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TECHNICALPUBLICATION

A COMPARISON OF QUASI-STATIC INDENTATION TO LOW-VELOCITY IMPACT

1. INTRODUCTION

Low-velocity impact events are expected to occur during the manufacturing and service life of

composite parts and/or structures. Foreign body impact can occur during manufacturing, routine mainte-

nance, or use of a laminated composite part. By dropping a 5-1b handtool less than 4 ft, an impact force

anywhere between 100 to 1,500 Ibf can occur, depending mainly on the transverse stiffness (flexural rigid-

ity) of the impacted part at the site of the impact. Low-velocity impact events can occur during the service

life of a composite in such forms as hail, runway debris, and collisions with other vehicles or animals.

Impact events such as these can damage the integrity of the composite while leaving little or no visible

damage.

There are two very distinct aspects to consider when designing composite structures/components--

damage resistance and damage tolerance of composite materials. Damage resistance is the measure of a

material's ability to resist damage, while damage tolerance measures the ability of a structure/component

to carry service loads (or function as designed) with the presence of damage. Damage tolerance of carbon/

epoxy composites is a very important aspect in the design criteria of composite structures. This is due to

the relatively low strength of a carbon/epoxy laminate transverse to the fiber direction (through-the-thick-

ness direction). The principal toad-carrying mechanism in this direction is the epoxy matrix. The primary

structural role of the matrix material is to provide stability to the fibers. During an impact event, the matrix

will fail first, causing microcracks within a layer (lamina) and then delamination between the lamina

layers. This can lead to the structure's inability to carry designed service loads, especially in compression.

This has led to much research on impact damage to laminated composite plates. Typically, lami-

nated plates are impacted either by a "drop-weight" or "projectile" method. Drop-weight impacts usually

consist of an instrumented striker (tup) that is secured to a carriage that falls along guideposts and collides

with the plate. Projectile tests typically consist of firing a small spherical projectile at a composite plate

with the use of a light gas gun. After an impact event has been performed, ultrasonic c-scans, x-radiogra-

phy, and cross-sectional photomicroscopy are some of the common techniques used to document the dam-

age area. Postimpact strength testing (mostly compression) is often performed to evaluate a material's or

structure's damage tolerance.

It would be very beneficial to simulate an impact event using a "quasi-static" loading test. By using

this test, damage initiation and propagation can be more easily detected, deflection can be directly mea-

sured with great accuracy, and maximum transverse force can be better controlled. Thus, the focus of the

work in this technical publication (TP) was to examine if drop-weight impact tests and quasi-static loading

tests give the same size, shape, and location of damage for a given maximum transverse load.



In thepresentstudy,all testswereconductedon laminatedplatesmadefromIM7/8552prepreg.
Theplatestestedwerequasi-isotropicwithastackingsequenceof [+45,90,-45,0]ns,with n equal to 1,2,4,

and 6. This is known as a r_/4 quasi-isotropic stacking sequence.



2. PREVIOUS WORK

2.1 Background

The need for a static (or more commonly referred to as quasi-static) test method for modeling low-

velocity foreign object impact events would prove to be very beneficial to researchers since much more

data can be obtained from a quasi-static test than from an impact test. An American Standard Testing

Materials standard has been proposed for transverse quasi-static loading of composite laminates, although

the standard stops short of claiming to represent low-velocity impacts. 1 Since a "low-velocity" impact

event lasts approximately 6-10 ms, there is debate as to whether or not a quasi-static indentation test truly

represents a low-velocity impact event.

The first order of business is to determine whether or not an impact event is considered low veloc-

ity and can thus be subjected to further analysis as a quasi-static event. It has been clearly shown that

projectile-type impacts in the ballistic range are governed by dynamic events and therefore could never be

represented by a quasi-static test. 2-4 Some research efforts have been focused on defining the boundary

between "low-velocity" and "dynamic" impact events. One study suggested that the impactor-to-target

frequency ratio governs the type of event with a low (much less than unity) ratio, implying a quasi-static

event. 5 A simpler method was obtained by Swanson 6 in which a rule has been established that if the

impactor mass is more than 10 times the "lumped mass" of the target, then the impact event will be quasi-

static in nature. The "lumped mass" is a function of the target shape and boundary conditions but is gener-

ally about one-half the mass of the entire target. However, for most practical purposes, it is fairly clear if an

impact event is "low velocity" High-velocity/large-mass impacts are of little concern since the part will be

so heavily damaged by such an event that an analysis is not needed and conversely a low-velocity/low-

mass impact is of little concern since no damage will form.

Once an impact event is deemed to be "low velocity," the question remains as to whether or not a

static indentation test can be performed that will duplicate certain aspects of the impact. Some of these

aspects include permanent indentation, maximum displacement, and most importantly, amount and type of

damage formed. All of these parameters must be compared against an independent variable that will be

common to both tests. It has been suggested that this independent variable be the maximum transverse
load.4,7, 8

Permanent indentation after an impact or quasi-static loading test has been examined in a few

studies.9-11 The one common feature in all of these studies is the large amount of scatter in indentation

depth data, to the point of rendering this measurement useless. Nevertheless, it was decided to examine this

parameter in this study to see how much scatter would exist.

For load/deflection correlation it is imperative to have an instrumented impact apparatus. The inter-

pretation of the signals has been greatly simplified with the use of commercially available systems that

filter the load signals to reduce unwanted noise. Care must be taken to ensure that the filter being used does



notmaskimportant load events. A complete analysis of instrumented impact testing is beyond the scope of

this paper, but two excellent references are noted for the reader. 12,13

The amount of damage formed by an impact event can be measured in a number of ways. Destruc-

tively, the impacted specimen can be sectioned and examined under high magnification, or a residual

property can be measured (termed "damage tolerance"). Nondestructively, ultrasonic or x-radiography can

give a planar indication of the type and extent of damage. Ultimately, the amount of damage formed by an

impact event is the greatest concern to the engineer investigating such an occurrence, and since the

impacted part may still be useable, nondestructive techniques are preferred. Thus the major portion of this

paper will deal with the resulting damage as detected via nondestructive evaluation and whether or not the

damage formed for a given transverse load is similar in low-velocity impact and quasi-static testing. Spe-
cific studies that have examined this are featured in section 2.2.

2.2 Impact Versus Quasi-Static Testing

Several studies 4,7,9,14,15 show a similarity between quasi-static indentation and drop-weight

impact testing, while other studies 8,16,17 have shown a limit to the applicability of using quasi-static inden-

tation to represent impact events. It must be noted that there are many variables involved in these tests such

as boundary conditions, specimen size, specimen thickness, stacking sequence, impactor size, impactor

shape, and type of fiber/resin system. The amount of impact damage formed in a laminated composite has

been shown to be very sensitive to stacking sequence, regardless of thickness. 18 As plies are grouped

together, larger areas of delaminations tend to form. It has been conventional wisdom in the aircraft indus-

try to disperse the ply orientations in order to increase damage resistance. For example, a stacking

sequence of [+45,0,-45,9012s is preferable to one of [+452,02,_52,902] s in order to increase the damage
resistance of the laminate.

Jackson and Poe 4 used 48-ply specimens with dispersed plies (a layup of [45,0,-45,9016s) in order

to examine if a low-velocity impact event was similar to a quasi-static transverse loading event. The quasi-

static indentation specimens were clamped over a 10.2-cm diameter circular opening and the impacted

specimens were clamped over a 12.7-cm-square opening. Although these two boundary conditions are

different, it was deemed not to be of a magnitude of difference to compare the delamination area of the

results. The support size-to-specimen thickness ratio was =20 for these tests, which indicates a stiff impact

target. For fiber/resin systems of both IM7/8551-7 and AS4/3506-6, no appreciable difference between

the damage diameters as seen by c-scans were evident between the quasi-static and impact tests. In these

tests, as a barely visible crater became more visible, the delamination results became more similar due to

the elimination of scatter.

Kwon and Sankar 7 used 24- and 32-ply laminates with dispersed plies supported over a 2-in.-

diameter circular opening. These specimens had an opening-to-thickness ratio of 17 and 12.5, respectively,

indicating very stiff impact targets. For a limited amount of data, the static indentation and impact tests

gave approximately the same delamination radius for a given transverse load.

Despite the title of a paper by Kaczmarek and Maison, 9 little information is obtained about damage

area versus transverse load for impact and static indentation testing. What little information is given indi-

cates that static and low-velocity impact testing gave "good similarity" when based on damage area as



detectedby ultrasonicc-scans.Thespecimenswere16pliesthickwith doublegroupingsof all orienta-
tions.Thelayupsequencewas[452,02,-452,902]sandthespecimensweresupportedovera 12.5-by7.5-
cmopening.Thisgivesaspecimenopening-to-thicknessratioof'50, whichisof moderatestiffnessfor an
impacttarget.

LeeandZahuta14used16-plyquasi-isotropicpanelswithdispersedpliesclampedovera2.2-by5-
in.opening.Thisgivesaspecimensupport-to-thicknessratioof =45,whichindicatesamoderatelystiff to
stiff impacttarget.Thespecimenswerecomparedonadamagewidthratherthanonadamageareabasis.
Theresultsshowedagoodamountof scatterin theimpactresultswith thestaticindentationtestsyielding
aslightlyhigherdamagewidthforagiventransverseload.Onalostenergybasis,theresultsbetweenstatic
indentationandimpacttestinggavevastlydifferentresultswith theimpacttestslosingmuchmoreenergy
for agivendamagesize.Thiswasattributedto vibrationsin thedrop-weightcrossheadabsorbingmuchof
theenergy.Thishasalsobeenaconcernfor researchersatNASAMarshallSpaceFlight Center(MSFC)
where"lost energy"is deemedadubiousresultatbest.19

In a studyat theUniversityof Dayton Research Institute 15 a comparison between low-velocity

impact and static indentation tests was based on load/deflection curves. The specimens were 48 plies thick

with dispersed plies simply supported over a 12.3-cm-diameter ring. This gives a specimen support-to-

thickness ratio of 20, which indicates a stiff target. The impact curve had the typical oscillations associated

with an impact event but the static indentation curve superimposed over the impact curve fairly well, with

incipient damage occurring at the same load and displacement for both. As far as damage is concerned,

some of the specimens were cross sectioned and examined under magnification. There was no apparent

difference in the type or extent of damage to the impacted specimens and the statically indented ones.

In a study at the Massachusetts Institute of Technology, 8 a slight difference in static indentation and

impact testing was found. This study used panels fabricated with 12 plies grouped in sets of two. The

panels were supported in a clamped-clamped/free-free configuration with a span of 25.2 cm and a width of

13 cm. These boundary conditions create a test specimen with a support size-to-thickness ratio of 170, a

much more flexible specimen than those examined in previous studies thus far. For a given transverse load,

the impacted panels showed more damage area as determined from x-ray analysis than the statically

indented specimens. Numbers are not given, but the differences are within =50 percent; not huge, but

different nonetheless. A plot of force versus deflection showed a vast (>100 percent) difference between

static indentation and impact testing. This study also examined sandwich panels and it was found that the

static indentation and impact tests were nearly identical. This was due to the extremely rigid support con-

dition that a honeycomb panel gives its face sheets.

Elber 16 found some differences in maximum delamination length for a given transverse load

between low-velocity impact and static indentation. In this study, 8-ply quasi-isotropic plates supported

over a 2-in. circular opening were used. This gives a specimen support-to-thickness ratio of =50, which is

between a stiff and flexible impact target. Load/deflection data were given and the two match well. How-

ever, for a given transverse load, those that were loaded statically had consistently longer delaminations

than those that were impacted. This difference was between 15 and 40 percent for tests at four different

load levels.



Thelargestdifferencebetweenstaticindentationandimpacttestingin theliteraturesurveyedwas
foundby Highsmith.17This studyemployed20-plyspecimenswith a layupof [+_60,04,_+60,02]s sup-

ported over a 2.5-in.-diameter circular opening, which gives a specimen support to thickness ratio of =25,

representing a stiff target. Three different transverse load levels were selected and the resulting damage

was evaluated using x-ray techniques. The lowest load level chosen in this study was just at the point of

damage initiation; therefore, there is so much scatter in the data that a comparison cannot be made. At the

two higher load levels, the specimens that were impacted showed about half as much delamination area for

a given transverse load than the impacted specimens.

2.3 Conclusions From Past Studies

A summary of the results from past studies that compared quasi-static loading to impact loading

based on a given transverse load is given in table 1.

From the studies examined thus far, it appears that a quasi-static indentation test can be used to

simulate a low-velocity impact event in most cases; however, a more detailed study varying more param-

eters is needed. Most of the studies thus far have been on fairly stiff specimens. Larger ranges of stiffness

need to be tested to draw a conclusion. The one study that did show a large difference in delamination

area 17 has the most group plies with four zero-degree plies grouped together. It would be a rare case for an

actual engineering laminate to have this kind of grouping. Thus it will be the intent of this study to examine

laminates most commonly used in structures, those of the class [45,90,-45,0]nS.

Table 1. Conclusions from

Specimen
Support/

Thickness
Ratio1

9revious studies.

Reference Layup Conclusions

4 20 [45,0,-45,9016s No difference in c-scan diameter

14

15

16

17
12.5

5O

45

2O

170

5O

25

[0,45,90,-4514s
[0,22.5,45,67.5,--45,-22.512s

[452,02,-452,902]S

[45,0,-45,9012s

[0,45,-45,9016s

[-+452,02]s

[0,45,-45,90]s

[-+60, 04, _460,02]s17

C-scanradiusapprox,samefor limiteddata

C-scan area shows no difference. Very little
data

C-scan damage width showed static cases

slightly higher than impact

Load/deflection curves similar

Impact showed more damage from x rays--
load/deflection curves much different.

From x rays, static specimens had a
15 -40 percent longer delamination length

than impact specimens

Delaminationareasof staticspecimenstwice
aslargeasimpactspecimensasdetermined
fromx rays

Thehigherthenumber,themoreflexibletheplate.
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3. EXPERIMENTAL PROCEDURE

3.1 Introduction

The intent of this study was to compare quasi-static indentation testing to drop-weight impact

testing based on the maximum transverse load. In order to ensure a complete analysis of the two events,

testing was divided into several different categories based on boundary conditions. These two categories

were then subdivided into three additional groups based on plate stiffness. To ensure the repeatability of the

experimental procedure, each impact test was performed on approximately four different specimens, while

the quasi-static indentation test was performed on two different specimens. A decision was made to repeat

the drop-weight impact testing numerous times because of the inherent data scatter. However, the repeat-

ability became so constant during the latter stages of the testing that the number of impacted specimens for

repeatability assurance was reduced.

Finally, the rate of the quasi-static indentation test was also investigated to find if there was any

time dependency involved in quasi-static indentation testing. The two rates used were 0.05 in./min and

1 in./min.

3.2 Boundary Conditions

The two main categories of tests were dependent on the boundary conditions. Specimens were

either clamped on all four edges or simply supported on all four edges. For simplicity, the specimens that

were clamped on all four edges will be referred to as clamped and those simply supported on all four edges

will be referred to as simply supported for the remainder of this TP. This was done to determine if the

boundary conditions would have a major influence on the damage introduced for the same impact force.

Since an impact event does not always occur directly in the center of two ribs in a grid-stiffened aircraft

component nor on top of a rib, the boundary conditions will change. For example, if an impact event

occurred somewhere between the center point of a grid and on top of a rib, the actual boundary conditions

would be simulated more accurately in the lab as a combination of the clamped and simply supported.

To perform the simply supported test, the specimens were placed on the machined platen shown in

figure 1. The platen was machined from a 5.08-cm-thick (2-in.-thick) aluminum plate with an outside

square dimension of 40.64 cm (16 in.). A total of four platens were made with the square opening, N,

shown in figure 1, machined to 5.08 cm (2 in.), 60.96 cm (4 in.), 15.24 cm (6 in.), and 30.48 cm (12 in.).

This was done to explore the flexural/rigidity properties of the composite panels.

In order to perform the test with clamped boundary conditions, the platen in figure 1 was modified

as shown in figure 2. A series of 0.64-cm (0.25-in.) holes were drilled and tapped into the aluminum plate

3.81 cm (1.50 in.) from the edge of the opening. The bolt holes were spaced 2.54 cm (1 in.) on center. The

1.27-cm-thick (0.50-in.-thick) plate shown in figure 2 was machined from a steel plate with holes placed in

the same physical location as those in the platen.



The exterior dimension, M, in figure 2, was dependent on the opening size of the platen. For

example, the platen with the 15.24-cm (6-in.) opening required a steel plate with exterior dimension (M) of

25.4 cm (10 in.). The laminated composite panel was placed between the 5.08-cm-thick (2-in.-thick) alu-

minum platen and the 1.27-cm (0.5-in.) steel plate. Allen-head bolts were then used to secure the specimen

and a uniform torque of 5.65 J (50 in.-lbf) was applied to each bolt.

Figure 1. Test platen used for simply supported testing.

0.25-20 UNC

J _ A. _ 1.5 in. FromInternalEdge

___. ***__on Ceoter

Y __ /dI z'".

Figure 2. Modifications to test platen for clamped test.



3.3 Flexural Rigidity of Specimens

The three subgroups of tests involved the stiffness of the composite plate. It was decided that the

stiffness was a function of the support opening versus the laminate plate thickness. The specimens were

divided into three categories under this assumption: (1) Flex: ratio of 150, (2) medium: ratio of 50, and

(3) stiff: ratio of 25.

During an impact event, this flex/stiff characteristic changes the mode of damage propagation as

shown in figure 3. Figure 3 shows that for stiff laminates the contact forces caused the mode of failure,

while for flexible laminates the failure propagates from the side opposite the impact site. This was charac-

teristic of the brittle properties of the matrix materials used in advanced composites.

StiffLaminate

,% /
1

I

FlexibleLaminate

Figure 3. Impactor/laminate failure mode.

3.4 Materials

The plates used for this study were manufactured from Hexcel TM IM7/8552 prepreg. The epoxy

resin, 8552, is a high-performance matrix that is used primarily in the aerospace industry for structural

components. It offers exceptional toughness and damage tolerance. IM7 is an intermediate modulus carbon

fiber with a tensile modulus of =27,580 MPa (40 msi). The manufacture's tensile strength and tensile

modulus values for a unidirectional laminate of this fiber/resin system are listed in table 2.

9



Table2.Materialproperties.

Manufacturer'sValue
Property MPa(ksi)

Tensilestrength 5,378 (780)
Tensilemodulus 27,580(40,000)

The quasi-isotropic laminated panels were layed up by hand, placed in a vacuum bag, and cured

using the manufacturer's cure cycle shown in figure 4. The panels were fabricated into 61 ×91.4 cm (24 ×36

in.) plates. In order to obtain a large variety of flexural stiffnesses of carbon/epoxy laminates, the following

four thicknesses were used: 8-, 16-, 32-, and 48-ply. The panels were fabricated utilizing the quasi-

isotropic rd4 stacking sequence of [+45,90,-45,0]ns, where n, was given the value of 1, 2, 4, and 6, respect-

fully.

Figure 5 is a schematic of an 8-ply laminate stacking sequence. From these panels, the test speci-

mens were then machined into 10.16 cm (4 in.), 15.24 cm (6 in.), 20.32 cm (8 in.), and 35.56 cm (14 in.)

squares. Appendix A lists all specimens, layups, and sizes. The specimens were machined using a tungsten
carbide saw blade.

80psiThroughoutCycle
8O

,,o /
so

E -
E"

70
0 93 213 269

Time(min)

Figure 4. Typical cure cycle for IM7/8552 prepreg laminate.
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+45

9O

--45

0

0

-45

9O

+45

Figure 5. Schematic of an 8-ply laminate stacking sequence.

3.5 Mathematical Foundation

The impact tester measures the initial velocity by an electronic trip placed as close as possible to the

surface of the impact specimen. By double-integrating the time versus load curve, deflection versus load

plot was calculated. Although the computer software (GRC 930-1) performed this evaluation, the actual

numbers were checked to ensure accuracy. The following equations were used:

where

d2x

F(t) = m dt---T , (1)

F(t) is the force of the load cell (lbm*ft/sec 2)

m is the mass of the impactor (Ibm)

dZx/dt 2 is the acceleration (ft/sec2).

From eq. (1), velocity was calculated numerically using eq. (2):

V(t) = _m _ F(t)dt + co . (2)

11



where

Usinginitial boundaryconditions:

att=O
co= Vo ,

V(t) is the velocity of the load cell (ft/sec)

co is a constant of integration

Vo is the initial velocity (ft/sec).

From eq. (2), deflection was calculated numerically using eq. (3):

where

(3)

X(t) is the transverse deflection of the load cell as a function of time.

These numerical integrations were performed using the software package Kaledigraph TM.

3.6 Impact Testing Procedure

The impact testing was performed at MSFC using a Dynatup 8200 drop-weight impact tester. The

specimens were placed on the platen shown in figures 1 and 2, depending on boundary conditions, with the

desired opening size (N). Table 3 lists the opening size used, dependent on the laminate plate thickness.

This divided the test into the proper flexural/rigidity ratio being examined.

Table 3. Opening and laminate thickness ratio calculations.

Flex:Ratioof150

LaminateThicknessOpeningSize(N)
NumberPlies mm(in.) mm(in.)

8 0.102(0.04) I52.4 (6)
I6 0.204(0.08) 304.8(12)

Medium:Ratioof50

8 0.102(0.04) 50.8 (2)
16 0.204(0.08) 101.6 (4)
48 6.096(0.24) 304.8(12)

Stiff:Ratioof25
16 0.204(0.08) 50.8 (2)
32 4.064(0.16) 101.6 (4)
48 6.096(0.24) 152.4 (6)

12



Specimens were then impacted with a hemispherical-tipped steel tup. The drop-height and mass of

the impactor was adjusted to give the desired damage mode. The damage desired was very little visual

damage to the top of the specimen while achieving a measurable crack on the bottom surface. This level of

damage was chosen since the onset of visual damage is such a critical state for an impact event. If penetra-

tion is allowed, boundary conditions and rate effects will not be as noticeable and if too low of an impact

level is used, damage may not form at all. Tables 4 and 5 list the height, maximum load, and mass for each

subgroup that was finally chosen before proceeding to the quasi-static indentation testing. Table 4 is for the

clamped boundary conditions and table 5 is for the simply supported boundary conditions. Appendix A has

a complete listing of the drop-height and maximum loads for each specimen tested.

Table 4. Maximum load and drop height for the clamped boundary conditions.

Clamped

Flex:Ratioo1150

Specimen MaximumImpactForce DropHeight
NumberPlies ID No. N (Ibf) cm (in.)

8

16

616-15f

616-04f

1,930 (434)

7,1o8(1,598)
30.48 (12)

121.92 (48)

Medium:Ratioof 50

8 728-11m 1,036 (233) 12.70 (5)

16 616-28m 3,728 (838) 35.56 (14)

48 61599-04m 26,823 (6,030) 119.38 (47)

Stiff:Ralio of25

16 616-32s 3,100 (697) 33.02 (13)

32 616-20s 7,268 (1,634) 71.12 (28)

48 727-05s 23,100 (5,193) 63.50 (25)

Table 5. Maximum load and drop height for the simply supported boundary conditions.

SimplySupported

Flex:Ratioo1150

Specimen MaximumImpactForce DropHeight
NumberPlies ID No. N tiM) cm (in.)

8

16

Medium:Ratioof 50

8

16

48

Stiff:Ratioof25

16

32

48

727-1 Of

728--06f

728-03m

727-11m

61599--02m

727-20s

727-18s

727-02s

1,873 (421)

5,400 (1,214)

974 (219)

3,728 (837)

23,562 (5,297)

2,922 (657)

9,853 (2,215)

22,121 (4,973)

44.45 (17.50)

148.6 (58.50)

5.72 i2.25)

49.53 (19.50)

119.38 (47.00)

52.71 (20.75)

124.46 (49.00)

63.18 (24.88)
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Time versus load data were measured and collected using the software package GRC 930--I. Fig-

ure 6 shows a typical time versus load plot for an impact test. From this data the load displacement graphs

were calculated as discussed in section 3.5.

TypicalLoadVersusTime ImpactPlol

5OO

2

400

0.5

300

2OO

100 0.5

0 0
0 2 4 6 8 10

Time (msec)

Figure 6. Typical time versus load plot.

In order to achieve the desired impact force on the 48-ply specimens, two different load cells were

required. These specimens required an impact force >5,000 lbf; therefore, a 10,000-1bf load cell was used.

To ensure the compatibility of the load cells, four drop-weight impact tests were performed. Both loads'

cells were placed on the crosshead with an equal amount of weights placed at the same height, and then

composite panels were impacted to compare maximum loads. The results of these tests are tabulated in

table 6.

Table 6. 5,000- and 10,000-1b load cell comparison.

Specimen Initial Energy InitialVelocity MaximumLoad

ID No. J (ft-lb) M/sec(ft]sec) N (Ibf) LoadCell

614E-1

614E-2

614E-3

614E-4

15.89(11.72)

15.68(11.57)

15.82(11.67)

16.00(11.80)

4.3 (14.11)

4.27 (14.02)

4.29 (14.08)

4.32 (14.16)

5,449 (1,225)

5,453 (1,226)

5,351 (1,203)

5,63I (1,266)

10,000

10,000

5,000

5,000

From these data it was concluded that both load cells were properly calibrated and giving good

force values.
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Figure 7 shows a typical load versus displacement plot. All load versus displacement plots for the

impact test can be found in appendix B.

m
v

o
..J

400

350

300
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200

150

100
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LoadVersusDeflectionSpecimen616-18f

Deflection(cm)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

1 III [llll_lllll III I_lllllllll [11111 I I I I It111-
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_ 0.6
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Figure 7. Typical load versus displacement plot for impact testing.

3.7 Static Indentation Testing Procedure

Once the impact testing was completed, the maximum impact force obtained for each of the differ-

ent subgroups was used as the independent variable in the quasi-static indentation test. This was done

primarily due to the ease of reproducing this value on a servohydraulic test frame. However, it did not turn

out to be as easy as thought when the loading rate was increased to 1 in./min. Therefore, a small amount of

scatter was introduced into the experimental data from the beginning. The majority of the quasi-static

indentation tests were performed at NASA Langley Research Center (LaRC) on a 100-kip servohydraulic

load frame. Figure 8 shows the test fixture used for all of the quasi-static indentation tests performed at

LaRC. In order to perform a few tests at MSFC, a slight modification to the way the fixture was mounted in

the load frame had to be accomplished. The platen shown in figure 8 was the same platen used for the

impact test. For simplicity, the platen without the bolt holes is shown. The platen rested on top of the 5.08-

cm-thick (2-in.-thick) aluminum uprights and could be removed without taking the fixture out of the test

frame. The aluminum uprights were bolted to a 5.08-cm-thick (2-in.-thick) steel plate. The tang shown in

figure 8 was also machined out of steel and was bolted to the underside of the steel plate. The impactor was

placed in the upper crosshead of the servohydraulic load frame. In a limited number of tests, transverse

deflection of the center point of the laminate, directly under the hemispherical tup, was measured using a

linear voltage displacement transducer (LVDT). Figure 8 shows the location of the LVDT. The tests were

run in stroke control at the two different load rates previously mentioned.
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..,,.._.----- UpperSteel TangWith Hemispherical

Tipped Impactor

DT

ifPlate

Figure 8. Test fixture for quasi-static indentation testing.

Load and transverse deflection data were collected using the WIN5000 TM data acquisition system.

Although the quasi-static indentation tests were repeated, it was not repeated to the magnitude of the

impact testing. Each series of tests was performed twice. Since the dynamics of the quasi-static testing was

not an issue, this was assumed an adequate number to ensure repeatability. Figure 9 is a typical load

deflection plot for a quasi-static indentation test. Appendix C contains all of the load deflection plots from

the quasi-static indentation testing.

Load Versus Deflection Specimen 708-03m

Deflection (cm)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

1,000 | '' ,I .... t .... I .... i .... t .... t .... t, '-

L16-Ply, 4-in. Opening Clamped Static
Max Load = 827 Ibf - 4

800 Rate = 0.05 in./min ...,p.J 3.5

?
3

60O

__ /., 2.5g

400 j. _',,. •
,,/ ./ 1.5

f.," ,.,...j"

200/ .,/ _1
0 _,I, ,_,,, _,, I, ,I,[J i 0

0 0.05 0.1 0.15

Deflection (in.)

Figure 9. Typical load versus displacement plot for quasi-static indentation testing.
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3.8 Nondestructive Analysis

Once the impact and quasi-static testing were completed, the specimen underwent three types of

nondestructive analysis to document internal and external damage. These consisted of measuring dent

depth on the impacted surface, crack lengths on the nonimpacted surface, and internal damage as deter-

mined from x-radiography.

After the specimens were impacted or subjected to quasi-static indentation testing, they were set

aside for at least 24 hr so that the resulting dent would have time to relax to its equilibrium state. It was felt

that this would be appropriate since a postflight inspection would be performed at least 24 hr after a flight.

The dent depths were measured using a Starrett TM Model 644-441 dial depth gauge with an accuracy of

0.0254 mm (0.001 in.).

Any visible cracks on the nonimpacted surface of the specimens were measured.

After all the dent depths and crack lengths were measured, the specimens were then subjected to

radiographic techniques to document the internal damage areas. The specimens were soaked on both sides

with a zinc iodide penetrant solution for 24 hr and then x rayed using a Faxitron TM x-ray machine. A piece

of photographic film was placed directly under the specimen to capture the image of the internal damage in

the form of a negative. The exposure length and focal film distance was varied, depending on the specimens

being x rayed. For example, specimens 61599-02 through 61599-05 (48-ply specimens) were exposed at

35 kV for 2 min with a focal length of 46 in. While the specimens with identification numbers 616-20

through 616-24 (32-ply specimens) were exposed at 35 kV for 1 min 15 sec at a focal length of 46 in. From

the negatives, positives were made so that the planar damage area could be calculated. This was accom-

plished by superimposing a grid of 4 mm 2 (0.0062 in. 2) squares over the picture and then counting squares

that were within the damage area. Figure 10 illustrates the process used. The specimen shown in figure 10

was a 16-ply clamped impact specimen, 616-04f, supported over the 30.48-cm (12-in.) opening. From this

photo 192 squares were counted, which gives a planar delamination area of 768 mm 2 (1.19 in.2). It should

be noted that this is only a planar calculation and does not take into consideration the thickness of the

specimen. The strain gauge that appears in the bottom righthand corner of figure 10 was put on the speci-

men after it had been impacted so the x ray could be oriented with the specimen if needed.

The planar area of delamination was the most important variable used in this study and was the

main factor in determining if an impact event can be represented by a quasi-static indentation test.

, .. 7' ri I ]'._Pk_,"12_L_i_'l_ t I il II I
: "' . , .1'1

] I I /t I [1,_, .... /' . .

"-"_° q [ I I i I I I i I I I I t t lmlhl'*l

Figure 10. X-ray of impact specimen with 4 mm 2 grid superimposed.

17



4. RESULTS AND DISCUSSION

4.1 Introduction

Since the main purpose of the research being presented was to establish if quasi-static indentation

testing was a true representation of a low-velocity impact event, this chapter will address this issue by

comparing the experimental results obtained in the low-velocity impact testing to that of the quasi-static

indentation testing. The impact testing will be discussed and then a comparison of the damage resistance of

the material subjected to the two different events will be presented. Tables 7 and 8 list the specimens and

the maximum loads used for comparison between impact and quasi-static testing. Once the specimens

were tested, comparisons were made on the dent depth, crack length, and delamination area. From these

comparisons, an understanding and analysis of the two types of testing procedures was achieved.

4.2 Drop-Weight Impact Testing

All of the load versus deflection plots for the drop-weight impact tests document the nonlinear

characteristics inherent to large deflection of plates. This can be seen in appendix B. This nonlinear charac-

teristic behavior makes it very difficult to accurately predict mathematically how the material will behave

when subjected to a transverse load. For that reason, none of the classical laminate plate theories has been

introduced for comparison in this paper.

The impact duration versus stiffness ratio plots shown in figures 11 and 12 show that the stiffness

ratio has a direct effect on the duration of the impact. The impact duration increased as the stiffness ratio

increased (i.e., the specimen became more "flexible") for both boundary conditions. All stiffness ratios had

overlap in the duration of impact data and little difference can be noted between the two sets of boundary

conditions. It is apparent from the data that the duration of impact is dependent upon much more than

simply the support-to-thickness ratios of the plates, otherwise the data for ratios of 25, 50, and 150 would

be clustered together in well-defined groups. The only noticeable trend between the two boundary condi-

tions occurs on the most flexible specimens with a stiffness ratio of 150. For these data, the simply sup-

ported boundary condition gives a slightly longer duration of impact than the clamped boundary condition

as long as all other parameters are held equal.

4.3 Quasi-Static Indentation Testing

Appendix C presents the load/deflection data generated for a limited number of the static indenta-

tion tests. The quasi-static test plots have very different behavior characteristics, depending on the stiffness

ratio. For clarification, specimens ending in "f" indicaie "flex" or a stiffness ratio of 150. Specimens end-

ing in "m" indicate "medium" or a stiffness ratio of 50, and "s" indicates "stiff" or a stiffness ratio of 25.

For the "flex" specimens, the load/deflection curves demonstrate the extreme nonlinearity associ-

ated with large deflections of plates. The initial portion of the curve shows very little resistance to bending

as a small load causes a large amount of deflection. However, as the membrane stresses begin to dominate,
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Table 7. Identification numbers and maximum loads for clamped specimens.

MaximumLoad

Typeof Event SpecimenID No. N (Ibf)

Flex:Supporl/ThicknessRatioof 150

8-ply, Impact 616-15f 1,930 (434)

6-in. opening Static0.05 in./min 708--10f 1,735 (390)

Static 1 in./min 720-08f 1,899 (427)

16-ply,

12-in.opening

Impact
Static0.05 in./min

Static1 in./min

Medium:Support/ThicknessRatioof50

8-ply,

2-in. opening

Impact
Static0.05 in./min

Static1 in./min

616--04f

720--04f

720-05f

728-1 lm

722-04m

722-05m

7,108 (1,598)

6,993 (1,572)

7,357 (1,654)

1,036 (233)

1,045 (235)

939 (211)

16-ply, Impact 616-28m 3,728 (838)

4-in. opening Static 0.05 in./min 708-02m 3,705 (833)

Static1 inJmin 720-06m 3,857 (867)

48-ply, Impact 616-04m 26,823 (6,030)

12-in.opening Static0.05 in./min 817-01m 26,293 (5,911)

Static1 in./min 818-02m 28,290 (6,360)

Stiff:Support/ThicknessRatioof 25

16-ply, Impact 616-32s 3,100 (697)

2-in. opening Static0.05 in./min 722-02s 2,918 (656)

Static1 in./min 722-08s 2,931 (659)

32-ply, Impact 616-20s 7,313 (1,644)

4-in. opening Static0.05 in./min 706-01s 7,455 (1,676)

Static1 in./min 708-07s 7,455 !1,676)
48-ply, Impact 727-05s 23,100 (5,193)

6-in. opening Static0.05 in./min 720-01s 23,429 (5,267)

Static1 in./min 817-03s 23,389 (5,258)

the amount of load needed to cause a given amount of deflection increases greatly. Little damage is noted

in these specimens until the maximum load is reached. This suggests a damage mode associated with large

bending stresses.

The "medium" specimens all show a "kink" in the initial loading portion of the load/deflection

curves associated with initial damage. Higher shear stresses are developed in the stiffer specimens, which

results in delamination-type failures within the laminate. The curves are seen to be slightly nonlinear until

the initial damage is formed, at which point the curves demonstrate more nonlinearity.

The "stiff" specimens also have the initial load drop along the loading curve, which appears to be of

a larger magnitude than in the "medium" specimens. This follows since the stiff specimens will develop

larger shear stresses which will release more energy when @lamination does occur. Also of note is the

change of stiffness at the very beginning of the load/deflection curve. This is associated with the contact

stresses between the impactor and the plate. As the impactor first touches the plate, it begins to "dent into"

the specimen, causing an indentation in the specimen. As the impactor goes deeper into the specimen, the

contact stresses are spread out and the impactor stops indenting into the specimen.
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Table8.Identificationnumbersandmaximumloadsfor simplysupportedspecimens.

MaximumLoad

Typeof Event SpecimenID No. N (Ibf)

Flex:Support/ThicknessRatioof 150

8-ply, Impact 727-10f 1,873 (421)

6-in. opening Static 0.05 in./min 817-11f 1,859 (418)

Static1 in./min 817-04f 1,859 (418)

16-ply, Impact 728-06f 5,400 (1,214)

12-in.opening Static0.05 in./min 818-06f 5,458 (1,227)

Static1 in./min 818-04f 5,667 (1,270)

Medium:Support/'rhicknessRatioof 50

8-ply, Impact 728-03m 974 (219)

2-in. opening Static0.05 in./min 819-02m 907 (204)

Static1 in./min 819-08m 1,059 (238)

16-ply, Impact 727-12m 3,701 (832)

4-in. opening Static0.05 in./min 819--016m 3,677 (827)

Static1 inJmin 819-10m 3,777 (849)

48-ply, Impact 61599--02m 23,562 (5,297)

12-in.opening Static0.05 in./mln 818-07m 23,878 (5,368)

Static1 in.lrnin 818-02m 28,304 (6,363)

Stiff:Support/ThicknessRatioof 25

16-ply,

2-in. opening

32-ply,

4-in. opening

48-ply,

6-in. opening

Impact
Static0.05 in./min

Static1 in./min

Impact
Static0.05 in./min

Static1 in./min

Impact

Static0.05 in./min

Static1 in./min

727-20s

819--04s

819--06s

727-18s

819-14s

819-12s

727-02s

817-08s

817-06s

2,922 (657)

2,918 (656)

2,931 (656)

9,853 (2,215)

9,866 (2,218)

10,898 (2,450)

22,121 (4,973)

22,726 (5,109)

21,476 (4,828)

4.4 Nondestructive Analysis

As mentioned earlier, three different types of nondestructive analysis techniques were used. All

nondestructive evaluation (NDE) analysis results are tabulated in appendix D. Since visible damage that

occurs from an impact event is most easily measured, all analysis will be presented with the dent depth as

the independent variable.

When an impact event occurs to a laminated component, visual damage is not always apparent,

although there can be severe underlying damage. It has been proposed that if a correlation between the

measurable dent depth, usually the only visible damage, and underlying delamination or measurable crack

length on the nonimpacted surface, then a damage resistance concern could be easily addressed. For this

reason the dent depths were measured and documented for all specimens and used as the independent

variable for all subsequent comparisons.
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4.5 Crack Length

The specimens listed in tables 7 and 8 were used to generate the dent depth versus crack length

plots shown in figures 13 and 14. Figure 13 is for the clamped boundary condition and figure 14 is for the

simply supported boundary condition. For these two figures, a least-squares linear approximation was

performed to find if any linear correlation between the two variables was present.

In figure 14 the data represented by the open squares were not included for the least-squares linear

approximation. This was done because it fell outside of what was considered valid scatterbands. Equation

(4) is the calculated linear approximation:

C = -0.347 + 224d , (4)

where

C is the crack length (in.)

d is the dent depth (in.).

From eq. (4) when the crack length (C) was set equal to zero and the equation solved for the dent

depth (d), a value of 0.0015 in. was calculated. This would suggest that a carbon/epoxy structure/compo-

nent could sustain a low-velocity impact event that produces a dent depth of 0.0015 in. and not have any

measurable crack length on the nonimpacted surface.

Equation (5) is the linear approximation, calculated using the least-squares approach, as performed

for figure 14:

C = -0.309 + 202d , (5)

where

C is the crack length (in.)

d is the dent depth (in.).

If the same analysis is performed on eq. (5) as performed on eq. (4), the value for the maximum

dent depth without cracking was calculated to be O.OO153 in.

Although the two equations are in general agreement, they do not take into account the stiffness

ratio of the composite plates. As previously mentioned, the stiffness ratio has a direct effect on the failure

mode of the composite plates. Therefore, a correlation needs to be found that is not as generalized as this

approach.
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4.6 Delamination Area

For the delamination area comparisons, the same analysis will be performed as in the case of the

crack lengths. Figures 15 and 16 are plots of delamination area versus dent depth for the clamped and

simply supported boundary conditions, respectfully. The least-squares linear approximations are presented

in eqs. (6) and (7); however, the physical interpretations of these equations take on a different approach.
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Equation(6) is thelinearapproximationto thedatapresentedin figure 15:

A = 0.005 + 178d , (6)

where

A is the delamination area (in. 2)

d is the dent depth (in.).

Unlike the dent depth discussion, in order to understand the physical meaning, if there is any, of

eq. (6), the dent depth (d) was allowed to become zero. Doing this leads to a value of delamination area (A)

equal to 0.005 in 2.

Equation (7) for figure 16 is presented as:

A = 0.52 + 124d , (7)

where

A is the delamination area (in. 2)

d is the dent depth (in.).

Using the same analysis as performed on eq. (6), a delamination area of 0.52 in. 2 is found. This

value is extremely large compared to the value for eq. (6). One could argue that because of the simply

supported boundary conditions, this is possible. The simply supported boundary conditions allow for a

larger amount of flexure to the composite plate, which in turn would produce more internal stress, alluding

to large internal delaminations for the same applied load.

These data imply that after an impact event has occurred to a carbon/epoxy component/structure,

underlying damage can occur with no visual evidence. Again, this analysis is overly simplified and a more

indepth analysis needs to be found to better predict internal damage to laminated structures.

4.7 Comparison of Quasi-Static Indentation Testing and Drop-Weight Impact Testing

This section presents the main topic of this TP--"Does a statically applied transverse load yield the

same damage as a low-velocity impact load of the same magnitude?" Using damage area as detected by

x-ray analysis was deemed the most suitable method to do this since internal damage can be detected with

this method. Figures 17-24 present delamination area as a function of applied transverse load for both low-

velocity impacts and quasi-static loads of two rates. Each figure contains data for both clamped and simply

supported specimens to test Jackson's assertion 4 that the delamination area should be independent of this

parameter.

Figures 17 and 18 present data for the case of "flexible" laminates (support/thickness ratio of 150).

The open symbols represent the simply supported boundary condition.
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Figures 19-21 present data for the case of "medium" laminates (support/thickness ratio of 50). The

open symbols represent the simply supported boundary condition.
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Figures 22-24 present data for the case of "stiff' laminates (support/thickness ratio of 25). The

open symbols represent the simply supported boundary condition•
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For the "flexible" laminates, there is no difference between the impacted specimens and those

tested quasi-statically at either rate. The effects of the boundary conditions show no difference for the 8-ply

specimens supported over the 6-in. opening, whereas a distinct difference is seen for the 16-ply specimens

supported over the 12-in. opening. This difference is due to the clamped specimens being loaded to a

higher level, resulting in a larger delamination area.

The "medium" specimens have no distinct trends between boundary conditions or rate of loading.

The impact test results fall in well with the static indentation tests in figures 19-21. Boundary conditions

also appear to have no effect on the maximum load versus delamination area.

Figures 22-24 represent the opposite extreme from the "flexible" specimens in that the contact

damage is the dominant failure mode. Again, there is no discernable difference between impact and static

indentation results. In figure 22, the simply supported specimens show slightly less damage for the same

magnitude of maximum load than the clamped specimens; however, this difference is slight.

Overall, the low-velocity impact tests can be represented by static indentation testing at rates of

0.05 and 1 in. per minute, regardless of specimen rigidity and boundary conditions. There is enough inher-

ent scatter in both types of tests that all data fall within this scatter. It must be kept in mind that these results

are only valid for laminates of the rd4 type and laminates with different layups or clumped plies may yield

different results.

Another check of the validity of using static indentation tests to represent impact tests, a compari-

son of the load/deflection data, can be made.

Figures 25-31 show static indentation load/deflection data superimposed over impact load/

deflection data. The static data are represented by filled symbols, while the impact data are represented by

open symbols. Static load/deflection data were not available for all of the static tests since a faulty LVDT

was used; thus, only the valid data are presented.

On the loading portion of the curves, the data agree well. However, for the unloading portion of the

curves, the impact data consistently indicate that more energy was lost during the event since there is a

much larger hysteresis in the impact curves. However, from the delamination area data, it was anticipated

that the energy lost should be about the same. It has always been suspected that most of the energy lost in

this type of impact testing is lost due to vibrations within the impact apparatus, not in damage to the

specimen. When the falling crosshead and tup impact the composite plate, the head will tend to rebound at

an angle that is not parallel to the guideposts. Thus, a sideways force is exerted on the guideposts which

causes them to vibrate and interfere with the "natural" rebound of the impactor.

Figures 25, 27, and 30 represent this erroneous "loss of energy" data quite well. Figure 25 is a

flexible specimen and the loading portions of the curves agree well for both the static and impact cases.

However, for unloading, the impact data show a much larger deflection than the static data for a given load

on the rebound. Furthermore, the maximum displacement does not coincide with the maximum load, rather

it is seen to occur during the unloading portion of the curve and is quite a bit larger than the displacement

at the maximum load for two of the four impact specimens. Figures 27 and 30 also demonstrate this behavoir

and are data for medium and stiff plates, respectfully, so this phenomena is not a function of how rigid the

target is.
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for 32-ply simply supported specimens over a 4-in.opening.

An argument may be made that this is due to the inertial effects of the plate, that after the "colli-

sion" of the impactor and plate, the plate continues to move downward due to its own inertia. This argu-

ment would indicate that heavier plates would show more difference in load/deflection data for static

indentation and impact since heavier plates will have more inertia. However, figure 29 is a 48-ply plate

over a 6-in. opening whereas figure 25 is an 8-ply plate over the same size opening, yet the lighter plate

shows more of a difference.

Figure 26 does not have unloading data for the static case, but the loading portions of the curves

agree quite well.

Figure 28 is unique in that during the static indentation test, the maximum load, as determined from

the impact tests, could not be reached since the impactor began penetrating through the plate before this

load was obtained.
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5. CONCLUSIONS

Major conclusions of this study are as follows:

° Static indentation tests can be used to represent low-velocity impact events when the damage is

compared by maximum transverse force. This is true of plates that experience flexural-type

damage, contact-type damage, and a combination of the two. Layups other than those of the rd4

type may not yield these same results.

2. Duration of an impact event is dependent upon the transverse stiffness of the plate. The stiffer the

plate, the shorter the duration of impact. Boundary conditions have little effect on this behavior.

° Much nonlinear behavior is observed in the load/deflection curves for flexible laminates. As the

laminate becomes stiffer, more linearity is seen and a distinct drop in load due to delamination

becomes more pronounced.

4. Load/deflection plots of static indentation and low-velocity impact are similar.

5. Dent depth results produce a great deal of scatter, which makes any conclusions concerning this

parameter difficult.
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APPENDEX AmIMPACT SPECIMEN IDENTIFICATION NUMBERS

Tables 9-14 show clamped and simply supported data for impact specimens.

Table 9. Clamped flex.

S Plyon6-in. Platen

Drop Maximum Impact Impact Maximum

Specimen Height Load Energy Velocity Deflection
ID No. cm (in.) N (Ibf) J (ft-lbf) m/sec(ft/sec) cm (in.)

616-15f
616-16f
616-17f

616-18f

Specimen
ID No.

616-01f
616-02f

616-03f
616-04f

30(12)
25(10)
15 (6)
15 (6)

1,930 (434)

2,148 (483)
1,673(376)

1,668 (375)

7.5 (5.6)

6.4 (4.7)
3.7 (2.8)

3.8 (2.8)

2.42(7.95)

2.22(7.29)
1.71 (5.60)

1.71 (5.60)

No data

0.90 (0.35)
0.76(0.30)

0.78(0.31)

Drop

Height
cm(in.)

122 (48)

122 (48)
122 (48)
122 (48)

16Plyon 12-in. Platen

Maximum

Load

N (Ibf)

6,841 (1,536)
6,921 (1,556)

7,037 (1,582)
7,108 (1,598)

Impact

Energy
J (ft-lbf)

30.1 (22.2)
29.7 (30.1)

30.3 (22.3)
30.3 (22.3)

Impact

Velocity
m/sec(fl/sec)

4.86 (15.94)
4.82 (15.81)

4.86 (15.96)
4.87 (15.97)

Maximum
Deflection

cm(in.)

1.49 (0.59)
1.49 (0.59)

1.47 (0.58)
1.44 (0.57)
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Table 10. Clamped medium.

8 Plyon2-in. Platen

Drop Maximum Impact Impact Maximum

Specimen Height Load Energy Velocity Deflection
ID No. cm (in.) N (ibf) J (ft-lbf) m/sec(fl]sec) cm (in.)

616-37m
616-38m

728-09m
728-11m

12.7 (5)

12.7 (5)

12.7 (5)
12.7 (5)

1,045 (235)
939 (211)

936 (210)

1,036 (233)

3.3 (2.4)
2.3 (1.7)

3.0 (2.2)
2.9 (2.1)

2.10 (6.89)

1.76 (5.78)

1.61 (5.28)
1.57 (5.14)

0.31 (0.12)
No data

No data

0.46 (0.18)

16 Plyon4-in. Platen

Drop Maximum Impact Impact Maximum
Specimen Height Load Energy Velocity Deflection

ID No. cm (in.) N (Ibf) J (ft-lbf) m/sec(ft/sec) cm (in.)

616-25m
616-26m

616-27m
616-28m

35.6 (14)

35.6 (14)
35.6 (14)

35.6 (14)

3,634 (817)

3,629(816)
3,665(824)

3,728(838)

8.6 (6.4)

8.7 (6.4)
8.7 (6.4)

8.g (6.5)

2.61 (8.55)

2.6t (8.57)
2.61 (8.55)

2.60 (8.53)

0.48 (0.19)
0.48 (0.19)

0.48 (0.19)
0.48 (0.19)

48 Plyon 12-in. Platen

Drop Maximum Impact Impact Maximum

Specimen Height Load Energy Velocity Deflection

IDNo. cm (in.) N (Ibf) J (ft-lbf) m/sec (ft/sec) cm (in.)

61599-04m

61599-05m
119(47)

119(47)

26,823 (6,030)
23,420 (5,265)

155(115)
157(115)

4.71 (15.46)

4.73 (15.52)
1.26 (0.50)
1.17 (0.46)
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Table 11. Clamped stiff.

16 Plyon 2-in. Platen

Drop Maximum Impact Impact Maximum

Specimen Height Load Energy Velocity Deflection

ID No. cm (in.) N (Ibf) J (ft-lbf) m/sec(ft/sec) cm (in.)

616-29s
616-30s

616-31s

616-32s

34.3 (13.5)

26.7 (10.5)
33.0 (13.0)

-33.0(13.0)

3,239 (728)

2,922 (657)
3,105(698)

3,100 (697)

8.4(6.2)
6.4(4.7)
8.1(6.0)
8.0(5.9)

2.57 (8.43)

2.23 (7.33)
2.52 (8.27)

2.51 (8.24)

0.43 (0.17)
0.34 (0.13)

0.42 (0.17)

0.41 (0.16)

32 Plyon4-in. Platen

Drop Maximum Impact Impact Maximum

Specimen Height Load Energy Velocity Deflection
IDNo. cm (in.) N (Ibf) J (ft-lbf) m/sec(ft]sec) cm(in.)

616-20s
616-21s

616-22s

616-24s

71.1 (28)

71.1 (28)
71.1 (28)

71.1 (28)

7,313 (1,644)

7,268 (1,634)
7,544 (1,696)

7,322 (1,646)

17.2 (12.7)

17.4 (12.8)
17.1 (12.6)

17.5 (12.9)

3.67(12.05)

3.69(12.12)
3.66 (12.00)

3.70(12.14)

0.38 (0.15)
0.39 (0.15)

0.38 (0.15)
No Data

48 Plyon 6-in. Platen

Drop Maximum Impact Impact Maximum

Specimen Height Load Energy Velocity Deflection
ID No. cm (in.) N (Ibf) J (ft-lhf) m/sec(ft]sec) cm (in.)

727-04s 63.5 (25) 22,788 (5,123) 80.7 (59.5) 3.40 (11.15) 0.65 (0.26)
727-05s 63.5 (25) 23,100 (5,193) 80.7 (59.5) 3.40 (11.15) 0.64 (0.25)

Table 12. Simply supported flex.

8 Plyon 6-in. Platen

Drop Maximum Impact Impact Maximum

Specimen Height Load Energy Velocity Deflection
ID No. cm (in.) N (Ibf) J (fl-lbf) m/sec (lt/aec) cm (in.)

,,J ....

727-06f
727-07f

727-08f
727-09f

727-10f

44.4 (17.5)
44.4 (17.5)

44.4 (17.5)

44.4 (17.5)
44.4 (17.5)

1,850(416)
1,766(397)
1,850(416)
1,873(421)
1,873(421)

10.2(7.5)
9.6(7.1)

10.2(7.5)
10.1(7.5)
9.7(7.1)

2.9(9.6)
2.9(9.3)
2.9(9.6)
2.9(9.6)
2.9(9.4)

No data

1.18 (0.47)

1.23 (0.48)
1.34 (0.53)

1.24 (0.49)

16 Plyon12-1n.Platen

Drop Maximum Impact Impact Maximum
Specimen Height Load Energy Velocity Deflection

IDNo. cm(in.) N (Ibf) J (fl-lbf) m/aec(ft/sec) cm (in.)

728-05f 132 (52.0) 4,862 (1,093) 29.7 (21.9) 4.8 (15.8) 1.61 (0.63)

728-06f 149 (58.5) 5,400 (1,214)" 32.2 (23.8) 5.0 (16.5) 1.64 (0.64)
728-07f 149 (58.5) 5,373(1,208) 31.6 (23.3) 5.0 (16.3) Nodata
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Specimen
ID No.

728--02m

728-03m

728-(Hm

Specimen
ID No.

727-11m
727-12m

727-13m
727-14m

727-15m

Specimen
ID No.

61599-02m
61599-03m

Table 13. Simply supported medium.

8 Plyon 2-in. Platen

Drop
Height

cm (in.)

7.6 (3.0)

5.7 (2.3)

4.5 (1.8)

Maximum

Load

H (Ibf)

1,023(230)
974 (219)

907 (204)

Impact

Energy
J (fl-lbq

1.8(1.3)
1.3(0.9)
1.1(0.8)

Impact
Velocity

m/sec (It/see)

1.23 (4.04)

1.03 (3.38)
0.96 (3.16)

16 Plyon 4-in. Platen

Drop

Heighl
cm (in.)

49.5 (19.5)
46.4 (18.3)

39.4 (15.5)
24.1 (9.5)

24.1 (9.5)

Maximum
Load

N (Ibf)

3,723(837)
3,701(832)

3,670(825)

2,998(674)
2,963(666)

Impact
Energy

J (n-lbt)

11.9 (8.8)
10.6 (7.8)

8.3 (6.1)
5.6 (4.1)

5.3 (3.9)

Impact

Velocity
m/sec (ft/sec)

3.18 (10.43)

2.30 (9.83)

2.65 (8.71)
2.18 (7.15)

2.13 (6.99)

48 Plyon 12-in. Platen

Drop
Height

cm (in.)

119 (47)

119 (47)

Maximum

Load

N (Ibf)

23,562 (5,297)
29,492 (6,630)

Impact

Energy
J (fl-lbf)

158 (116)
159 (116)

Impact

Velocity
m/sec(ft]sec)

4.75 (15.57)

4.75 (15.58)

Maximum

Deflection

cm (in.)

0.29 (0.11)
0.23 (0.09)

No data

Maximum
Deflection

cm (in.)

0.63 (0.25)

0.58 (0.23)
o.52(o.2o)
0.44 (0.17)
0.34 (0.17)

Maximum
Deflection

cm (in.)

1.42 (0.56)

1.42 (0.56)
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Table 14. Simply supported stiff.

16 Plyon2-in. Platen

Drop Maximum Impact Impact Maximum

Specimen Height Load Energy Velocity Deflection

ID No. cm (in.) N (Ibf) J (fl-lbf) m/sec (ft]sec) cm(in.)

727-20s
727-21s

727-22s
728-01s

52.7(20.8)
20.3 (8.0)
16.5 (6.5)
16.5 (6.5)

2,922 (657)
2,771 (623)

3,350 (753)

3,051 (686)

4.5 (3.3)
4.5 (3.3)

3.9 (2.8)

3.9 (2.9)

1.95(6.40)
1.96(6.42)
1.81(5.95)
1.82(5.97)

0.28 (0.11)

0.28 (0.11)
0.27 (0.11)
0.27 (0.10)

32 Plyon 4-in. Plalen

Drop Maximum Impact Impact Maximum
Specimen Height Load Energy Velocity Deflection

ID No. cm (in.) N (Ibt) J (ft-lbt) m/sec(ft/sec) cm (in.)

727-16s

727-17s
727-18s

727-19s

104 (41.0)
112(44.3)

125(49.0)
125(49.0)

8,696 (1,955)

9,101 (2,047)

9,853 (2,215)
9,346(2,101)

22.2 (12.7)

24.0 (12.8)
27.1 (12.6)

24.1 (12.9)

4.35 (14.27)
4.52 (14.82)

4.80 (15.74)
4.53 (14.86)

0.46 (0.18)

0.48 (0.19)
0.51 (0.20)

0.48 (0.19)

48 P.!.y..on.6-in.Platen

Drop Maximum Impact Impact Maximum
Specimen Height Load Energy Velocity Deflection

ID No. cm(in.) N (Ihf) J (fl-lbf) m/sec (ft]sec) cm(in.)

727-02s 63.2 (24.9) 22,121 (4,973) 79.2 (58.4) 3.36 (11.04) 0.70 (0.27)
727-03s 63.2 (24.9) 22,810 (5,128) 82.6 (60.9) 3.39 (11.12) Nodata
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APPENDIX BmLOAD VERSUS DEFLECTION PLOTS FOR IMPACT SPECIMENS

Impact specimen load versus deflection plots are displayed in figures 32-82.
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APPENDIX CmLOAD VERSUS DEFLECTION PLOTS FOR QUASI-STATIC

INDENTATION TESTS

Figures 83-97 show load versus deflection plots for quasi-static indentation tests.
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APPENDIX DmNONDESTRUCTIVE EVALUATION ANALYSIS DATA

Tables 15-20 display simply supported and clamped flex data for nondestructive evaluation

analysis.

Table 15. Simply supported flex.

8 Plyon 6-in. Platen

Impact

Max Dent Crack Delamination

Specimen Load Depth Length Area
IDNo. N (Ibf) mm(in.) mm (in.) mm2 (in.2)

727-06F

727-07F
727-08F
727-09F

727-10F

1,850 (416)

1,766 (397)
1,850 (416)
1,873 (421)

1,873 (421)

0.102(0.004)
0.075(0.003)
0.075 (0.003)

0.075(0.003)
Not measurable

I6.OO(0.63)
47.75 (1.88)
22.35 (0.88)

25.4 (1.00)
31.75 (1.25)

170 (0.28)
216 (0.33)
157 (0.24)

223 (0.34)
190 (0.29)

Quasi-Static

817-10F
817-11F

817-04F
817-05F

1,819 (409)

1,859 (418)
1,859 (418)

1,850 (416)

0.102 (0.004)

0.102 (0.004)
0.075 (0.003)

0.075 (0.003)

0.075 (0.003)
Not measurable

19.05 (0.75)

22.35 (0.88)

177 (0.27)
111 (0.17)

190 (0.29)

190 (0.29)

16 Plyon12-in. Platen

Impact

Specimen
ID No.

728-05F
728-06F

728-07F

Max

Load

N (Ibf)

4,862 (1,093)
5,400 (1,214)

5,373 (1,208)

Dent

Depth

mm(in.)

0.102(0.004)

0.102(0.004)
0.051(0.002)

Crack

Length

mm(in.)

Not measurable

31.75 (1.25)
35.o5(1.38)

Delamination
Area

mm2 (in.2)

426(0.65)
499(0.76)
590(0.90)

Quasi-Static

818-05F
818-06F

818-03F
818-04F
1018-02F

5,360 (1,205)
5,458 (1,227)
5,809 (1,306)

5,667 (1,270)
5,420 (1,218)

0.152(0.006)

0.127(0.005)
0.127(0.005)

0.127(0.005)
Nodata

6.35 (0.25)

6.35 (0.25)
4.83 (0.19)
9.65(0.38)

No data

505 (0.77)
538 (0.82)

433 (0.66)
472 (0.72)

416 (0.64)
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Impact

Specimen
IDNo.

728-02M

728-03M

728-04M

Table 16. Simply supported medium.

8 Plyon 6-in. Platen

Max
Load

N (Ibf)

1,023 (230)

974 (219)

907 (204)

Dent

Depth

mm (in.)

0.076 (0.003)

0.076 (0.003)
0.051 (0.002)

Crack

Length
mm (in.)

16.00(0.63)
16.00(0.63)

9.65(0.38)

Delamination
Area

mm2 (in.2)

85 (0.13)
79 (0.12)

52 (0.08)

Quasi-Static

819-01M 734 (165) 0.025 (0.001) 6.35 (0.25) 39 (0.06)

819-02M 907 (204) 0.076 (0.003) 4.83 (0.19) 46 (0.07)
819-07M 1,059 (238) 0.152 (0.006) 16.00(0.63) 79 (0.12)

819-08M 1,059 (238) 0.127 (0.005) 19.05(0.75) 105 (0.16)

16 Ply on 4-in. Platen

Impact

Max Dent Crack Delamination

Specimen Load Depth Length Area
ID No. N (Ibf) mm (in.) mm(in.) mm2 (in.2)

727-11M

727-12M
727-13M

727-14M
727-15M

Quasi-Static

3,723 (837)
3,701 (832)

3,670 (825)
2,998 (674)
2,963 (666)

819-16M 3,677 (827)

819-17M 3,670 (825)
819-09M 4,003 (900)

819-10M 3,777 (849)

Penetrated

0.279 (0.011)
0.102 (0.004)

0.051 (0.002)
0.076 (0.003)

Nodata

28.70 (1.13)
25.40 (1.00)

6.35 (0.25)
19.05(OZ5)

No data

492 (0.75)
321 (0.49)
171 (0.26)

262 (0.40)

Nodata

0.102 (0.004)
0.152 (0.006)

0.203 (0.008)

No data

9.65 (0.38)
31.75(1.25)
31.75(1.25)

400 (0.61)
308 (0.47)

315 (0;48)
328 (0.50)

48 Plyon12-in. Platen

Impact

Max Dent crack Delamination

Specimen Load Depth Length Area
ID No. N (Ibf) mm(in.) mm (in.) mm2 (in.2)

61599-02M 23,557 (5,296) 0.614 (0.024) 112.13(4.38) 3,214 (4.90)
61599-03M 29,496 (6,631) 0.205 (0.008) 118.53(4.63) 3,011 (4.59)

Quasi-Static

818-07M 23,878 (5,368) 0.635 (0.25) Numerouscracks 25.80 (4.00)
818-01M 28,304 (6,363) No data Nodata 26.38 (4.09)
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Table 17. Simply supported stiff.

16Ply on2-in. Platen

Impact

Max Dent Crack Delamination

Specimen Load Depth Length Area
I0 No. N (Ibf) mm(in.) mm (in.) mm2 (in.2)

727-20S
727-21S

727-22S

728-01S

Quasi-Static

819-03S

819-04S
819-05S
819--06S

2,922(657)
2,771 (623)

3,350 (753)
3,051(686)

2,904(653)

2,918(656)
2,758(620)

2,931(659)

0.127(0.005)
o.178(0.0o7)
0.102(0.004)

0.152(0.006)

31.75 (1.25)

35.05 (1.38)

16.00 (0.63)
26.92 (1.06)

Not measurable 1.27 (0.50)

0.178 (0.007) 16.00(0.63)
0.356 (0.014) 38.10 (1.50)

0.279 (0.011) 30.22 (1.19)

288 (0.44)

334 (0.51)
269 (0.41)

295 (0.45)

269 (0.41)

328 (0.50)
348 (0.53)

308 (0.47)

32 Plyon4-in. Platen

Impact

Max Dent Crack Delamination

Specimen Load Depth Length Area
IDNo. N (Ibf) mm (in.) mm (in.) mm2 (in.2)

727-16S
727-17S

727-18S
727-19S

8,696 (1,955)
9,106 (2,047)

9,853 (2,215)
9,346 (2,101)

0.152 (0.006)

0.152 (0.006)
0.178 (0.007)
0.152 (0.006)

38.10 (1.50)
Not measurable
Notmeasurable

47.75 (1.88)

984 (1.53)

1,I54 (1.76)
1,141 (1.74)

1,207 (1.84)

Quasi-Static

819-14S

819-15S

819-12S
819-13S

1015-03S

1018-03

9,866 (2,218)

9,844 (2,213)
10,898 (2,450)

10,925 (2,456)

9,718 (2,184)
9,790 (2,200)

0.330 (0.013)
0.330 (0.013)

0.254 (0.010)

0.279 (0.011)
Nodata

Nodata

47.75 (1.88)

47.75 (1.88)

41.40 (1.63)
28.70(1.13)

No data

No data

1,220(1.86)

1,233(1.88)
1,586(2.42)

1,614 (2.46)
1,232(1.91)

1,297(2.01)

48 Plyon 6-in. Platen

Impact

Specimen
ID No.

727-022
727-032

Quasi-Static

Max

Load

N (Ibf)

122,121(4,973)

22,810(5,128)

Dent

Depth

mm (in.)

0.279 (0.011)

0.686 (0.027)

Crack

Length
mm(in.)

1.27(0.50)
63.50 (2.50)

817-08S

817-092

817-062

817-072

22,726 (5,109)

22,383 (5,032)
21,476 (4,828)

20,987(4,718)

0.457 (0.018)

1.067(0.042)

1.497(0.059)
1.016(0.040)

Numerouscracks

55.63 (2.19)
Numerouscracks

31.75 (1.25)

Delamination
Area

mm2(in.2)

3,339 (5.09)
4,284 (6.53)

4,146 (6.32)

4,146 (6.32)

4,211 (6.42)
3,765 (5.74)
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Table 18. Clamped flex.

8 Plyon6-in. Platen

Impact

Max Dent Crack Delamination

Specimen Load Depth Length Area
IDNo. N (lbl) mm (in.) mm (in.) mm2(in.2)

616-15F 1,930 (434) 0.203 (0.008) 85.85 (3.38) 676 (1.03)
616-16F 2,148 (483) 0.381 (0.015) 74.68 (2.94) 479 (0.73)

616-17F 1,673(376) 0.051 (0.002) 19.05 (0.75) 112 (0.17)
616-18F 1,668(375) 0.076 (0.003) 22.35 (0.88) 112 (0.17)

Quasi-Static

708-10F
708-11F

720-07F

720-08F

1,735(390)

2,277 (512)

1,415(318)
1,899 (427)

No data

0.635 (0.025)

0.152 (0.006)
0.127 (0.005)

Nodata

44.45 (1.75)
12.70 (0.50)

9.53 (0.38)

Nodata

348 (0.53)

92 (0.14)
85 (0.13)

16 Plyon 12-in. Platen

Impact

Max Dent Crack Delamination

Specimen Load Depth Length Area
ID No. N (Ibf) mm (in.) mm (in.) mm2 (in.2)

616-01F

616--02F

616-03F
616-04F

6,841 (1,538)

6,921 (1,556)
7,037 (1,582)

7,108 (1,598)

0.152 (0.006)
0.127 (0.005)

0.127 (0.005)

0.127 (0.005)

41.28(1.63)
57.15 (2.25)

38.10(1.50)
42.07(1.66)

774 (1.18)

741 (1.13)
833 (1.27)

78t (1.19)

Quasi-Static

720-03F
720--04F

720--05F
720-06F

6,935(1,559)
6,993(1,572)

7,357(1,654)
7,517(1,690)

0.178 (0.007)

0.203 (0.008)
0.152 (0.006)

0.178 (0.007)

44.45 (1.75)

44.45 (1.75)
25.4 (1.00)

35.05 (1.38)

643 (0.98)
708 (1.08)

715 (1.09)
84O(1.28)
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Table 19. Clamped medium.

8 Plyon 2-in. Platen

Impact

Specimen
IDNo.

616-37M
616-38M

728-09M
728-11M

Max

Load

N (Ibf)

1,045 (235)

939 (211)

936 (210)
1,036 (233)

Dent Crack

Depth Length

mm(in.) mm (in.)

Extensivedamage

0.229(0.009) I Numerouscracks
0.102(0.004) I 22.35 (0.88)

Extensivedamage

Delamination
Area

mm2(in.z)

No data

190 (0.29)

92 (0.14)
131 (0.20)

Quasi-Static

722-03M
722-04M
722--05M

722-06M

1,183 (266) 0.076(0.003)
1,045 (235) 0.102(0.004)

939 (211) 0.127(0.005)
894 (201) Not measurable

16.00 (0.63)

9.65 (0.38)
6.35 (0.25)
Not visible

66 (0.10)
59 (0.09)
52 (0.08)

46 (0.07)

16Ply on4-in. Platen

Impact

Max Dent Crack Delamination

Specimen Load Depth Length Area
IDNo. N (Ibf) mm(in.) mm (tn.) mm2 (in.2)

616-25M

616-26M
616-27M

616-28M

Quasi-Static

3,634 (817)

3,629 (816)
3,665 (824)
3,728 (838)

708-02M 3,705 (833)
708--03M 3,679 (827)

708-04M 3,652 (821)
708-05M 4,075 (916)

708-06M 3,857 (867)

0.076(0.003)

0.076(0.003)
0.076(0.003)

0.127(0.005)

0.152 (0.006)

0.152 (0.006)
0.152 (0.006)

0.152 (0.006)

0.127 (0.005)

22.23 (0.88)
34.93 (1.38)

38.10 (1.50)
44.45 (1.75)

Notmeasurable

25.4 (1.00)

22.35 (0.88)

16.00 (O.63)
Not measurable

276 (0.42)
348 (0.53)

230 (0.35)
335 (0.51)

348 (0.53)
374 (0.57)

308 (0.47)
420 (0.64)

420 (0.64)

48 Plyon 12-in. Plalen

Impact

Specimen
ID No.

Max

Load

N (Ibf)

Dent

Depth

mm(in.)

61599-04M 26,823 (6,030) 0.794 (0.031)
61599-05M 23,420 (5,265) 1.434 (0.059)

Quasi-Static

817-01M 26,293 (5,911) 0.333(0.013)

817--02M 28,290 (6,360) 0.435(0.017)

Crack

Length
mm(in.)

Delamination

Area

mm2 (in.21

80.00 (3.16) 3,640(5.55)

70.40 (2.75) 3,378 (5.15)

99.20 (3,88) 4,159 (6.34)

107.20 (4.19) 3,241 (4.94)
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Table 20. Clamped stiff.

16 Plyon2-in. Platen

Impact

Max Dent Crack Delamination

Specimen Load Depth Length Area
ID No. N (Ibf) mm(in.) mm(in.) mm2 (in.2)

616-29S 3,239 (728) 0.457 (0.018) 50.80 (2.00) 382 (0.592)

616-30S 2,922 (657) 0.203 (0.008) 55.56 (2.19) 512 (0.794)
616-31S 3,105 (698) 66.68 (2.63) 624 (0.967)

616--32S 3,100 (697) 0.356 (0.014) 68.26 (2.69) 676 (1.048)
Quasi-Static

722-01S
722-02S

722-07S

722-08S

3,272(736) 0.203 (0.008)
3,109(699) 0.178(0.007)

2,989(672) 0.178(0.007)
3,003 (675) 0.305(0.012)

9.65 (0.38) 432 (0.670)
19.05 (0.75) 560 (0.868)
9.65 (0.38) 528 (0.818)

22.35 (0.88) 536 (0.831)

32 Plyon 4-in. Platen

Impact

Max Dent Crack Delaminaiion

Specimen Load Depth Length Area

ID No. N (Ibf) mm(in.) mm (in.) mm2 (in.2)

616-20S

616-21S

616-22S
616-24S

Quasi-Stalic

706-01S

708-07S
708-08S

7,313 (1,644)
7,268 (1,634)

7,544 (1,696)

7,322 (1,646)

0.127 (0.005)

0.152(0.006)
0.178(0.007)

0.152 (0.006)

22.53 (0.88)

19.20 (0.75)
19.20 (0.75)

28.93 (1.14)

1,006 (1.56)
1,012 (1.57)

1,012 (1.57)
987 (1.53)

7,455 (1,676)

7,455 (1,676)
5,498 (1,236)

0.203 (0.008)

0.203 (0.008)
0.203 (0.008)

Not measurable 1,256 (1.947)
19.05(0.75) 904 (1.401)

Not measurable

48 Plyon6-in. Platen

Impact

Max Dent Crack Delaminatlon

Specimen Load Depth Length Area
IDNo. N (Ibf) mm (in.) mm(in.) mmz(in.2)

727-04S 22,788 (5,123) 0.381 (0.015) 73.03 (2.86) 5,412(8.39)
727-05S 23,100 (5,193) 0.483 (0.019) 77.78(3.06) 4,128 (6.40)

Quasi-Static

720-01S

720-02S
817--02S

817-03S

23,429 (5,267)

22,196 (4,990)
23,389 (5,258)

23,389 (5,258)

1.321 (0.052) 28.70 (1.18)
1,19 (0.047) 22.35 (0.88)

0.838 (0.033) 16.00 (0.63)
1.19 (0.047) 31.75 (1.25)

5,648 (8.754)
5,244 (8.128)

3,186 (4.94)

4,880 (7.564)
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modes that can be experienced. Comparisons between static indentation and low-velocity impact tests were based

on the maximum applied transverse load. The dependent parameters examined included dent depth, back surface

crack length, delamination area, and to a limited extent, load-deflection behavior. Results showed that no distinct
differences could be seen between the static indentation tests and the low-velocity impact tests, indicating that

static indentation can be used to represent a low-velocity impact event.
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