panel test section.
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3.1.2. Tensile Strength and Modulus
Detailed results for tensile strength, modulus. and Poisson's Ratio tests for the
sandwich panel lower tfaces are available in Appendix A. Table 3-2 summarizes the results
which are presented in Figures 3-1 through 3-4. The panels with E-glass reinforced faces
have tensile strengths averaging 12% more than the Kevlar ones; these are attributed to the
amount of fiber reinforcement in the longitudinal (load) axis. The Kevlar panel faces have
2 plies with £45° fabric orientation. A reduction i strength occurs with fiber orientations

greater than £10° off the principle axis.[40]

Table 3-2; Tensile Characteristics of Sandwich Panel Lower Faces

Panel Number Strength (psi) Modulus (kst) Poisson's Ratio
Panel-1 23221 2024.2 0.316
Panel-2 23869 2150.6 0.319
Panel-3 23608 1937.8 0.202
Panei-4 18955 1538.4 * 0.197
Panel-5 20239 1632.7 0.187
Panel-6 20072 1515.7 * 0.237

* Value determined from load deformation analysis

Tensile modulus data based on load-deformation analysis are shown in Figure 3-2
and from a single strain gage measurement in Figure 3-3. Values from load-deformation
analysis are lower than the strain gage measured values for the E-glass panel faces. These
specimen failed outside the gage region near the tab edge. One surface of the specimens
have fiber strands aligned perpendicular (90°) to the longitudinal (load) axis. Between 90°
strands a locally reduced cross sectional area exists. This and stress concentrations from
the tabs promote tensile failure. The ultimate tensile strength values are not significantly

affected while larger displacements are present. These larger displacements provide
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reduced modulus values. Subsequent testing using non standard specimen sizes produced
similar strength values.

Modulus data for the Kevlar reinforced panels have greater consistency between
test methods. This is a result of tensile failures occurring within the gage region. In the
case of panels 4 and 6. modulus values derived from load deformation analysis are higher.
The strain gage specimen for these panels failed at the gage or close to it. Higher strains
are recorded and a lower tensile modulus is derived. Overall lower tensile modulus values
for the Kevlar panels are attributed to ply orientation.

Results of the Poisson's Ratio test are illustrated in Figure 3-4. The E-glass panels
have higher values but are consistent with other documented resuits.[40] Lower values for
the Kevlar panels are attributed to ply orientation and the greater disparity between the

tensile and compressive characteristics of Kevlar.
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Figure 3-2:  Tensile Modulus of Sandwich Panel Lower faces Based on Load
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Figure 3-3: Tensile Modulus of Sandwich Panel Lower Faces Based on a Single Strain
Gage Measurement
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Figure 3-4:  Poisson’s Ratio of Sandwich Panel Lower Faces based on a Single Bi-axial

Strain Gage Measurement
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3.1.3. Compressive Strength and Modulus

Detailed compressive strength and modulus data for the sandwich panel lower
faces are available in Appendix B. Table 3-3 summarizes the results whicii »:. - csented
in Figures 3-5 and 3-6. The E-glass panel faces have almost twice the compressive
strength of the Kevlar ones. They exhibit brittle tailure characterized by lond ciucking
noises and a catastrophic yield. The Kevlar/DERAKANE 510A specimen (panels 3 & 4)
have a similar but less pronounced type failure. In contrast, the Keviar/DERAKANE
8084 faces (panels 5 and 6) exhibit general yielding. This is evident both from the stress-
strain curves and from visual observations during testing. Specimen from panels |
through 4 have a larger change in slope (modulus) near yield than those from panels 5 and
6. Visually, there is less evidence of specimen failure: a reduction in the number of cracks
and the specimen remain intact, although deformed. This difference is explained by the
properties of the fiber and matrix. When compressed Kevlar fibrilates and the
DERAKANE 8084 is a high elongation, elastomer modified resin. The combination
produces a high compressive strain-to-failure. The DERAKANE 8084 specimen also
show greater scatter: the coefficients of variation are more than double those of the

DERAKANE 510A specimens.

Table 3-3: Compressive Characteristics of Sandwich Panel Lower Faces

Panel Number S;trg_gﬁh (psi) Modulus (ksi)
Panel-1 17564 1146.2
Panel-2 17351 1213.0
Panel-3 8586 774.7
Panel-4 9035 717.5
Panel-5 8055 725.0
Panel-6 9401 726.8
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The compressive modulus of the Kevlar panels average 37.6% less than E-glass;
the ditferences are attributed to less fiber reinforcement in the load axis, and a lower fiber
compressive modulus for Keviar. In the linear region, there is little difference between
specimens having the DERAKANE 510A or 8084 matrix. Approaching yield. the
DERAKANE 8084 specimen (panels 5 & 6) show larger out-of-plane displacements.
These suggest a transition from compression loading to combined compression and
buckling; the high elongation properties of this matrix may promote the transition. This is
a limitation of the test procedure and the modulus data are somewhat uncertain, but the

comparison of panel performance is considered valid.
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3.1.4. Flexural Strength and Modulus

Detailed flexural strength and modulus data for the sandwich panel lower faces are
provided in Appendix C. Table 3-4 summarizes the results which are presented in Figures
3-7 through 3-10. With the exception of two cases, the flexural strength and modulus
values obtained from method I (40:1 span-to-depth ratio) are higher than those determined
from method II (16:1 span-to-depth ratio). Different fracture modes are apparent between
methods. In method I, the CSM ply is in compression and the 1808 E-glass (° ply is in
tension (panels 1 and 2). Figures C-1 and C-3 illustrate the initial reduction in load
followed by recovery and fracture. The load reduction occurs as compressive failure
initiates in the CSM ply. Upon further deflection, the lower 0° ply becomes loaded in
tension and fails. There is a more abrupt failure mode for method I specimens (panels 1
and 2) where, the CSM ply is in tension and fails prior to compressive failure of the 1808
0° ply. A 16% higher flexural strength is achieved by loading the E-glass specimen with

the continuous ply (0° ply) in tension

Table 3-4: Flexural Characternistics of Sandwich Panel Lower Faces

Panel Number Strength (psi) _FModulus (ksi)
Panel-1 43286 1554.0*
Panel-2 42851 1687.6
Panel-3 25176 1135.6
Panel-4 23707 1228.3
Panel-5 26283* 1072.0
Panel-6 25000 1154.9

* Obtained from flexure test method 11

For panels 3 through 6, the CSM ply is in compression and the Kevlar KDB +45°
ply is in tension during method I tests. Perturbations in the load deformation curve occur

near yield as the £45° strands debond. Total failure is difficult to identify as the specimens
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continue to deflect through several loading and unloading cycles; Figures C-5, C-7, C-9,
and C-11 illustrate this.

In method II, the CSM ply is in tension and the Kevlar KDB 110 +45° ply is in
compression. The slopes of the load-deflection curves near yield are less with the CSM
ply in tension; this is shown in Figures C-6, C-8, C-10, and C-12. The compressive failure
mode of Kevlar may contribute to this behavior: as the specimen is loaded, general
yielding occurs on the compression face. Only after large deflections are reached is the
CSM ply loaded in tension. In several cases, there was no visual evidence when failure
occurred. The flexural strengths of the panel lower faces are shown in Figures 3-7 and 3-8.
The E-glass panels have flexural strengths averaging 41.9% more than the Kevlar ones.
Similarly, the flexural modulus ot the E-glass panels average 29% higher than the Kevlar
panels. The lower strength and modulus values for the Kevlar panels are caused by the
different ply orientation. Differences in performance between the panels of DERAKANE

510A and DERAKENE 8084 resin are not discermable.
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Figure 3-7:  Flexural Strength of Sandwich Panel Lower Faces with CSM Ply in
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Figure 3-8:  Flexural Strength of Sandwich Panel Lower Faces with CSM Ply in

Tension and a Support Span-to-Depth Ratio of 16:1
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Figure 3-9:  Flexural Modulus of Sandwich Panel Lower Faces with CSM Ply in
Compression and a Support Span-to-Depth Ratio of 40:1
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Figure 3-10: Flexural Modulus of Sandwich Panel Lower Faces with CSM Ply in
Tension and a Support Span-to-Depth Ratio of 16:1
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3.1.5. In-Plane Shear Strength

Detailed in-plane shear strength data for the sandwich panel lower faces are
provided in Appendix D. Table 3-5 summarizes the results which are presented in Figure
3-11. In-plane shear strength data provide an assessment of the fiber-matrix bond strength.
The E-glass panel faces average 19.1% higher than the Kevlar ones. This suggests the
vinyl ester matrix supports E-glass better than Kevlar.

Typically test results are scattered due to inconsistencies in specimen preparation.
In this case, the time and expense of machine cutting the specimen and the notches with a
water-cooled diamond grit-edge blade are justified. The coefficient of variation for the E-

glass panel faces average 3.3%, while those for the Kevlar ones average 8.3%.

Table 3-5: In-plane Shear Strength of Sandwich Panel Lower Faces

__ Panel Number Shear Strength (Esi) "
Panel-1 3648
Panel-2 3767
Panel-3 2942
Panel-4 3234
Panel-5 2739
Panel-6 3080
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3.2. PANEL TESTS

The deflection and strain responses of the panels to static and cyclic pressure
loading are presented in sections 3.2.1 and 3.2.2. Detailed results are contained in
Appendix E and Appendix F. A comparison of bending stiffness, deflection recovery,

tensile and compressive strain rates, and rate dependency are presented in section 3.2.3.

3.2.1. Static Pressure Loading
A description of the static loading sequence is given in section 2.2.2.2. Figures E-1
through E-6 show pressure versus time for the static pressure tests. The static pressure test

loading rates average (0.0079 psi/sec. with a coefficient of variation of 6.1%.

3.2.1.1. Deflection Response

The mid, quarter, and eighth-span deflection response of the panels to static
pressure loading are shown in Figures 3-12 through 3-17. The deflection recovery after 1
minute and 24 hours are shown on the plots. Some permanent deformations are present in
the panels prior to static pressure testing. These result from the cyclic pressure tests. (As a
sponsor requirement, the cyclic tests are conducted prior to the static tests to minimize
permanent deformations.) Panel deflection behavior is non-linear with pronounced
hysteresis. Differences between the two matrix resins are evident. The pressure-deflection
curves for panels 1 through 4 (DERAKANE 510A) are shown in Figures 3-12 through 3-
15. Two distinct slopes are present. A linear region occurs up to 5.5 psi: this appears to
be the first elastic limit. Above 6 psi, there is a finite reduction in slope and the response
becomes non-linear.

The deflections of panels 5 and 6 (DERAKANE 8084) are shown in Figures 3-16

and 3-17. These have a smaller linear region with a lower elastic limit (4 psi), larger
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deflections at maximum pressure, and more permanent deformation. Above 4 psi, the
pressure-deflection shape is similar to panels 1 through 4, however, at approximately 8 psi.
a change in slope occurs and the panels become stiffer. This indicates membrane behavior:;
it coincides with mid-span deflections which approximate the panel thickness.

The transverse deflected shapes of the panels are illustrated in Figures E-7 through
E-12. The magnitude of the quarter-span deflections for panels 3 through 6 (Kevlar) are a
larger fraction of the mid-span deflections than for panels 1 and 2. This suggests that the
Kevlar panels are responding in a different manner; larger quarter-span deflections indicate
less of an arching response. The flatter shape is due to the +45° plies present in the Kevlar

reinforced panels: they stiffen the panel diagonal directions.
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3.2.1.2. Strain Response

The longitudinal and transverse strain responses of the upper and lower faces are
shown in Figures 3-18 to 3-29. The strain recovery after | minute and 24 hours is
indicated on the figures. Tensile strains are present on the upper face and compressive
strains occur on the lower face.

The behavior of the E-glass panels (1 and 2) are shown in Figures 3-18 to 3-21.
The upper face transverse strains at maximum pressure are over 3.5 times greater than the
longitudinal strains; the differences between them are attributed to panel aspect ratio. Strain
is proportional to curvature: in the transverse axis, curvature is approximately twice that in
the longitudinal axis. Hysteresis is dominant in the longitudinal component: there is little
or no strain recovery until the pressure is below 5.5 psi. On the lower face of panel-1, the
transverse strain at maximum pressure is almost 2.5 times greater than the longitudinal
strain and during unloading, it relaxes. A more exaggerated response occurs on the lower
face of panel-2; the maximum occurs at approximately 8 psi and it reduces during the
remainder of the pressurization cycle. This is attributed to the presence of membrane
behavior. As the mid-span deflection approaches the panel thickness, membrane behavior
is introduced and the lower face begins a transition to a tensile strain condition. The
presence of membrane behavior is not evident in the longitudinal component, however,
subsequent testing at higher pressure levels revealed that the longitudinal strains also reach
a maximum at approximately 14 - 15 psi and then begin a similar transition to a tensile
strain condition.

The strain responses of the Kevlar/DERAKANE 510A panels (3 and 4) are
presented in Figures 3-22 to 3-25. These show smaller differences between the transverse
and longitudinal components than panels 1 and 2. This behavior is attributed to the
presence of bias (+45°) reinforcement: it provides diagonal stiffening which reduces the
transverse arching affect. On the lower face, the longitudinal strains are approximately

33% greater than the transverse ones. The transverse strains show evidence of membrane
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behavior at about 8 psi, and after unloading they show a residual tensile strain. After a 24
hour period. this recovers to a small compressive condition.

The responses of the Kevlar/DERAKANE 8084 panels (5 and 6) are shown in
Figures 3-26 to 3-29. On the upper face ot panel-5, the longitudinal strain reaches a
maximum at approximately 8 psi and it exhibits less hysteresis than the other panels. In
contrast, the longitudinal strain remains near zero in panel-6 and repeated tests with an
additional strain gage produced the same results. On the lower face of panel-5. the
longitudinal response resembles the transverse responses of panels 2, 3, and 4 by
indicating membrane behavior. This may be the result of damage sustained during cyclic
testing. The transverse response is also unusual: there is virtually no strain produced
during loading. This may reflect an inoperative gage or unknown panel damage. In most

respects, the response of panel-6 1s similar to that of panels 2, 3, and 4.
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3.2.2. Cyclic Loading
The cyclic pressure loading sequence is described in section 2.2.2.2. Pressure
versus time plots are shown in Appendix F. The cyclic loading rates averages ().684
psi/sec.. with a coefficient of variation of 8.5%, in contrast to .0079 psi/sec. for the static
tests. This difference is intended to explore viscoelastic effects in the behavior ot the

panels.

3.2.2.1. Deflection Response

The mid-span deflection of the panel is shown in Figures 3-30 to 3-35; only the
first and final responses are plotted to enhance clarity. Some similarities between the static
and cyclic responses exist. The first cycle response to cyclic testing also can be
approximated by two slopes, but in the cyclic case, the linear region has a steeper slope
with a higher elastic limit. For panels 1 through 4, the first limit is approximately 7 psi,
and for panels 5 and 6, it is 6 psi. Unlike the static tests, the evidence of membrane
behavior is not present for pancls 5 and 6: their pressure-deflection curves are similar to
the other panels. Further, panels 5 and 6 have larger deflections at the maximum pressure,
more pronounced hysteresis, and larger deformations at the end of the first load cycle.

All of the panels except one undergo ten cycles. In the final cycle, the response
throughout the load range is linear and the hysteresis decreases. In fact, as the cycling
progresses, the pressure-deflection plots become more linear and the hysteresis diminishes.
Further, the incremental deflection per cycle decreases, so the plastic actions in the panel

appear to exercise out.
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3.2.2.2. Strain Response

The strain readings from the upper and lower taces are shown i Figures 3-36 to 3-
47; only the first and final readings are presented. (The intermediate cycle data are in
Appendix F.)

The behavior of panel-1 is given in Figures 3-36 and 3-37. The upper face exhibits
the characteristic looping with pronounced hysteresis in the longitudinal component. Both
the transverse and longitudinal strains are linear during loading, the difference between
them is similar to that seen in the static case. On the lower face, the cyclic response differs
from the static one. Here, the transverse strain does not relax dunng unloading, but
instead, it shows a slight increase as the pressure is reduced. After successive loading
cycles, evidence of strain relaxation is present: the maximum transverse strain decreases
with each cycle. This indicates the presence ot membrane behavior and the slow transition
of the lower face to a tensile strain condition. The longitudinal strain ts similar to that
occurring during static loading: with each successive cycle, the strain increases.

The data from panel-2 are shown in Figures 3-38 and 3-39; the upper face response
has the same characteristic shape as panel-1. The lower face behavior aiso resembles
panel-1. Through successive loading cycles, the transverse strain reduces while the
longitudinal strain increases: by the tenth cycle, both components of strain have reached
approximately the same magnitude at maximum pressure.

The strain responses of panel-3 are shown in Figures 3-40 and 3-41. The upper
face behaves similarly to panels 1 and 2 but, the difference between the longitudinal and
transverse strains is smaller than on the E-glass panels. This is due to the #45° reinforcing
present in the Kevlar panels. On the lower face, the longitudinal strain is smaller than the
transverse in the first cycle. By the tenth cycle, the longitudinal strain has increased and
exceeded the transverse. In all cycles very little hysteresis is evident in the transverse

component, but the longitudinal strain continues to show considerable hysteresis.
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The actions of panel-4 are shown in Figures 3-42 and 3-43; it is very similar to
panel-3. One difference is the greater transverse strain relaxation which occurs on the
lower face of panel-4; by the tenth cycle, this has reduced 33.7%, compared to 24.8% for
panel-3.

Panel-5 data are shown in Figures 3-44 and 3-45. The upper face longitudinal
strain curve has a large amount of permanently induced strain: after 10 cycles it is twice
that of the previous panels. The difference may be caused by the high elongation of the
DERAKANE 8()84 resin or by local damage occurring in the first load cycle. The lower
face also has several differences from the other panels. The longitudinal first cycle strain is
of greater magnitude than the transverse strain and it has a large hysteiesis component. By
the tenth cycle, the hysteresis has virtually disappeared. The first cycle transverse strain
shows evidence of membrane behavior and it recovers as a tensile strain after unloading
but later cycles elicit virtually no response. This behavior is present during static loading
and it suggests a strain gage failure or local panel damage.

The upper and lower face strain responses of panel-6 are presented in Figures 3-46
and 3-47. Large transverse strains and smaller longitudinal strains occur on the upper face
which is in contrast to the other Kevlar panels, where the two strain components differed
less. The same response is seen during the static pressure test and as previously
mentioned, another strain gage produced similar results. This suggests the presence of
local panel damage rather than equipment malfunction. On the lower face, the transverse
strain recovers to a tensile condition after 10 cycles and it also exhibits very little hysteresis
after the first cycle. The longitudinal strain response is similar to panel-5: during the first
cycle, hysteresis effects are dominant. By the tenth cycle, there is no evidence of hysteresis

and the response is very linear.
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M N W T o e A s

3.2.3. Comparative Panel Performance
There are many characteristics which can be used to compare panel performance:
some of these are important to the naval architect because of the severe conditions in a
marine environment. Among these are: mid-span deflection and recovery. deflection rate
effects, panel bending stiffness, and various other rate responses. Comparisons made on

these characteristics are presented in the following sections.

3.2.3.1. Deflection Response

Comparison of the mid-span deflection responses during the load cycle of the static
pressure test is illustrated in Figure 3-48. Each deflection is normalized by the panel
thickness. The influence of the elongation properties of the matrix are clear: the
Kevlar/DERAKANE 8084 panels (5 and 6) have more initial deformation from the cyclic
loading tests and greater deflection at test (design) pressure. Using a deflection limit of
span/100, panels 5 and 6 are limited to approximately 2.8 psi design pressure while the
DERAKANE 510A panels can accommodate about 7 pst.

The mid-span deflection recovery after static pressure testing is shown in Figure 3-
49. They average 7.1% for a 1 minute recovery period, and 58.5% for a 24 hour period:
little additional recovery occurs thereafter.

The mid-span deflection during the first and final cycles of the cyclic pressure tests
are given in Figures 3-50 and 3-51. These provide some indication of the rate sensitivity of
the panels and of the effects of repeated loading. In Figure 3-50, the response of panels 5
and 6 is more non-linear, especially at higher loads. They also average 45% more
deflection at the maximum test pressure. After cycling, the response becomes linear; see
Figure 3-51. Here the deflections of panels 5 and 6 are larger than the DERAKANE 510A
panels. Also the disappearance of the non-linear response suggests the core influence is

reducea by multiple cycles; the panel faces appear to dominate.
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A comparison ot the mid-span deflection rates for the different loading conditions
is presented in Figure 3-52 where, again the deflection behavior of the
Kevlar/DERAKANE 8084 panels is evident: static rates for these average 48 .87 higher
and cyclic rates average 28.9% higher.

When the loading rate is divided by the deflection rate, a rate dependent bending
stiffness is obtained. This is shown in Figure 3-53 where the stiffness increases at the
higher rates. The Kevlar/DERAKANE 8084 panels (5 and 6) average 27.8% less stiffiiess
than the other panels.

In Figure 3-54, the bending stiffness at static loading conditions is graphed with
that shown during the first cycle of the cyclic pressure test. The slope of the line indicates
rate sensitivity: as the rate increases, the panels become stiffer. In contrast. see t 1gure 3-
55: this shows that after repeated loading, the stiffness decreases and approaches that from
static loading. This means that the panels should be designed for static load conditions

since they exhibit a similar type of response after repeated cycling.
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3.2.3.2. Strain Response

Comparison of the upper and lower face strain rates during static pressure testing is
presented in Figures 3-56 and 3-57. On the upper face, the transverse rate for the E-glass
panels average 13.9 times greater than the Kevlar/DERAKANE 510A panels (3 and 4)
and 9.3 times greater than the Keviar/DERAKANE 8084 panels (5 and 6). The high rates
for the E-glass panels are caused by the orthotropic (0°-90°) ply orientation in the faces
which contrasts to the bias reinforcing (+45°) in the Kevlar panels. The latter provides
diagonal stiffening and a more balanced strain condition. Also, Kevlar has a higher
modulus in tension. [40]

On the lower face, the rates are a factor of ten less than the tensile rates, the
transverse strain rates are more equal among the panels, and the difference between the
transverse and longitudinal rates of the E-glass panels on the upper face are reduced. The
lower compressive rates are attributed to a thicker lower face: additional reinforcement
(one ply of CSM) is present. The greater consistency between panels is attributed to the
response of the constituents: in compression the response is that of the matrix while in
tension it is that of the fiber.

In Figures 3-58 and 3-59, the tensile and compressive strain rates during the first
cycle are shown . Unlike the static rates, the transverse rates for the Kevlar panels are
nearly the same as for the E-glass panels as are also the longitudinal rates. In comparison,
only the transverse rate of panel-5 and the longitudinal rate of panel-6 differ from the
norms. Both in tension and compression, the longitudinal rate for the Kevlar panels is a
smaller percentage of the transverse rate than is the case in the static test.

A comparison of the upper and lower face strain rates during the final cycle of the
cyclic tests is shown in Figures 3-60 and 3-61. Here, the transverse tensile strain rates for
the Kevlar/DERAKANE 8084 panels (5 and 6) average 40.3% higher than those for the
Kevlar/DERAKANE 510A panels (3 and 4). On the lower face, the longitudinal rates for

the Kevlar panels are nearly the same as the transverse rates; this is similar to the static
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case. It suggests that cycles reduce the differences between the longitudinai and transverse
rates, and that the final response of the strain components is the same as produced by static
loading.

In Figure 3-62, the upper face transverse tensile strain rates are compared: the E-
glass panels are less rate sensitive than the Kevlar ones. The lower face transverse
compressive strain rates are compared in Figure 3-63 where the E-glass panels show more
rate sensitivity, probably because of the influence of the matrix. In tension the rate
insensitive fiber dominates the response. The same may be true with the Kevlar panels: in

compression, the more rate sensitive matrix exerts its influence.
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Figure 3-56: Comparison of Panel Upper Face Strain Rates During Static Pressure Test
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Figure 3-57: Comparison of Panel Lower Face Strain Rates During Static Pressure Test
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Figure 3-58: Comparison of Panel Upper Face Strain Rates During First Cycle of Cyclic
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Figure 3-59: Comparison of Panel Lower Face Strain Rates During First Cycle of Cyclic
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Figure 3-60: Comparison of Panel Upper Face Strain Rates During Final Cycle of Cyclic
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Figure 3-61: Comparison of Panel Lower Face Strain Rates During Final Cycle of Cyclic
Pressure Test
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4. SUMMARY and CONCLUSIONS

The objective of the research was to develop a test method for determining the
structural response of marine sandwich panels to uniform pressure loads and to test tull
scale panels so that data could be used for development of more precise prediction
techniques. In support of this, the properties of the panel lower faces were measured by
ASTM or other recognized methods. Further, the deflection and strain responses of the

panels were evaluated for two loading rates.

4.1. MATERIAL PROPERTIES OF SANDWICH PANEL FACES

The panel lower faces were characterized by specific gravity, reinforcement weight
fraction, reinforcement volume fraction, and void content. The E-glass faces had a higher
specific gravity than the Kevlar ones; this produced a 29% weight saving for the Kevlar
sandwich panels. The lower reinforcement volume fraction for E-glass faces was caused
by the strand arrangement of the Vectorply 1808 fabric. The Kevlar faces had significantly
higher void contents and greater inconsistency in void dispersion than the E-glass ones.
This was due to difficulties in working with Kevlar, the experience level of the
manufacturer, and limitations of the hand lay-up molding process.

The E-glass skins exhibited 12% greater tensile strength and 20.7% greater tensile
modulus than the Kevlar ones. The lower Kevlar values were a result of the bias (145°)
reinforcing present. This bias, plus its lower modulus in compression, also caused the
lower Poisson's Ratios in the Kevlar faces.

The E-glass panel faces had twice the compressive strength and 37.6% greater
compressive modulus than the Kevlar ones. They failed catastrophically in compression
while the Kevlar yielded more globally, which also may have been assisted by the more

ductile DERAKANE 8084 resin.
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The etfect of the bias reinforcing was also evident in the flexural properties of the
Kevlar skins: the E-glass faces were 41.9% stronger and 29% stiffer, but the Kevlar
specimens never broke completely, whereas the E-glass ones did.

The in-plane shear strengths for the E-glass panel faces were 19.1% greater than the
Kevlar ones; this retlected the better adhesion of the glass fibers to the resin.

The effect of the ductile DERAKANE 8084 resin when combined with the Kevlar
fibers was remarkable: no catastrophic fractures in compression or flexural tests took
place. Instead, a general or global yielding occurred and some, reduced, load capacity

remained.
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4.2. PANLEL TESTS
The six sandwich panels were tested at two loading rates about two orders of

magnitude different.

4.2.1. Static Pressure Loading

The pressure-deflection response of each panel was initially linear: this ended at 5.5
psi for the DERAKANE 510A panels (1 through 4) and at 4 psi for the DERAKANE
8084 panels (5 and 6). Beyond, the responses became non-linear. At higher deflections,
the 8084 panels showed evidence of membrane behavior, as their mid-span deflections
approached the panel thickness. Hysteresis effects were evident during static testing and
were prominent in panels 5 and 6. The bias (345°) reinforcing in the Kevlar panels
influenced the transverse deflected shape: it reduced the arching effect and produced a
flatter panel response.

The static strain response differed between the three panel types. On the upper face
of the E-glass panels (1 and 2), the large difference between the transverse and longitudinal
strains was attributed to panel curvature in the transverse axis, and to the orthotropic (0° -
90°) reinforcement orientation. This difference was reduced in the Kevlar panels because
of bias (+45°) reinforcing. These differences were not present on the lower faces. It was
concluded that the response in compression depended more upon the matrix and was less
affected by panel aspect ratio or reinforcing directions. Membrane behavior was evident in
the transverse component of strain on the lower face: during loading, the compressive
strain went through a maximum, then as the loading increased, it decreased and changed to
tension. In subsequent testing at higher pressures, the presence of membrane behavior was
also evident in the longitudinal strain component.

Based on the maximum strains observed, the face compressive stress did not

exceed 1200 psi for static loading pressures below 11 psi.
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The strain response of the Kevlar/DERAKANE 8084 panels (5 and 6) was
inconsistent, possibly because of strain gage fuailure or because of local panel damage that

might have occurred during cyclic testing.

4.2.2. Cyclic Pressure Loading

In the cycling loading, the deflection response exhibited a steeper slope and a larger
linear region than observed in the static tests. In the first loading cycle, the elastic limit was
encountered at 7 psi for the DERAKANE 510A panels ( 1 through 4) and at 6 psi for the
DERAKANE 8084 panels (5 and 6), but in the final cycle the response was linear
throughout the pressure range. Apparently the non-linear influence of the core diminished
with successive load cycles, and eventually the panel response was controlled by the faces.
Two additional observations support this inference: the intermediate cycles showed a
progressive reduction in the amount of incremental deflection and the maximum
deflections which occurred during the final cycle were less than but approached those
recorded during the static test.

The upper face strain curves during cyclic loading were similar in shape to those
seen in the static loading case. A progressive increase in strain occurred with successive
loading cycles and after the first cycle, the response became linear.

The transverse strain on the lower face showed a more linear response with less
hysteresis than during the static tests. Unlike the static case, however, small increases in
strain occurred during unloading. The magnitude of the maximum transverse strain
diminished with successive loading cycles so membrane behavior was not evident on a
individual cycle basis but it was present over multiple cycles. From this, it was concluded
that the effects of membrane behavior were rate sensitive.

The longitudinal strain response on the lower face did not show any membrane

behavior and a progressive increase in strain occurred with successive cycles.
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4.2.3. Panel Performance

The panels were evaluated on the basis of mid-span deflection. deflection recovery,
deflection rate effects, rate normalized bending stiffness. and various other aspects of strain
rate effects. Recall that the panels were first loaded cyclically and all showed some
permanent deformation from this. The Kevlar/DERAKANE 8084 panels (5 and 6)
showed the most such deformation, thus when they were later loaded statically their
deflections were the greatest. After the cyclic loadings were completed, all panels were
allowed to recover from their deformations for at least 24 hours. Then the static loading
was applied and another 24 hour recovery period ensued. The average recovery of the six
panels was 58.5% of the maximum deflection measured in the static loading phase; while
longer recovery times produced further decreases in the panel deformation, the rate of
recovery slowed greatly and accurate measurements became difficult.

The cyclic tests provided an insight into the rate dependency of the panels and the
effects of repeated loading. Panel bending stiffness increased with increased loading rate.
After repeated loading, the stiffness decreased, however, and approached that obtained
during static loading; it appeared the core softened when cycled.

The E-glass panels exhibited much higher transverse tensile strain rates than the
Kevlar panels and a larger difference between the transverse and longitudinal strain
components; the benefit of the bias reinforcing on reducing strains was evident. Generally
the Kevlar panels had lower tensile strain rates and the transverse and longitudinal strains
were more equal. Differences in the compressive rate sensitivity for the transverse and
longitudinal components of the Kevlar panels were evident during the first cycle response
to cyclic pressure loading; these were reduced in successive loadings and eventually they
approached those obtained during static loading. This was further evidence that the long
term cyclic response of the panels approached that of the static loading condition.

The E-glass panels were less tensile strain rate sensitive than the Kevlar panels, yet

displayed similar rate sensitivity in compression. The differences between the tensile and
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compressive rate sensitivities for the E-glass panels were attributed to characteristics of the
fiber and the matrix: in tension, the response was dominated by the non-rate sensitive

fiber, while in compression, the rate sensitive matrix had more influence.
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5. RECOMMENDATIONS

5.1. MATERIAL PROPERTY TESTING

The determination of reinforcement weight and volume fractions for Kevlar
laminates having a vinyl ester matrix is difficult by matrix digestion methods because of
the chemical resistance of the matrix. Until a more accurate and reproducible method is
developed, consideration should be given to weight and area measurements of the
specimens. (This is an alternative way to determine reinforcement weight fractions which
can be used in case matrix digestion techniques fail.)

Grip failures in tensile specimens were troublesome and although it is not in
accordance with ASTM procedures, a minimum width of 2.0 in. and a specimen aspect
ratio of greater than seven should be used for tensile test specimens.[42]

The 4 by 6 in. specimen used in the compression tests bowed and buckled despite
clamps on all four edges; this made the definition of compressive failure unclear. A better
test procedure is needed. Further, Kevlar based composites are difficult to machine so
additional uncertainty arises from this source: poor supporting surfaces. Care must be
exercised to minimize this cause of error.

In ASTM D790, a flexural test specimen width of 0.5 in. is recommended for
specimens of thickness greater than 0.125 in. but this may not uniformly stress the bias
(45°) plies if they are located in the outer surfaces. A minimum specimen width of 1.0
in. should be used in such cases.

Machining the notches of the in-plane shear specimens with a water cooled,
diamond grit-edge blade produces a well defined shear plane; lower standard deviations

can be obtained if this procedure is employed.
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3.2. PANEL TESTS

Improvements can be made to the panel test mechanism. Control solenoids located
at the air inlet and vent outlet to the water tank could be used to regulate system pressure;
then the computer can then be used to regulate the pressurization rate by using feedback
from the pressure transducer. With such, the test mechanism could be used to investigate
fatigue aspects of pressure loaded panels.

A method to measure core compression during pressure loading is needed. This
would clarify the origins of membrane behavior in the bent panels.

Future work with this panel test mechanism should include:

(1). Investigation of high stress low cycle fatigue and low stress high cycle fatigue

of panels with the same construction.

(2). Panels with identical skins but different cores should be studied, to assess the
effects arising from the core.

(3). More strain gages on both faces near the panel test section boundary should be
used to clarify the boundary effects on panel deflections and strains.

(4). Local impact damage could influence panel behavior; tests should be done to

explore this area.
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APPENDIX A

TENSILE CHARACTERISTICS OF TEST PANEL LOWER FACES
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Table A-1: Panel-1 Tensile Specimen Dimensions

Specimen Width [ Thickness
1D (in) (in)
Panel -1 1.01 0.164
Panel I-2 0.99 0.171
Panel -3 1.002 0.171
Panel 1-4 ().989 (.169
Panel 1-5 1.003 0.166
Table A-2: Panel-1 Tensile Test Data
Maximum | Maximum| Max Load [ Maximum/| Tensile Energy
Specimen Load Stress Deflection Strain Modulus | to Break
ID ({Ibs) (psi) (in) (%) (ksi) (in-1bs)
Panel 1-1 3779 22815 0.22351 2.35 1668.06 460.1
Panel 1-2 3922.6 23171 0.21272 2.24 1696.35 474 .4
Panel {-3 4102.4 23943 0.24908 2.62 1617.27 571.5
Panel 1-4 3727.1 22299 0.23069 2.43 1796.43 487.2
Panel 1-5 3975.2 23875 0.23438 2.47 1668.03 525.9
Table A-3: Panel-1 Tensile Test Data Statistics
Maximum | Maximum| Max Load | Maximum| Tensile Energy
Load Stress Deflection Strain Modulus | to Break
Statistic (Ibs) (psi) (in) (%) (ksi) (in-1bs)
Mean 3901 23221 0.230076 2.42 1689.23 503.82
SDEV 151 701 0.013458 0.14 66.37 45.06
CVAR 3.88 3.02 5.85 5.85 3.93 8.94
Minimum 3727 22299 0.21272 2.24 1617.27 460.1
Maximum 4102 23943 0.24908 2.62 1796.43 571.5
SDEYV - Standard Deviation
CVAR - Coefficient of Variation (%)
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Table A-4: Panel-2 Tensile Specimen Dimensions

Specimen Width | Thickness
ID (in) (in)
Panel 2-1 0.995 0.157
Panel 2-2 0.994 0.161
Panel 2-3 0.975 0.171
Panel 2-4 0.996 0.162
Panel 2-5 0.972 0.172

Table A-5: Panel-2 Tensile Test Data

Maximum | Maximum| Max Load | Maximum| Tensile Energy
Specimen Load Stress Deflection Strain Modulus | to Break
ID (1bs) (psi) (in) (%) (ksi) (in-1bs)
Panel 2-1 3730.7 23882 0.21962 231 1776.24 4674
Panel 2-2 3871.7 24193 0.25028 2.63 1575.18 500
Panel 2-3 3970 23812 0.1831 3.33 1630.06 439.1
Panel 2-4 4047.8 25087 0.26019 2.74 1555.19 559.4
Panel 2-5 3740.1 22371 (0.2345 247 1728.69 5129
Table A-6: Panel-2 Tensile Test Data Statistics
Maximum | Maximum| Max Load | Maximum| Tensile Energy
Load Stress Deflection Strain Modulus | to Break
Statistic (Ibs) (psi) (in) (%) (ksi) (in-1bs)
Mean 3872 23869 0.229538 270 1653.07 495.76
SDEV 140 979 0.030205 0.39 96.26 45.76
CVAR 3.60 4.10 13.16 14.43 5.82 9.23
Minimum 3731 22371 0.1831 231 1555.19 439.1
Maximum 4048 25087 0.26019 3.33 1776.24 559.4
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Table A-7: Panel-3 Tensile Specimen Dimensions

Specimen Width | Thickness
ID (in) (in)
Panel 3-1 0.999 0.145
Panel 3-2 0.997 0.142
Panel 3-3 0.996 0.144
Panel 3-4 0.998 0.146
Panel 3-5 0.999 0.138
Table A-8: Panel-3 Tensile Test Data
Maximum | Maximum| Max Load |Maximum| Tensile Energy
Specimen Load Stress Deflection Strain Modulus | to Break
ID (Ibs) {psi) (in) (%) (ksi) (in-ibs)
Panel 3-1 3578 24701 0.32187 3.39 1592.55 636.2
Panel 3-2 3297.8 23294 0.34841 3.67 1453.38 641.4
Panel 3-3 3464 24152 (0.33358 3.51 1462.45 631.2
Panel 3-4 31437 21575 0.19876 2.09 1628.93 362.3
Panel 3-5 3352.6 24319 0.2537 2.67 1773.80 470.4
Table A-9: Panel-3 Tensile Test Data Statistics
Maximum | Maximum| Max Load | Maximum| Tensile Energy
Load Stress Deflection Strain Modulus | to Break
Statistic (Ibs) (psi) (in) (%) (ks1) (in-1bs)
Mean 3367 23608 0.291264 3.07 1582.22 548.3
SDEV 165 1248 0.063169 0.66 132.23 126.42
CVAR 4.90 5.28 21.69 21.69 8.36 23.06
Minimum 3144 21575 0.19876 2.09 1453.38 362.3
Maximum 3578 24701 0.34841 3.67 1773.80 641.4
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Table A-10: Panel-4 Tensile Specimen Dimensions

Specimen Width Thickness
ID (in) (in)
Panel 4-1 0.992 0.145
Panel 4-2 0.998 0.149
Panel 4-3 0.996 0.147
Panel 4-4 0.998 0.148
Panel 4-5 0.996 0.149
Table A-11: Panel-4 Tensile Test Data
Maximum| Maximum| Max Load | Maximum| Tensile Energy
Specimen Load Stress Deflection Strain Modulus | to Break
ID (Ibs) (pst) (in) (%) (ksi) (in-1bs)
Panel 4-1 2567.6 17850 0.17707 1.86 1521.62 251.7
Panel 4-2 2747.2 18475 0.19608 2.06 1534.74 299.7
Panel 4-3 2752.7 18801 0.19805 2.08 1553.75 326.6
Panel 4-4 3028.5 20504 0.20305 2.14 1566.91 338.1
Panel 4-5 2841 19144 0.19039 2.00 1514.90 311.5
Table A-12: Panel-4 Tensile Test Data Statistics
Maximum | Maximum{ Max Load | Maximum| Tensile Energy
Load Stress Deflection Strain Modulus | to Break
Statistic (1bs) (psi) (in) (%) (ksi) (in-1bs)
Mean 2787 18955 0.192928 2.03 1538.38 305.52
SDEV 167 989 0.009957 0.10 21.77 33.44
CVAR 6.01 5.22 5.16 5.16 1.41 10.94
Minimum 2568 17850 0.17707 1.86 1514.90 251.7
Maximum 3029 20504 0.20305 2.14 1566.91 338.1
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Table A-13: Panel-5 Tensile Specimen Dimensions

Specimen Width | Thickness
ID (in) (in)
Panel 5-1 1.01 0.137
Panel 5-2 0.996 0.149
Panel 5-3 1.01 0.14
Panel 5-4 1.007 0.155
Panel 5-5 1.002 0.152
Table A-14: Panel-5 Tensile Test Data
Maximum | Maximum| Max Load | Maximum| Tensile Energy
Specunen Load Stress Deflection Strain Modulus | to Break
ID (Ibs) (psi) (in) (%) (ksi) (in-1bs)
Panel 5-1 2907.2 21010 0.20865 2.20 1578.76 344.5
Panel 5-2 3041.9 20497 0.168 3.05 1446.64 2954
Panel 5-3 3120.2 22066 0.23111 243 1630.45 4143
Panel 5-4 2976.4 19069 0.22284 235 1391.60 3757
Panel 5-5 2825.5 18552 0.23617 249 1432.51 | 376.8
Table A-15: Panel-5 Tensile Test Data Statistics
Maximum | Maximum| Max Load | Maximum| Tensile Energy
Load Stress Deflection Strain Modulus | to Break
Statistic (lbs) (psi) (in) (%) (ksi) (in-1bs)
Mean 2974 20239 0.213354 2.50 1495.99 361.34
SDEV 115 1433 0.027409 0.33 102.83 44.39
CVAR 3.85 7.08 12.85 13.07 6.87 12.28
Minimum 2826 18552 0.168 2.20 1391.60 2954
Maximum 3120 22066 0.23617 3.05 1630.45 4143
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Table A-16: Panel-6 Tensile Specimen Dimensions

Specimen Width | Thickness
ID (in) (in)
Panel 6-1 1.O1 0.148
Panel 6-2 1.001 0.153
Panel 6-3 1.017 (0.148
Panel 6-4 L.OIS 0.141
Panel 6-5 1.01 0.151
Table A-17: Panel-6 Tensile Test Data
Maximum | Maximum| Max Load |Maximum]| Tensile Energy
Specimen Load Stress Deflection Strain Modulus | to Break
ID (Ibs) (pst) (in) (%) (ksi) (in-lbs)
Panel 6-1 29429 19688 0.20205 2.13 1525.16 332.1
Panel 6-2 2929.3 19127 0.21819 2.30 1494.66 356.4
Panel 6-3 3011.5 20008 0.20696 2.18 1503.05 3533
Panel 6-4 3231.5 22580 0.21385 2.25 1555.15 382.6
Panel 6-5 2891.2 18957 0.20857 2.20 1500.22 3353
Table A-18: Panel-6 Tensile Test Data Statistics
Maximum | Maximum| Max Load | Maximum| Tensile Energy
Load Stress Deflection Strain Modulus | to Break
Statistic (Ibs) (psi) (in) (%) (ksi) (in-1bs)
Mean 3001 20072 0.209924 2.21 1515.65 351.94
SDEV 136 1464 0.006252 0.07 24.94 20.20
CVAR 4.53 7.30 2.98 2.98 1.65 5.74
Minimum 2891 18957 0.20205 2.13 1494.66 332.1
Maximum 3232 22580 0.21819 2.30 1555.15 382.6
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APPENDIX B

COMPRESSIVE CHARACTERISTICS OF TEST PANEL LOWER FACES
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Table B-1: Panel-1 Compressive Specimen Dimensions

Specimen Width | Thickness
ID (in) (in)
Panel -1 3.989 0.171
Panel 1-2 3.081 0.171
Panel 1-3 3.968 0.168
Panel 1-4 3972 0.172
Panel 1-5 3.966 (0.168

Table B-2: Panel-1 Compressive Test Data

Maximum | Maximum| Max Load |Maximum| Elastic Energy

Specimen Load Stress Deflection Strain Modulus | to Break
ID (Ibs) (psi) (in) (%) (ksi) (in-1bs)
Panel -1 12010 17607 0.133 242 1152 794.9
Panel 1-2 11324 16635 0.14275 2.60 1107 813.6
Panel 1-3 11277 16917 0.12442 2.26 1125 581.9
Panel 1-4 13562 19851 0.12902 2.35 1193 847.7
Panel 1-5 11201 16811 0.135 2.45 1154 771.8

Table B-3: Panel-1 Compressive Test Data Statistics

Maximum | Maximum| Max Load | Maximum| Elastic Energy

Load Stress Deflection Strain Modulus | to Break

Statistic (1bs) (psi) (in) (%) (ksi) (in-1bs)
Mean 11875 17564 0.132838 242 1146.2 761.98
SDEV 997 1331 0.006863 0.12 32.68 104.43
CVAR 8.4 7.58 5.17 5.17 2.85 13.7
Minimum 11201 16635 0.12442 2.20 1107 581.9
Maximum 13562 19851 (.14275 2.60 1193 847.7

SDEYV - Standard Deviation
CVAR - Coefficient of Variation (%)
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Table B-4: Panel-2 Compressive Specimen Dimensions

Specimen Width | Thickness
ID (in) (in)
Panel 2-1 4.001 0.168
Panel 2-2 4.002 0.159
Punei 2 3 3 998 0.171
Panel 2-4 4.008 0.173
Panel 2-5 4.009 0.166

Table B-5: Panel-2 Compressive Test Data

Maximum | Maximum| Max Load [Maximum| Elastic Energy

Specimen Load Stress Deflection Strain Modulus | to Break
ID (Ibs) (psi) (in) (%) (ksi) (in-1bs)
Panel 2-1 12869 19146 0.13169 2.39 1230 821.1
Panel 2-2 11878 18667 (0.13494 2.45 1272 870.7
Panel 2-3 10849 15869 0.11794 2.14 1213 657.6
Panel 2-4 11065 15958 0.12268 2.23 1143 760.2
Panel 2-5 11389 17114 0.11946 2.17 1207 803.7

Table B-6: Panel-2 Compressive Test Data Statistics

Maximum | Maximum| Max Load {Maximum| Elastic Energy

Load Stress Deflection Strain Modulus | to Break

Statistic (Ibs) (psi) (in) (%) (ksi) (in-1bs)
Mean 11610 17351 0.125342 2.28 1213 782.66
SDEV 803 1512 0.007565 0.14 46.65 80.34
CVAR 6.92 8.71 6.04 6.04 3.85 10.26
Minimum 10849 15869 0.11794 2.14 1143 657.6
Maximum 12869 19146 0.13494 245 1272 870.7
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Table B-7: Panei-3 Compressive Specimen Dimensions

Specimen Width | Thickness
ID (in) (in)
Panel 3-1 4.003 0.147
Panel 3-2 3971 0.138
Panel 3-3 3.949 0.134
Panel 3-4 3.934 0.141
Panel 3-5 31.994 0.147

Table B-&: Panel-3 Compressive Test Data

Maximum | Maximum| Max Load | Maximum{ Elastic Energy

Specimen Load Stress Deflection Strain Modulus | to Break

ID (Ibs) (psi) (in) (%) (ksi) (in-1bs)
Panel 3-1 4755.6 8082 0.11624 2.11 641.5 413.1
Panel 3-2 4934.1 9004 0.13157 2.39 823.1 330.7
Panel 3-3 4564.5 8626 0.11213 2.04 868.2 3834
Panel 3-4 5174.6 9329 0.11743 2.14 805.8 328.5

Panel 3-5 4631.5 7889 0.1411 2.57 735 361
Table B-9: Panel-3 Compressive Test Data Statistics

Maximum | Maximum| Max Load | Maximum| Elastic Energy

Load Stress Deflection Strain Modulus | to Break

Statistic (Ibs) (psi) (in) (%) (ksi) (in-1bs)

Mean 4812 8586 0.123694 2.25 774.72 363.34
SDEV 247 606 0.012181 0.22 88.56 35.93
CVAR 5.13 7.06 9.85 9.85 11.43 9.89
Minimum 4565 7889 0.11213 2.04 641.5 328.5
Maximum 5175 9329 0.1411 2.57 868.2 413.1
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Table B-10: Panel-4 Compressive Specimen Dimensions

Specimen Width | Thickness
1D (in) (in)
Panel 4-1 3.978 0.156
Panel 4-2 398 0.146
Panel 4-3 4.002 0.143
Panel 4-4 3.973 0.153
Panei 4-5 3.978 0.139

Table B-11: Panel-4 Compressive Test Data

Maximum | Maximum| Max Load | Maximum| Elastic Energy

Specimen Load Stress Deflection Strain Modulus | to Break
ID (Ibs) (psi) (in) (%) {(ksi) (in-1bs)
Panel 4-1 5637.2 9084 0.1291 2.35 699.7 477.8
Panel 4-2 5148.8 8861 0.13448 2.45 729.6 391.3
Panel 4-3 5276.2 9220 0.13453 2.45 7229 402.5
Panel 4-4 5286.3 8696 0.12874 2.34 701.9 4354
Panel 4-5 5151.6 9317 0.13624 2.48 7333 4053

Table B-12: Panel-4 Compressive Test Data Statistics

Maximum [ Maximum| Max Load | Maximum| Elastic Energy

Load Stress Deflection Strain Modulus | to Break

Statistic (Ibs) (psi) (in) (%) (ksi) (in-lbs)
Mean 5300 9035 0.132618 241 717.48 422.46
SDEV 200 255 0.003452 0.06 15.70 3498

CVAR 3.77 2.83 2.60 2.60 2.19 8.28
Minimum 5149 8696 (0.12874 2.34 699.7 391.3
Maximum 5637 9317 0.13624 2.48 7333 4778
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Table B-13: Panel-5 Compressive Specimen Dimensions

Specimen Width | Thickness
ID (in) (in)
Panel 5-1 397 0.138
Panel 5-2 3954 0.139
Panel 5-3 3.964 0.143
Panel 5-4 3.975 0.133
Panel 5-5 3.971 0.146

Table B-14: Panel-5 Compressive Test Data

Maximum | Maximum| Max Load | Maximum| Elastic Energy
Specimen Load Stress Deflection Strain Modulus | to Break
ID (Ibs) (psi) (in) (%) (ksi) (in-1bs)
Panel 5-1* 3518.4 6422 0.10282 1.87 627.7 180.9
Panel 5-2* 33995 6185 0.10928 1.99 640.3 154.4
Panel 5-3 4184.3 7382 0.13203 2.40 660.7 3389
Panel 5-4 3643.1 6891 (.13845 2.52 648.8 336.2
Panel 5-5 5735.7 9893 0.099926 1.82 864.7 336.5
Table B-15: Panel-5 Compressive Test Data Statistics
Maximum | Maximum| Max Load | Maximum| Elastic Energy
Load Stress Deflection Strain Modulus | to Break
Statistic (Ibs) (psi) (in) (%) (ksi) (in-lbs)
Mean 4521 8055 0.123469 2.24 725 337.20
SDEV 1086 1610 0.020640 0.38 121.36 1.48
CVAR 24.03 19.99 16.72 16.72 16.75 0.44
Minimum 3643 6891 0.099926 1.82 648.8 336
Maximum 5736 9893 0.13845 2.52 864.7 339

* Specimen 5-1 and 5-2 not counted in statistics due to local buckling at top of test fixture.
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Table B-16: Panel-6 Compressive Specimen Dimensions

Specimen Width | Thickness
ID (in) (in)
Panel 6-1 3.966 0.144
Panel 6-2 3.958 0.14
Panel 6-3 3.97 0.137
Panel 6-4 3.976 0.147
Panel 6-5 3.98 0.148

Table B-17: Panel-6 Compressive Test Data

Maximum | Maximum| Max Load | Maximum| Elastic Energy

Specimen Load Stress Deflection Strain Modulus | to Break

ID (Ibs) (psi) (in) (%) (ksi) (in-1bs)
Panel 6-1 4968.5 8700 0.16542 3.01 628.4 454.8
Panel 6-2 5429.9 9799 0.16711 3.04 897.1 462.7

Panel 6-3* 35554 6537 0.11086 2.02 666.3 275
Panel 64 5655.7 9677 0.18062 3.28 648.3 546.2
Panel 6-5 55539 9429 0.1473 2.68 7333 536.6
Table B-18: Panel-6 Compressive Test Data Statistics

Maximum | Maximum| Max Load | Maximum/| Elastic Energy

Load Stress Deflection Strain Modulus | to Break

Statistic (Ibs) (pst) (in) (%) (ksi) (in-1bs)

Mean 5402 9401 0.165113 3.00 726.78 500.075
SDEV 867 1350 0.027002 0.49 109.33 108.90
CVAR 16.04 14.36 16.35 16.35 15.04 21.78
Minimum 4969 8700 0.1473 2.68 6284 4548
Maximum 5656 9799 0.18062 3.28 897.1 546.2

* Specimen 6-3 not counted in statistics due to local buckling at top of test fixture.
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APPENDIX C

FLEXURAL CHARACTERISTICS OF TEST PANEL LOWER FACES




Table C-1: Panel-1 Flexural Specimen Dimensions (Method I)

Specimen Width | Thickness
ID (in) (in)
Panel 1-1 0.494 0.169
Panel 1-2 0.4%94 0.169
Panel 1-3 0.499 0.166
Panel 1-4 0.504 0.171
Panel 1-5 0.503 0.165

Table C-2: Panel-1 Flexural Test Data (Method I)

Maximum | Maximum| Max Load | Maximum| Linear Flexural

Specimen Load Stress Deflection Strain Slope Modulus
ID (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Panel 1-1 59.968 45694 1.1382 3.21 73.66 1668
Panel 1-2 60.789 46499 1.1509 3.24 69.72 1579
Panel 1-3 54.933 43858 1.2051 3.33 64.80 1533
Panel 14 53.247 42234 1.3972 3.98 59.88 1283
Panel 1-5 48.488 38145 1.1436 3.14 61.15 1461

Table C-3: Panel-1 Flexural Test Data Statistics (Method I)

Maximum | Maximum| Max Load | Maximum| Linear Flexural

Load Stress Deflection Strain Slope Modulus
Statistic (Ibs) (pst) (in) (%) (Ib/in) (ksi)

Mean 55.49 43286 1.207 3.38 65.84 1504.90

SDEV 5.06 3316 0.109636 0.34 5.80 144.89
CVAR 9.12 7.66 9.08 10.13 8.81 9.63
Minimum | 48.488 38145 1.1382 3.14 59.88 1283
Maximum | 60.789 46499 1.3972 3.98 73.66 1668
SDEV - Standard Deviation
CVAR - Coefficient of Variation (%)
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Specimen Width | Thickness
ID (in) (in)
Panel 1-1 0.568 0.179
Panel 1-2 0.553 0.176
Panel 1-3 0.502 0.173
Panel 1-4 0513 0.171
Panel 1-5 0.525 0.173

Table C-4: Panel-1 Flexural Specimen Dimensions (Method 1)

Table C-5: Panel-1 Flexural Test Data (Method 1)

Maximum| Maximum| Max Load | Maximum| Linear Flexural
Specimen Load Stress Deflection Strain Slope Modulus
ID (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Panel I-1 147 .42 36451 0.22954 1.37 668.02 1384
Panel 1-2 128.85 33849 0.20753 1.22 684.69 1533
Panel 1-3 118.44 35474 0.20597 1.19 636.60 1653
Panel 1-4 143.03 42907 0.27191 1.55 618.32 1627
Panel 1-5 119.02 34086 0.21415 1.23 633.23 1572
Table C-6: Panel-1 Flexural Test Data Statistics (Method II)
Maximum | Maximum| Max Load | Maximum| Linear Flexural
Load Stress Deflection Strain Slope Modulus
Statistic (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Mean 131.35 36554 0.22582 1.31 648.17 1553.97
SDEV 1341 3706 0.027399 0.15 27.28 105.84
CVAR 10.21 10.14 12.13 11.45 4.21 6.81
Minimum 118.44 33849 0.20597 1.19 618.32 1384
Maximum 147.42 42907 0.27191 1.55 684.69 1653
156




Note: 6 in. support span

80
60 -
= )
£
B
e
~ 40 1
=
L]
=)
»
L
=
20 1
0
0.0
Figure C-1:

o
o’.‘.
"i’c .
‘lo' .A::..l. .°. P
L L 0000
o3 -:.00% °
IS °
A‘ 'Y o
Py =" 6 00000
" .-':0’0000 %
O. " 0% o°
L4 I°0 °°
$ e 0%e0
o 2%%c0
26 0O
4 30,0
a® I°°°
a* 8.0
st » 80
[ \8
[ %
¢ od
£ -
s '6% Specimen:
a
:‘%‘ .
a.b'b 1-1
0 ¢ 12
13
® 14
° 1.5
v v v v T ey ' -r T v —— Y
0.5 1.0

Center Span Deflection (in.)

Flexural Load vs. Center Span Deflection for Panel-1 Lower Face with

CSM Ply in Compression and 1808 E-Glass 0° Ply

in Tension



200
Note: 3 in. support span
150 7
" .
P
£
B
3
100
=
b
e
®
LY
=
Specimen:
s 1Al
s 12
* 1.3
* 14
° 1.5
v v T L v Ad v " v
0.0 0.1 0.2 03

Center Span Deflection (in.)

Figure C-2: Flexural Load vs. Center Span Deflection for Panel-1 Lower Face with CSM
Ply in Tension and 1808 E-Glass 0° Ply in Compression




—

Table C-7: Panel-2 Flexural Specimen Dimensions (Method I)

Spectimen | Width | Thickness
ID (in) (in)
Panel 2-1 0.506 0.158
Panel 2-2 0.505 0.159
Panel 2-3 0.506 0.154
Panel 2-4 0.51 0.157
Panel 2-5 0.504 0.158

Table C-8: Panel-2 Flexural Test Data (Method I)

Maximum | Maximum| Max Load | Maximum| Linear Flexural

Specimen Load Stress Deflection Strain Slope Modulus
ID (Ibs) (ps) (in) (%) (Ib/in) (ksi)
Panel 2-1 45.13 37125 1.0172 2.68 60.72 1643
Panel 2-2 52.756 44993 1.1762 3.12 60.96 1622
Panel 2-3 48.456 43480 1.1382 2.92 54.96 1606
Panel 2-4 51.134 42788 1.0601 2.77 62.87 1720
Panel 2-5 53.403 45867 1.1513 3.03 68.01 1847

Table C-9: Panel-2 Flexural Test Data Statistics (Method I)

Maximum | Maximum| Max Load | Maximum| Linear Flexural

Load Stress Deflection Strain Slope Modulus
Statistic (Ibs) (psi) (in) (%) (Ib/in) (ksi)

Mean 50.18 42851 1.1086 2.90 61.50 1687.61
SDEV 341 3423 0.067036 0.18 4.69 99.54
CVAR 6.79 7.99 6.05 6.20 7.62 5.90
Minimum 45.13 37125 1.0172 2.68 54.96 1606
Maximum | 53.403 45867 1.1762 3.12 68.01 1847
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Table C-10: Panel-2 Flexural Specimen Dimensions (Method 1)

Specimen Width | Thickness
ID (in) (in)
Panel 2-1 0.497 0.178
Panel 2-2 0.529 0.178
Panel 2-3 0.538 0.179
Panel 2-4 0.518 0.171
Panel 2-5 0.524 0.169

Table C-11: Panel-2 Flexural Test Data (Method II)

Maximum | Maximum| Max Load | Maximum| Linear Flexural

Specimen Load Stress Deflection Strain Slope Modulus
1D (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Panel 2-1 134 .91 38553 0.26526 1.57 617.17 1486
Panel 2-2 126.48 33958 0.21329 1.27 611.31 1383
Panel 2-3 132.41 34566 0.25807 1.54 611.72 1338
Panel 24 113.83 33818 0.22353 1.27 579.98 1511
Panel 2-5 120.58 36256 0.24471 1.38 568.12 1516

Table C-12: Panel-2 Flexural Test Data Statistics (Method )

Maximum | Maximum| Max Load | Maximum| Linear Flexural

Load Stress Deflection Strain Slope Modulus
Statistic (Ibs) (pst) (in) (%) (Ib/in) (ksi)

Mean 125.64 35430 0.240972 1.41 597.66 1447.03
SDEV 8.62 1997 0.022174 0.14 22.08 81.26
CVAR 6.86 5.64 9.20 10.30 3.69 5.62
Minimum 113.83 33818 0.21329 1.27 568.12 1338
Maximum 134.91 38553 0.26526 1.57 617.17 1516
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Table C-13: Panel-3 Flexural Specimen Dimensions (Method I)

Specimen | Width | Thickness
ID (in) (in)
Panel 3-1 0.517 0.146
Panel 3-2 | 0.519 0.146
Panel 3-3 | 0.513 0.146
Panel 3-4 | 0.513 0.146
Panel 3-5 0514 0.147 |

Table C-14: Panel-3 Flexural Test Data (Method I)

Maximum | Maximum| Max ! "ad | Maximum| Linear Flexural

Specimen Load Stress Deflection Strain Slope Modulus
ID (Ibs) (psi) (in) (%) (1b/in) (ksi)
Panel 3-1 25.956 25040 1.0927 2.66 35.40 1188
Panel 3-2 23.875 22946 1.0931 2.66 3243 1084
Panel 3-3 24.928 25784 1.2907 3.14 33.66 1138
Panel 34 25.907 26065 1.2049 2.93 35.23 1192
Panel 3-5 26.224 26043 1.2135 2.97 32.53 1076

Table C-15: Panel-3 Flexural Test Data Statistics (Method I)

Maximum | Maximum| Max Load |Maximum| Linear Flexural

Load Stress Deflection Strain Slope Modulus
Statistic (Ibs) (psi) (in) (%) (Ib/in) (ksi)

Mean 25.38 25176 1.17898 2.87 33.85 1135.61
SDEV 0.97 1314 0.085388 0.21 1.42 54.97
CVAR 3.84 5.22 7.24 7.31 4.20 4.84
Minimum 23.875 22946 1.0927 2.66 3243 1076
Maximum | 26.224 26065 1.2907 3.14 3540 1192
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Table C-16: Panel-3 Flexural Specimen Dimensions (Method II)

Specimen Width | Thickness
ID (in) (in)
Panel 3-1 0.517 0.131
Panel 3-2 0.518 0.133
Panel 3-3 0.503 0.133
Panel 3-4 0.512 0.134
Panel 3-5 0.511 0.134

Table C-17: Panel-3 Flexural Test Data (Method )

Maximum | Maximum| Max Load | Maximum/| Linear Flexural
Specimen Load Stress Deflection Strain Slope Modulus
ID (Ibs) (psi) (in) (%) (Ib/in) (kst)
Panel 3-1 34.148 18893 0.4153 3.63 162.95 946
Panel 3-2 40.354 21497 0.40354 3.58 187.53 1039
Panel 3-3 42.434 23499 0.4243 3.76 203.22 1159
Panel 34 36.021 19162 0.40829 3.65 175.02 959
Panel 3-5 34.032 18222 0.4184 3.74 173.00 950
Table C-18: Panel-3 Flexural Test Data Statistics (Method II)
Maximum| Maximum| Max Load | Maximum| Linear Flexural
Load Stress Deflection Strain Slope Modulus
Statistic (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Mean 37.40 20255 0.413966 3.67 180.34 1010.59
SDEV 3.80 2194 0.008203 0.08 15.49 91.32
CVAR 10.17 10.83 1.98 2.11 8.59 9.04
Minimum 34.032 18222 0.40354 3.58 162.95 946
Maximum | 42.434 23499 0.4243 3.76 203.22 1159
164




30
Note: 6 in. support span
00’;“‘ pr
.m°ooo "
Loo® .‘-n"‘
.‘cf’fl:f'
‘0 .:o
20 ..
- % -
-~ \ i b
1] O a
el A
~— b .'
'g LD
P
3 o
[ ]
? a
i o]
=
[
U
=
Specimen:
* 3
& 32
[ ] 3_‘;
® 34
o 3.5
v v - + T v v T v 7 v
0.0 05 1.0

Center Span Deflection (in.)

Figure C-5:
CSM Ply in Compression and Kevlar KDB 110 45°

165

Flexural Load vs. Center Span Deflection for Panel-3 Lower Face with

Ply in Tension
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Specimen Width | Thickness
ID (in) (in)
Panel 4-1 0.515 0.148
Panel 4-2 0.519 0.142
Panel 4-3 0.515 0.146
Panel 4-4 0.515 0.146
Panel 4-5 0.518 0.143

Table C-19: Panel-4 Flexural Specimen Dimensions (Method I)

Table C-20: Panel-4 Flexural Test Data (Method I)

Maximum | Maximum| Max Load {Maximum/| Linear Flexural

Specimen Load Stress Deflection Strain Slope Modulus
ID (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Panel 4-1 23.736 22150 1.0594 2.61 35.40 1145
Panel 4-2 23.909 24439 1.1121 2.63 34.38 1249
Panel 4-3 24.735 23865 1.0799 2.63 35.20 1186
Panel 4-4 24.433 23341 1.0455 2.54 36.79 1240
Panel 4-5 24.308 24739 1.1382 2.71 37.08 1322

Table C-21: Panel-4 Flexural Test Data Statistics (Method 1)

Maximum | Maximum| Max Lead [ Maximum| Linear Flexural

Load Stress Deflection Strain Slope Modulus
Statistic (1bs) (psi) (in) (%) (Ib/in) (ksi)

Mean 24.22 23707 1.08702 2.63 35.77 1228.32
SDEV 0.40 1023 0.038032 0.06 1.13 67.18
CVAR 1.66 4.32 3.50 2.29 3.17 547
Minimum 23.736 22150 1.0455 2.54 34.38 1145
Maximum | 24.735 24739 1.1382 2.71 37.08 1322
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Table C-22: Panel-4 Flexural Specimen Dimensions (Method II)

Specimen Width | Thickness
ID (in) (in)
Panel 4-1 0.531 0.153
Panel 4-2 0.526 0.155
Panel 4-3 0.533 0.153
Panel 4-4 0.527 0.153
Panel 4-5 0.52 0.156

Table C-23: Panel-4 Flexural Test Data (Method 11)

Maximum | Maximum| Max Load | Maximum| Linear Flexural
Specimen Load Stress Deflection Strain Slope Modulus
ID (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Panel 4-1 62.142 23592 0.326 3.33 307.62 1092
Panel 4-2 55.398 20455 0.29264 3.02 274.56 946
Panel 4-3 58.389 22021 0.3177 3.24 302.35 1069
Panel 4-4 54.236 20732 0.32399 3.30 260.47 931
Panel 4-5 62.03 23033 0.31471 3.27 320.33 1095
Table C-24: Panel-4 Flexural Test Data Statistics (Method I)
Maximum | Maximum| Max Load | Maximum/| Linear Flexural
Load Stress Deflection Strain Slope Modulus
Statistic (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Mean 58.44 21967 0.315008 3.23 293.07 1026.76
SDEV 3.66 1377 0.013315 0.12 24.73 81.08
CVAR 6.26 6.27 4.23 3.76 8.44 7.90
Minimum 54.236 20455 0.29264 3.02 260.47 931
Maximum | 62.142 23592 0.326 333 320.33 1095
168




30
Note: 6 in. support span

Center Span Deflection (in.)

Figure C-7:  Flexural Load vs. Center Span Deflection for Fanel-4 Lower Face with
CSM Ply in Compression and Kevlar KDB 110 45° Ply in Tension
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Table C-25: Panel-5 Flexural Specimen Dimensions (Method 1)

Specimen Width | Thickness
1D (in) (in)
Panel 5-1 0.521 0.144
Panel 5-2 0.519 0.143
Panel 5-3 0.521 0.139
Panel 5-4 0.52 0.141
Panel S-5 0.515 0.145

Table C-26: Panel-5 Flexural Test Data (Method I)

Maximum | Maximum| Max Load | Maximum| Linear Flexural

Specimen Load Stress Deflection Strain Slope Modulus
1D (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Panel 5-1 21.226 20545 1.0347 248 30.36 1054
Panel 5-2 21.687 21193 1.005 2.40 3243 1154
Panel 5-3 19.527 22186 1.3218 3.06 26.52 1024
Panel 5-4 19.501 19430 0.9794 2.30 29.71 1101
Panel 5-5 21.954 22298 1.2034 291 29.89 1028

Table C-27: Panel-5 Flexural Test Data Statistics (Method I)

Maximum|{ Maximum| Max Load | Maximum| Linear Flexural

Load Stress Deflection Strain Slope Modulus
Statistic (Ibs) (psi) (in) (%) (Ib/in) (ksi)

Mean 20.78 21131 1.10886 2.63 29.78 1071.98
SDEV 1.18 1195 0.147756 0.33 2.12 55.07
CVAR 5.70 5.66 13.33 12.73 7.12 5.14
Minimum 19.501 19430 0.9794 2.30 26.52 1024
Maximum | 21.954 22298 1.3218 3.06 32.43 1154
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Specimen Width | Thickness
ID (in) (in)
Panel 5-1 0.532 0.137
Panel 5-2 0.521 0.136
Panel 5-3 0.514 0.129
Panel 5-4 0.519 0.136
Panel 5-5 0.519 0.137

Table C-28: Panel-5 Flexural Specimen Dimensions (Method II)

Table C-29: Panel-5 Flexural Test Data (Method II)

Maximum | Maximum| Max Load | Maximum| Linear Flexural

Specimen Load Stress Deflection Strain Slope Modulus
1D (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Panel 5-1 49.301 25227 0.49863 4.55 208.50 1029
Panel 5-2 48.259 25367 0.48182 437 194 .89 1004
Panel 5-3 46.58 28282 0.52571 452 187.73 1148
Panel 5-4 48.936 25807 0.48066 4.36 199.85 1033
Panel 5-5 50.293 26731 0.52304 4.78 206.04 1042

Table C-30: Panel-5 Flexural Test Data Statistics (Method II)

Maximum | Maximum| Max Load | Maximum| Linear Flexural

Load Stress Deflection Strain Slope Modulus
Statistic (lbs) (psi) (in) (%) (Ib/in) (ksi)

Mean 48.67 26283 0.501972 4.52 199.40 1051.29
SDEV 1.38 1263 0.021673 0.17 8.42 56.14
CVAR 2.84 4.80 4.32 3.78 422 5.34
Minimum 46.58 25227 0.48066 4.36 187.73 1004
Maximum | 50.293 28282 0.52571 4.78 208.50 1148
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Specimen Width | Thickness
ID (in) (in)
Panel 6-1 0.509 0.145
Panel 6-2 0.513 0.146
Panel 6-3 0.515 0.139
Panel 6-4 0.516 0.143
Panel 6-5 0.516 0.143

Table C-31: Panel-6 Flexural Specimen Dimensions (Method I)

Table C-32: Panel-6 Flexural Test Data (Method I)

Maximum| Maximum| Max Load | Maximum/| Linear Flexural

Specimen Load Stress Deflection Strain Slope Modulus
ID (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Panel 6-1 24.392 25378 1.2422 3.00 34.70 1207
Panel 6-2 23.833 24304 1.2472 3.03 31.08 1051
Panel 6-3 24.188 27613 1.3013 3.01 31.90 1245
Panel 6-4 23.504 25397 1.3139 3.13 30.19 1081
Panel 6-5 22.22 22308 1.0794 2.57 33.26 1190

Table C-33: Panel-6 Flexural Test Data Statistics (Method I)

Maximum | Maximum| Max Load | Maximum| Linear Flexural

Load Stress Deflection Strain Slope Modulus
Statistic (1bs) (psi) (in) (%) (Ib/in) (ksi)

Mean 23.63 25000 1.2368 2.95 32.22 1154.94
SDEV 0.86 1928 0.093564 0.22 1.78 84.36
CVAR 3.63 7.71 7.56 7.37 5.53 7.30
Minimum 22.22 22308 1.0794 2.57 309 1051
Maximum | 24.392 27613 1.3139 3.13 34.70 1245
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Table C-34: Panel-6 Flexural Specimen Dimensions (Method 1)

Specimen Width | Thickness
ID (in) (in)
Panel 6-1 0.512 0.136
Panel 6-2 0.527 0.135
Panel 6-3 0.511 0.133
Panel 6-4 0.526 0.133
Panel 6-5 0.521 0.137

Table C-35: Panel-6 Flexural Test Data (Method I1)

Maximum | Maximum| Max Load | Maximum| Linear Flexural
Specimen Load Stress Deflection Strain Slope Modulus
ID (Ibs) (psi) (in) (%) (Ib/in) (ksi)
Panel 6-1 43.792 22900 0.43621 3.95 194.92 1022
Panel 6-2 48.197 25042 0.4518 4.07 217.29 1131
Panel 6-3 42.439 23134 0.4243 3.76 205.83 1156
Panel 6-4 45431 23941 0.4136 3.67 200.55 1094
Panel 6-5 46.373 23643 0.45054 411 222.82 1123
Table C-36: Panel-6 Flexural Test Data Statistics (Method II)
Maximum | Maximum| Max Load | Maximum| Linear Flexural
Load Stress Deflection Strain Slope Modulus
Statistic (lbs) (psi) (in) (%) (Ib/in) (ksi)
Mean 45.25 23732 0.43529 391 208.28 1105.01
SDEV 2.24 839 0.016562 0.19 11.58 51.59
CVAR 4,94 354 3.80 493 5.56 4.67
Minimum | 42439 22900 04136 3.67 194.92 1022
Maximum | 48.197 25042 0.4518 4.11 222.82 1156
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APPENDIX D

IN-PLANE SHEAR CHARACTERISTICS OF TEST PANEL LOWER FACES
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Table D-1: Panel-1 In-Plane Shear Specimen Dimensions

Specimen Width Length
1D (in) (in)
Panel 1-1 0.515 0.255
Panel 1-2 0.514 0.255
Panel 1-3 0.514 0.257
Panel 1-4 0.513 0.257
Panel 1-5 0.51 0.24

Table D-2: Panel-1 In-Plane Shear Test Data

Maximum| Shear Max Load Shear Energy

Specimen Load Stress Deflection Strain to Break

iD (Ibs) (psi) (in) (%) (in-1bs)
Panel 1-1 473.01 3602 0.03126 0.98 5.643
Panel 1-2 480.07 3663 0.031328 0.98 6.264
Panel 1-3 504.28 3817 0.029192 0.91 6.549
Panel 1-4 481.12 3649 0.03028 0.95 5.815
Panel 1-5 42943 3508 0.03422 1.07 6.729

Table D-3: Panel-1 In-Plane Shear Test Data Statistics

Maximum| Shear Max Load Shear Energy

Load Stress Deflection Strain to Break

Statistic (Ibs) (psi) (in) (%) (in-1bs)

Mean 474 3648 0.031256 0.98 6.2

SDEV 27 112 0.001871 0.06 0.46
CVAR 577 3.08 599 595 7.50
Minimum 42943 3508 0.029192 0.91 5.643
Maximum 504 3817 0.03422 1.07 6.729

SDEV - Standard Deviation
CVAR - Coefficient of Variation (%)
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Table D-4: Panel-2 In-Plane Shear Specimen Dimensions

Specimen Width Length
ID (in) (in)
Panel 2-1 0.515 0.242
Panel 2-2 0.513 0.24
Panel 2-3 0.515 0.239
Panel 2-4 0.512 0.24
Panel 2-5 0.514 0.237

Table D-5: Panel-2 In-Plane Shear Test Data

Maximum Shear Max Load Shear Energy

Specimen Load Stress Deflection Strain to Break

ID (Ibs) (psi) (in) (%) (in-1bs)
Panel 2-1 480.15 3853 0.039326 1.22 6.658
Panel 2-2 478.35 3885 0.041364 1.28 7.075
Panel 2-3 44795 3639 0.031131 0.97 5.671
Panel 2-4 441.94 3597 0.041422 1.28 8.398
Panel 2-5 470.15 3859 0.041458 1.28 6.788

Table D-6: Panel-2 In-Plane Shear Test Data Statistics

Maximum| Shear Max Load Shear Energy

Load Stress Deflection Strain to Break

Statistic (Ibs) (psi) (in) (%) (in-1bs)
Mean 464 3767 0.038940 1.21 6.918
SDEV 18 137 0.004458 0.14 0.98
CVAR 3.81 3.64 11.45 11.44 14.19
Minimum 441.94 3597 0.031131 0.97 5.671
Maximum 480 3885 0.041458 1.28 8.398
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Table D-7: Panel-3 In-Plane Shear Specimen Dimensions

Specimen Width Length
ID (in) (in)
Panel 3-1 0.509 0.232
Panel 3-2 0.511 0.256
Panel 3-3 0.51 0.259
Panel 3-4 0.511 0.243
Panel 3-5 0.507 0.229

Table D-8: Panel-3 In-Plane Shear Test Data

Maximum| Shear Max Load Shear Energy

Specimen Load Stress Deflection Strain to Break

1D (Ibs) (psi) (in) (%) (in-1bs)
Panel 3-1 314.37 2662 0.039654 1.24 5.527
Panel 3-2 399.58 3055 0.050216 1.57 9.272
Panel 3-3 384.26 2909 0.048641 1.52 11.44
Panel 3-4 410.33 3305 0.050869 1.59 11.09
Panel 3-5 323.02 2782 0.053394 1.67 9.767

Table D-9: Panel-3 In-Plane Shear Test Data Statistics

Maximum| Shear Max Load Shear Energy

Load Stress Deflection Strain to Break

Statistic (Ibs) (psi) (in) (%) (in-1bs)

Mean 366 2942 0.048555 1.52 9.4192
SDEV 45 249 0.005262 0.17 2.35
CVAR 12.16 8.48 10.84 10.88 24.99
Minimum 31437 2662 0.039654 1.24 5.527
Maximum 410 3305 0.053394 1.67 11.44
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Table D-10: Panel-4 In-Plane Shear Specimen Dimensions

Specimen Width Length
ID (in) (in)
Panel 4-1 0.509 0.248
Panel 4-2 0.528 0.239
Panel 4-3 0.515 0.28
Panel 4-4 0.51 0.27
Panel 4-5 0.504 0.261

Table D-11: Panel-4 In-Plane Shear Test Data

Maximum| Shear Max Load Shear Energy

Specimen Load Stress Deflection Strain to Break

ID (1bs) (psi) (in) (%) (in-1bs)
Panel 4-1 421.82 3342 0.039573 1.25 8.517
Panel 4-2 412.35 3268 0.040641 1.29 7.849
Panel 4-3 525.22 3642 0.049728 1.57 12.75

Panel 44 444 88 3231 0.046906 1.49 9.5
Panel 4-5 353.34 2686 0.052759 1.69 10.81
Table D-12: Panel-4 In-Plane Shear Test Data Statistics

Maximum| Shear Max Load Shear Energy

Load Stress Deflection Strain to Break

Statistic (Ibs) (psi) (in) (%) (in-1bs)

Mean 432 3234 0.045921 1.46 9.8852
SDEV 62 346 0.005710 0.19 1.95
CVAR 14.44 10.71 12.43 12.79 19.74
Minimum 353.34 2686 0.039573 1.25 7.849
Maximum 525 3642 0.052759 1.69 12.75
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Table D-13: Panel-5 In-Plane Shear Specimen Dimensions

Specimen Width Length
ID (in) (in)
Panel 5-1 0.51 0.245
Panel 5-2 0.446 0.246
Panel 5-3 0.51 0.238
Panel 5-4 0.511 0.248
Panel 5-5 0.432 0.249

Table D-14: Panel-5 In-Plane Shear Test Data

Maximum| Shear Max Load Shear Energy

Specimen Load Stress Deflection Strain to Break

ID (Ibs) (psi) (in) (%) (in-1bs)
Panel 5-1 383.56 3070 0.037441 1.17 6.91
Panel 5-2 301.9 2752 0.042342 1.33 5.772
Panel 5-3 337.95 2784 0.042931 1.34 6.655
Panel 5-4 333.49 2632 0.036813 1.15 5.987
Panel 5-5 264.18 2456 0.034913 1.10 4416

Table D-15: Panel-5 In-Plane Shear Test Data Statistics

Maximum| Shear Max Load Shear Energy

Load Stress Deflection Strain to Break

Statistic (Ibs) (psi) (in) (%) (in-lbs)
Mean 324 2739 0.038888 1.22 5.948
SDEV 44 225 0.003553 0.11 0.98
CVAR 13.71 8.23 9.13 9.01 16.40
Minimum 264.18 2456 0.034913 1.10 4416
Maximum 384 3070 0.042931 1.34 6.91
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Table D-16: Panel-6 In-Plane Shear Specimen Dimensions

Specimen Width rength
ID (in) (in)
Panel 6-1 0.511 0.239
Panel 6-2 0.51 0.237
Panel 6-3 0.51 0.234
Panel 6-4 0.51 0.239
Panel 6-5 0.51 0.239

Table D-17: Panel-6 In-Plane Shear Test Data

Maximum| Shear Max Load Shear Energy

Specimen Load Stress Deflection Strain to Break

ID (Ibs) (pst) (in) (%) (in-1bs)
Panel 6-1 349.1 2858 0.044791 1.38 7.895
Panel 6-2 352.22 2914 0.046312 1.43 9.194
Pane] 6-3 386.2 3236 0.048328 1.49 9.939
Panel 6-4 383.11 3143 0.044153 1.36 9.834
Panel 6-5 395.82 3247 0.063501 1.96 13.79

Table D-18: Panel-6 In-Plane Shear Test Data Statistics

Maximum| Shear Max Load Shear Energy

Load Stress Deflection Strain to Break

Statistic (Ibs) (psi) (in) (%) (in-1bs)

Mean 373 3080 0.049417 1.52 10.1304
SDEV 21 182 0.008036 0.25 2.20
CVAR 5.68 5.92 16.26 16.25 21.73
Minimum 349.1 2858 0.044153 1.26 7.895
Maximum 396 3247 0.063501 1.96 13.79
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APPENDIX E

PANEL STATIC PRESSURE LOADING TESTS
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Figure E-1: Pressure vs. Time for Panel-1 Static Pressure Loading Test
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Figure F-18: Upper Face Strain Response of Panel-3 to Cyclic Pressure Loading

219




X T E O W G U 0 B e

12
] . O%? O+ . (o]
. 09 'B 6. ¢ . (o]
o ‘.gf . ‘6' b9 o
10 4 ) A Y
. %0 6 q [
59 Qo+ " 44
) o 9" P °
* o] O« ;@w‘p + o °
8 1 o* 8 GOb‘o&boo ° °
* . ’8 - 3. ° [
o° o gafb "
= o 3 e 960‘ o° o
[72] -
\Q.; O+ %‘ 966 ., * o
o ? ot P07 o o
3 67 o’%'@’%ao‘om
o *00 © o
et 280 vt O
a. j &‘ . O .OO ° o
0t @t o.. O
o 6# o.d +0 [+
* °§" °© o °
44 - .‘9. o o
+O+ %QO o o0
»
' a7
. pPo
O
8 BIS %
2 - o] + r4
K %""c
] ¢ Transverse Strain o .o.°°
- . 80‘%00.0 .,
© Longitudinal Strain .
0 T LR T T T v T ™ T — 1
-0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00

Lower Face Strain (%)

Figure F-19: Lower Face Strain Response of Panel-3 to Cyclic Pressure Loading

220




480

L
L
L
5
. [ ©
- o
F
L
L
L
. f o
.
. P 2 A - O
v e . . . * . . ¢ [
o W, ﬁ
. .
* +* +* * * . . . mb
. S .
.o
. . . R et ﬁ. -m
*t 4 o . - o 0(
* . LA SN . =]
. . . . e lw -
0000000 b L
* + + * . * * 4 =
e * - . . . -
+* + 8 . | — @
. - A
. « . s o ¢
ot 5 o f—
. P s g = N
+ o+ . . 4 . ¢ = z o o
A . - ¢ o - X 18
+ . . . . L O L =
‘.t m.l.
¢+ I . o
. I A G L - >
. : g
- - + - - . . . L
b * . ., L <t
i
e ¢ ot IO —
. ) + . * oc v
. . . . . pat
* . . - 8
b + * - * - . L
. +
.
« ¢t ¢ [ D«..l
. .+
. - . . * . * ﬁ C
* . . . * . b ha
* * . 'S - . . =l o
* * o > N
ot —_ m
. &+ e oo s et w =
*® + *
A A S . ¢ . L .
. e . . . . . %
00‘ o >
.
. . ¢« + * R -0 L
. =
L . . O o
.« o+ o . L
. . * . . 7
. * . L %
*
.+ b L [t
* * ¢
‘o4 o - . 'S 3 . [+9)
Tt e . * e e . ..
* * hd hd L2 S e &
— T v T T T v T v T -+ o ey
)
— =
9]
=
=]
(1sd) ainssaig 80
: o
8

A N @an G T G W B B EY B N S @D an B B S




R Bl U OE WA N D B T

12
] (] (] .
a OCD 0..
[+ - S
10 umu%n ° ooo och + ’. 0:5.
oo @ 00, o%% + ,*3
Du o ° ° ® o e Ve
o "0 g ) o ,0%s L.+
o o (o] .o -+ ¢
o b g o © og®®, v
8 °Pogo % © ‘%0 %% o .°
[-)
o u%& %0 OOQ% N o% ®
B o0 o Q Q .
= 4 o o . 4
g‘ EO . ° a’b . -
s .0 0 ¢ % 40 o"
L 0 9B ‘o & d
*
= 6+ + O « © Og -+
Z Y % 9% 0% * -4
5] ¢+ O . ARK:) .
— o .% o.% .
[« 9 (o} +Q * 1
1 0? L, s AT
y o 8 ’.O kS ¢
o °o°&"‘o o3
O * Pe) Q *e
4 - O Qe e O%: LW
0 A !
A
0’8.6 :%}:.
*
oo;o%“
* .
29 *  Mid-Span
©  Quarter-Span
O  Eighth-Span
0 v T —r — v T v T - -——
0.0 0.1 0.2 0.3 04 0.5

Deflection (in.)

Figure F-21: Deflection Response of Panel-4 to Cyclic Pressure Loading
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Figure F-24: Upper Face Strain Response of Panel-4 to Cyclic Pressure Loading
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Figure F-26: Pressure vs. Time for Panel-5 Cyclic Pressure Loading
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Figure F-29: Eighth-Span Deflection Response of Panel- § to Cyclic Pressure Loading
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Figure F-30:  Upper Face Strain Response of Panel-5 to Cyclic Pressure Loading
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Figure F-35: Eighth-Span Deflection Response of Panel-6 to Cyclic Pressure Loading
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Figure F-36: Upper Face Strain Response of Panel-6 to Cyclic Pressure Loading
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Figure F-37. Lower Face Strain Response of Panel-6 to Cyclic Pressure Loading
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