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EXECUTIVE SUMMARY

The impact responses and the damage states in flat sandwich panels with thin facesheets are
known to be dependent on the diameter of the spherical steel impactor. The residual strength of
impact-damaged sandwich panels under static in-plane compressive loads was dependent on the
nature of the damage state. The coupon sizes used in these investigations were relatively small,
and the finite size effects may be embedded in the observed trends. The effects of scaling the
planar dimensions of sandwich specimens on the damage resistance were studied by conducting
experiments and finite element (FE) analysis. The impact force and the damage size were
observed to decrease as both the planar dimensions were increased. These effects were
negligible when only a single dimension was scaled. The off-center impacts indicated that for a
given energy level, the impacts occurring closer to the boundary supports were more severe
compared to those farther away from the boundaries. The impacts on sandwich specimens
supported by a rigid base proved to be the most severe case in terms of the impact behavior and
the resulting damage metrics. The parametric study conducted using the FE model confirmed
the observed experimental trends and further indicated that the damage formation is the
dominant energy dissipation mechanism when the ratio of the impactor mass to that of the target
is greater than 2 and vibrational energy transfer is dominant for ratios less than 2.

The effects of the ratio of specimen width to planar damage size on the compressive residual
strength and failure modes were investigated for two sandwich configurations. A subsurface
damage was considered that was inflicted using a 3" diameter impactor. The scaling effects were
characterized in terms of the residual strength and strain distributions in the vicinity of the
damage region. The latter was measured using a photogrammetry method. The residual strength
was found to increase by 12% when the ratio of the specimen size to damage size was increased
from 4.6 to 12.4 for sandwich specimens with two-ply facesheets. No trends were, however,
observed for sandwich specimens with four-ply facesheets. The strain and displacement
distributions indicated bending of the facesheet within the damage region leading to a strain
concentration-driven failure mode resembling an open-hole configuration for the two-ply
facesheet sandwich panels. The 6.5" wide sandwich specimens with four-ply facesheets failed
by global buckling initiated by an unstable dimple propagation. For wider specimens, there was
a dimple growth-arrest mechanism that lead to eventual facesheet fracture. The increase of the
specimen height resulted in a slight decrease in residual strength.

This study showed that the results obtained from small specimens are valid as far as the
compressive residual strength obtained experimentally. However, larger specimen sizes will
sustain less impact damage for equivalent impact energy levels. Thus, it is valid to test smaller
panels if the damage is simulated correctly from the larger specimens. The effects of specimen
height were not investigated but could affect the buckling response of the panels.

1X/X



1. INTRODUCTION.

The damage sustained due to localized accidental loadings has been shown to be a limiting
constraint in the design of a sandwich airframe structure. Thin facesheets with relatively
compliant cores make these sandwich structures vulnerable to impact damage. The low-velocity
impact events have been shown [1] to produce very distinct damage states which are governed
by the impactor size. The damage states may vary from clearly visible, severe, localized skin
damage to extensive core damage without any external indications, making it difficult to detect
[1]. The latter damage states, which are typical of blunt impactors, were found to degrade the
residual strength under compressive loading by up to 60% [1].

Even though the previous experimental investigations provided the overall trends associated with
the behavior of sandwich panels under impact loads, resulting damage states, and residual
strength properties, the observations have been limited to laboratory coupons with idealized
boundary conditions. Most previous experimental investigations used coupons of arbitrary
planar dimensions, the maximum size being limited by the laboratory test equipment and the
high cost associated with prototypes. The typical test sections (for impact testing) used for
sandwich coupons by several investigators are summarized in figure 1. The damage resistance
characteristics exhibited by these laboratory coupons within the range of impact energy levels
investigated may not reflect that of airframe structures, which are typically several times larger
than these coupons. The boundary conditions used in these investigations make the coupons
much stiffer in global bending, thereby, the local contact stiffness dictated the impact behavior.
Thus, the behavior was more representative of laminates and sandwich panels with a substructure
(stiffener, frame, etc.) behind (or in the vicinity of) the point of impact and may not adequately
describe the behavior of monocoque sandwich structures prevalent in new generation general
aviation airframes. Further, it is important to understand if the damage states existing for a given
impact energy range, in the small coupons, translate to those which would have occurred in a
larger structure.
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FIGURE 1. TYPICAL COUPON SIZES USED BY PREVIOUS INVESTIGATORS



Morton [2] investigated the scaling effects on the impact responses for laminated beams using
dimensional analysis. The classical scaling laws were shown to apply for elastic behavior of
transversely impacted carbon fiber-reinforced epoxy beams. Morton found that the impact
duration scaled as the scale factor and the impact force as the scale factor squared. Swanson [3]
reported that the knowledge of the failure mechanisms involved was required to predict the
scaling of impact damage. Based on the impact tests on laminated plates and cylinders, Swanson
observed complex scaling behavior of impact damage. Delamination was found to depend on
the absolute specimen size, whereas the fiber breakage depended only on the applied stresses,
independent of the specimen size. Qian, et al. [4] conducted an experimental investigation to
determine the accuracy of scaling rules for impact damage in carbon/epoxy laminated plates.
The results indicated that the overall structural response prior to substantial damage followed the
scaling rules quite closely. The formation of damage was found to be more complicated,
demonstrating an apparent dependence on scale consistent with fracture mechanics. Unlike
laminated plates, the sandwich structures, especially those with thin quasi-isotropic facesheets
[1], have been reported to suffer extensive core damage with little or no facesheet delaminations
when impacted with blunt impactors. The scaling effects associated with the behavior of
sandwich structures have to be addressed to leverage the application of the existing knowledge
base to the design of airframe structures.

The damage tolerance of sandwich structures has been typically quantified using in-plane
compression tests. The residual strength has been observed [1] to be a strong function of the
planar damage area, as shown in figure 2. The residual strength was reported to approach an
asymptote with increasing planar damage size. The specimens impacted with a larger-diameter
(3") impactor populated the asymptotic region of the residual strength degradation curve,
whereas the specimens impacted with a smaller-diameter (1") impactor populated the initial
region of the curve. It should be noted that the specimen width » (and height #) were held
constant for all the tests, irrespective of the damage size. Thus, the ratio b/2Rzumage (Where
2Rdamage 15 the average (through-the-thickness) planar diameter of the impact-damaged region)
may vary between specimens with different damage sizes that are caused by different energy
levels. The variation of b/2Rgumqge for different sandwich configurations investigated in a
previous study is illustrated in figure 3. The relative values of b/2Rumage are illustrated using
different symbol sizes. The larger symbols shown in figure 3 represent the higher b/2Rumage
ratio. The initial portion of the residual strength distributions are typically populated by
specimens with higher b/2R;umage ratios, and this ratio decreases as the asymptotic region is
approached. The logical question arising is whether the residual strength asymptote is a
conservative estimate based on the existing experimental data. The finite width effects or the
scaling of b/2Rjamage ratio on the residual strength of sandwich structures, especially in the
asymptotic region, will be of particular interest to the designer when using the existing residual
strength data.
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The scaling effects associated with the damage tolerance of impact-damaged sandwich panels
have not been well addressed in open literature. Previous investigations [15 and 16] on open-
hole laminates have indicated that the ratio of specimen width to hole diameter (w/D) would
influence the residual strength under in-plane tensile and compressive loads. The studies
indicated that the strength of the laminates were sensitive to the w/D ratios, for w/D < 4. The
observations on solid laminates may not be easily extended to sandwich structures with
subsurface damage states, as the facesheet within the damaged region may facilitate a significant
amount of load transfer unlike the open-hole configuration. The amount of residual indentation
can influence the fraction of load that can be transferred through the damaged region and dictate
the final failure mode [1]. It can be observed from figure 4 that most of the impact damage states
due to the 1" impactor possesses a b/2Rgumage ratio of 4 or higher, while the ratio for impact
damage states due to the 3" impactor were observed to be less than 4 in most cases. However,
the key difference between these two damaged states was the amount of associated residual
indentation depth, which is presented in terms of the ratio #cesheer/Drmax, Where tycesheer 15 the
facesheet thickness and Agy4y is the maximum residual indentation depth. The impact damage
due to a 1" impactor was typically accompanied by indentation depths that were up to ten times
the facesheet thickness, indicating significant loss of load-carrying capability through the
damage zone and, thus, may more closely represent an open-hole configuration. Thus, it can be
argued that the initial portions of the residual strength curves are free of finite width effects. The
residual indentation depths associated with impact damage due to a larger impactor were in most
cases less than the facesheet thickness, except in cases where facesheet fractures were observed
[1]. Since the width to damage size ratio for most of these damage states is less that 4, additional
test data with higher 5/2Rgmage (> 4) may be necessary to establish the conservatism associated
with existing data. Thus, the 3" impactor was selected for the scaling study.
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In an effort to augment the existing test data for use in the design, the scaling issues associated
with the impact resistance and damage tolerance of sandwich structures were undertaken. The
effect of geometric scaling of the planar dimensions of sandwich panels on the impact resistance
of sandwich panels was studied experimentally. Sandwich configurations [(90/45)/CORE] and

[(90/45),/CORE] with a 0.75" thick Nomex honeycomb core were impacted at four energy

levels with a 3" diameter impactor. The experimental study indicated that the peak impact force,
planar damage size, and residual indentation depth decrease with increasing panel dimensions.
However, the above quantities were quite insensitive when only one of the planar dimensions
was changed. Further, off-center impact tests indicated increasing damage metrics and loss of
symmetry of the damage region as the impact location approached the boundary supports. The
experimental trends were further corroborated using finite element (FE) models, which used
experimentally determined contact laws, reported by Raju [17]. The model was also used along
with linearized contact laws to study the energy dissipation in sandwich panels. The energy
dissipation was observed to be dominated by the damage process for smaller coupons, while the
kinetic energy transfer governed the energy absorption as the panel size increased.

A limited number of compression-after-impact (CAI) tests were conducted on the
aforementioned sandwich configurations to study the finite width and height effects. The
sandwich specimens were subjected to impact damage at a fixed energy level using a 3" diameter
impactor. The planar damage size was held constant, while the width of the specimens were
varied from 6.5" to 16.5", which provided specimen width to damage size ratios between 4.2 and
12 for [(90/45)/CORE] and 3.2 and 8 for [(90/45),/CORE]; sandwich panels. A full-field

displacement and strain measurement photogrammetry system was used to monitor the
displacement and strain distributions during the tests. In summary, the following issues were
addressed in this investigation:

a. What are the effects of planar geometric scaling on the impact resistance and resulting
damage metrics in sandwich panels with thin facesheets impacted by a 3" impactor?

b. How does the impact location affect the impact resistance?

c. Damage Tolerance: What are the scaling effects associated with the geometric scaling of
the panel width and height with respect to a fixed impact damage state?

The effects of geometric scaling on the impact behavior of sandwich panels and the resulting
damage metrics were investigated by conducting a limited number of experiments and FE
modeling. The geometric scaling of sandwich structures strictly implies that all the geometric
quantities, i.e., facesheet thickness, core thickness, and the planar dimensions, are scaled
proportionally, as shown in figure 5. However, in most airframe structures employing sandwich
construction with thin facesheets, the scaling is associated with the planar dimensions only.
Therefore, in the present investigation, the effects of scaling the planar dimensions of the
sandwich panels were addressed. The present investigation on damage resistance was divided
into two parts. In the first part, the scaling effects on the impact resistance and damage metrics
were studied by conducting experiments on sandwich specimens. In the following study, an FE



model was assembled and used to study the effects of panel sizes beyond the current test
capabilities. The details and the results of these two studies are described and summarized in the

following sections.
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FIGURE 5. GEOMETRIC SCALING ASSOCIATED WITH THE IMPACT ON SANDWICH
PANELS AND GEOMETRIC SCALING ADDRESSED IN THE PRESENT
INVESTIGATION

2. IMPACT TESTING OF SANDWICH PANELS.

The impact testing of sandwich panels of different planar sizes was carried out to investigate the
scaling effects on impact responses and damage metrics. The sandwich panels were fabricated
using a Newport NB321/3K70 plain weave carbon fabric prepreg for the facesheets and a
Plascorel] PN2-3/16-3.0 Nomex™ 0.75" thick honeycomb material for the sandwich core. The
sandwich lay-up configurations used in the study were [(90/45)/CORE] and [(90/45),/CORE];.

The facesheets were bonded to the core using Hysol 9628.060 PSF NW film adhesive and cured
using a cocure-cobond autoclave process [1].

The test matrix for studying the scaling effects on the impact resistance is summarized in table 1.
The specimens were impacted at their geometric centers and at other locations, as illustrated in
figure 6. Four distinct energy levels based on previous experience [1] were used to produce
subsurface damage states. The sandwich panel geometries included square test sections as well
as rectangular test sections. Clamped edge boundary conditions were used along the four edges



for all specimen sizes, and an additional rigid-base support condition was included to represent
impact on the sandwich structure in the immediate vicinity or on top of a frame or a bulkhead.
The rigid-base support represents the extreme case of infinite global-bending stiffness, resulting
in an impact response that is governed completely by the local contact mechanism. The test
program also included off-center impacts for the 16" x 16" test section to study the influence of
the presence of boundary supports close to the impact location. A total of 28 impact tests were
conducted per sandwich configuration (56 tests overall).

TABLE 1. TEST MATRIX TO STUDY THE SCALING EFFECTS ON DAMAGE

RESISTANCE
Test Section 8 x8 12 %12 16 % 16 12 x 24 12 x 48
a x b (inches)
Boundary Condition Clamped & Clamped Clamped Clamped Clamped
Rigid Base
4 clamped &
Impact (2/2,b/2) 4 Rigid Base 4 4 4 4
Location (a/4,b/2) 2
(a/8,b/2) 2
|
y v i
. L e e
: | '
i Clamping regilon (0.25™) i
| | |
l i l
e | :
: ! b|

FIGURE 6. SPECIMEN GEOMETRY AND IMPACT LOCATIONS USED IN THE STUDY

The sandwich panels were impacted using a drop-weight impact tester with a nominal impact
velocity of 96.6 in/sec (12" drop height). The impact test fixtures used in this study for different
specimen sizes are shown in figure 7. Since the impact velocity was fixed, the different energy
levels were achieved by changing the impactor mass. The ratio of the impactor mass to the



sandwich panel mass (referred to as the mass ratio) was, therefore, not constant for all the tests.
The mass ratios ranged between 4 and 59 for sandwich panels with two-ply facesheets and
between 1.57 and 38 for sandwich panels with four-ply facesheets. Thus, the impact tests in this
investigation represent quasi-static impacts rather than wave-controlled impacts.

FIGURE 7. (a) TEST FIXTURE FOR SPECIMEN SIZE 16" x 16" SHOWING OFF-CENTER
IMPACT, (b) TEST FIXTURE FOR SPECIMEN SIZE 12" x 24", AND (c) TEST FIXTURE
FOR SPECIMEN SIZE 12" x 48"

The sandwich specimens were impacted with predetermined energy levels, based on previous
studies. The sandwich panels were impacted with nominal impact energy levels of 58, 96, 135,
and 157 Ibf-in. The impact force history was recorded during each test and the data analyzed to
obtain the time histories of displacement, velocity, and energy. The impacted sandwich panels
were then subjected to nondestructive damage inspections using Through-Transmission



Ultrasonic (TTU) C-scan equipment and residual indentation depth measurement. The effects of
scaling were characterized in terms of the peak impact force, duration of impact, planar damage
size, and maximum residual indentation depth, with the results summarized in the following
sections.

2.1 CHARACTERIZATION OF SCALING EFFECTS BASED ON IMPACT EVENT.

2.1.1 Impacts at the Geometric Center.

The effect of scaling the planar dimensions of sandwich panels was characterized using the
force-time histories at the four energy levels. The typical force-time histories for
[(90/45)/CORE] and [(90/45),/CORE]s sandwich panels at the first energy level (E; = 58 Ibf-

in) are presented in figures 8 through 11. The force-time history plots for square specimens and
rectangular specimens have been plotted separately for clarity. The plots indicate that the
specimens with rigid-base supports induce the highest impact force and the lowest contact
duration for both sandwich configurations. The impact forces reduce with the increasing
specimen planar size (both dimensions) with a corresponding increase in duration of impact.
The change of specimen dimension along a single direction, however, did not introduce
significant differences in responses, as illustrated in figures 9 and 11. The no time histories of
force for all impact tests can be found in appendix A.
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FIGURE 8. FORCE-TIME HISTORY FOR [(90/45)/CORE]; SANDWICH PANELS

IMPACTED AT ENERGY LEVEL E;, WHEN BOTH PLANAR DIMENSIONS ARE
SCALED
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FIGURE 9. FORCE-TIME HISTORY FOR [(90/45)/CORE]; SANDWICH PANELS
IMPACTED AT ENERGY LEVEL E;, WHEN ONE PLANAR DIMENSION IS SCALED
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FIGURE 10. FORCE-TIME HISTORY FOR [(90/45),/CORE]; SANDWICH PANELS

IMPACTED AT ENERGY LEVEL E;, WHEN BOTH PLANAR DIMENSIONS ARE
SCALED
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FIGURE 11. FORCE-TIME HISTORY FOR [(90/45),/CORE];, SANDWICH PANELS
IMPACTED AT ENERGY LEVEL E;, WHEN ONE PLANAR DIMENSION IS SCALED

The peak impact forces recorded during the tests for different specimen sizes under each
sandwich configuration are summarized in figures 12 and 13. The peak impact force was
observed to decrease with increasing panel size when both the planar dimensions were changed.
The peak impact force for the specimens supported on a rigid base was considerably higher than
the rest of the specimen sizes.

2000 — — 2000
[(90/45)/CORE]g

IMPACT LOCATION : a/2, b/2

1600 IMPACT ENERGY LEVEL E, (Ibf-in) 1600
[ 58
] ® 9% |
o 135
1200 ® 157 — 1200
o—e —©®

800 °/\ L 800

PEAK IMPACT FORCE P, (Ibf)
1

PRI SS 4
400 — — 400
0 T T T T T T T 0
8x8RB  8x8  12x12 16x16 12x12  24x12  48x12

SPECIMEN PLANAR SIZE a x b (in xin)

FIGURE 12. PEAK IMPACT FORCE FOR [(90/45)/CORE]; SANDWICH PANELS AT
DIFFERENT ENERGY LEVELS
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FIGURE 13. PEAK IMPACT FORCE FOR [(90/45),/CORE]; SANDWICH PANELS AT
DIFFERENT ENERGY LEVELS

The peak impact force was found to be fairly insensitive when only one of the planar dimensions
was changed. Even though slight differences existed between the peak impact force levels at
each energy level, no trend could be established. This observation can be explained by
considering the variation of the fundamental frequency of the sandwich plates as a function of
the planar dimensions, see figure 14. The increment of frequency when both the planar
dimensions are altered (i.e., 8 X 8— 12 x 12— 16 x 16) is higher than that associated with the
change in a single planar dimension (i.e., 12 X 12— 12 x 24— 12 x 48). The natural frequency
was computed using a solution for a simply supported plate by classical laminated plate theory.
Thus, if the impact response is dominated by the fundamental mode, it can be inferred that the
peak impact force is proportional to the fundamental frequency. The lack of a trend in the
experimental data for sandwich panels, for which a single planar dimension was scaled, may also
be due to the differences between the mass of the impactor and the panel.

SCALING OF BOTH
PLANAR DIMENSIONS

|

SCALING OF
ONE PLANAR DIMENSION

a =8 inches

a=12inches
°

FUNDAMENTAL FREQUENCY (Hz)
|

|

a =16 inches
°

8 16 24 32 40 48 56 64 72 80 88 96
PLANAR DIMENSION b (inches)

FIGURE 14. VARIATION OF FUNDAMENTAL FREQUENCY FOR SANDWICH PANELS
AS A FUNCTION OF PLANAR DIMENSIONS SHOWING THE RELATIVE
FREQUENCIES OF THE PANEL SIZES USED IN THIS STUDY
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2.1.2 Off-Center Impacts.

A limited number of impact tests were conducted on 16" x 16" sandwich specimens to study the
effects of impacts at locations other than the geometric center. This study was warranted by the
argument that the impact events in an airframe structure may occur at locations other than the
geometric center. The impact testing was conducted at two energy levels, 58 and 135 Ibf-in,
using a 3" diameter impactor. The off-center impacts were conducted at distances of 2" (a/8) and
4" (a/4) from the supported edge. The peak impact forces recorded during the impact tests on
[(90/45)/CORE] and [(90/45),/CORE]; sandwich panels at two energy levels are summarized

in figure 15. The time history of force for individual tests can be found in appendix A. It can be
observed that the peak impact force increases as the impact location approaches the boundary
supports due to the increased flexural stiffness of the panel closer to the supports. Thus, in an
airframe, the locations close to the underlying frames or bulkheads will increase the stiffness of
the panel, resulting in higher impact forces.

1600 —
SPECIMEN SIZE : 16" x 16"
IMPACTOR DIAMETER : 3"
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O [(90/45)/CORE]g

ENERGY LEVEL E, = 137 Ibf-in ® [(90/45),/CORE]g
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-

PEAK IMPACT FORCE P,y (Ibf)
©
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S
|
1
I
I
/
|
[ ]

W <

2 8
DISTANCE 'x' OF IMPACT LOCATION FROM
SUPPORT EDGE ( inches)

FIGURE 15. SUMMARY OF PEAK IMPACT FORCE FOR OFF-CENTER IMPACTS

2.2 CHARACTERIZATION OF SCALING EFFECTS BASED ON IMPACT DAMAGE.

The impact damage in sandwich panels with thin facesheets has been characterized using
nondestructive techniques in terms of a planar damage diameter, 2R umqge and the maximum
residual indentation depth Agy4y. The planar damage diameters and residual indentation depths
for [(90/45)/CORE]g sandwich panels at different energy levels are shown in figures 16 and 17
respectively, while the same for [(90/45),/CORE] sandwich panels are shown in figures 18 and

19 respectively. The planar damage diameter was observed to decrease when both the planar
dimensions of the panels were increased. The above trend was more pronounced in
[(90/45),/CORE]g sandwich panels when compared to [(90/45)/CORE]g for which some scatter

existed at lower energy levels.
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The planar damage diameter was consistently smaller for the sandwich panels with rigid-base
supports at all energy levels. The residual indentation depths were, however, larger for the
specimens supported by a rigid base at all energy levels. Thus, core crushing is propagated in
the thickness direction when the specimens are supported on a rigid-base, whereas the core
damage propagation occurs along the lateral directions in specimens that have boundary supports
that allow some flexural deformation. Visible skin fractures were also observed in sandwich
specimens with rigid-base supports at the highest energy levels.

The larger damage sustained, when the panel has rigid support underneath, has implications for
real structure with internal framing. Special attention during inspection should be focused on the
areas under or near such supports, as one would expect the damage to be more visible there.

[(90/45)/CORE]s SPECIMENS

IMPACT LOCATION : a/2, b/2
IMPACT ENERGY LEVEL E, (Ibf-in)

—— 58
—-©- 96

—— 135
- 157

REE GRS

PLANAR DAMAGE DIAMETER 2R ;e (in)
; ;

0 T T T T T T T 0
8x8RB  8x8  12x12  16x16 12x12  24x12  48x12

SPECIMEN PLANAR SIZE axb (in xin)

FIGURE 16. SUMMARY OF TTU C-SCAN PLANAR DAMAGE SIZE FOR
[(90/45)/CORE]; SANDWICH PANELS AT DIFFERENT ENERGY LEVELS
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FIGURE 17. SUMMARY OF RESIDUAL INDENTATIONS FOR [(90/45)/CORE];
SANDWICH PANELS AT DIFFERENT ENERGY LEVELS
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FIGURE 18. SUMMARY OF TTU C-SCAN PLANAR DAMAGE SIZE FOR
[(90/45),/CORE], SANDWICH PANELS AT DIFFERENT ENERGY LEVELS
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FIGURE 19. SUMMARY OF RESIDUAL INDENTATIONS FOR [(90/45),/CORE];
SANDWICH PANELS AT DIFFERENT ENERGY LEVELS

The planar damage diameter did not exhibit any particular trend when a single planar dimension
of the panel was scaled for both sandwich configurations. The residual indentation depth was
found to decrease with increasing panel size (scaling of one dimension) for the [(90/45)/CORE]

specimens at two energy levels.
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The planar damage diameter and residual indentation depth for off-center impacts are
summarized in figures 20 and 21 respectively. As expected, the planar damage diameter and
residual indentation depths increased as the impact location moved closer to the support edge.
The TTU C-scan plots for off-center impacts are shown in figures 22 through 25. These figures
show that as the impact location approaches the support edge, the shape of the damage region
becomes more asymmetrical at the higher-energy level (135 Ibf-in).
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FIGURE 20. SUMMARY OF TTU C-SCAN PLANAR DAMAGE SIZE FOR
OFF-CENTER IMPACTS
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FIGURE 21. SUMMARY OF RESIDUAL INDENTATIONS FOR OFF-CENTER IMPACTS
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FIGURE 22. TTU C-SCAN PLOTS FOR [(90/45)/CORE]; SANDWICH PANELS
IMPACTED AT DIFFERENT LOCATIONS WITH AN IMPACT ENERGY OF 58 Ibf-in
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FIGURE 23. TTU C-SCAN PLOTS FOR [(90/45)/CORE]; SANDWICH PANELS
IMPACTED AT DIFFERENT LOCATIONS WITH AN IMPACT ENERGY OF 135 Ibf-in
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FIGURE 24. TTU C-SCAN PLOTS FOR [(90/45),/CORE]; SANDWICH PANELS
IMPACTED AT DIFFERENT LOCATIONS WITH AN IMPACT ENERGY OF 58 Ibf-in
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FIGURE 25. TTU C-SCAN PLOTS FOR [(90/45),/CORE]; SANDWICH PANELS
IMPACTED AT DIFFERENT LOCATIONS WITH AN IMPACT ENERGY OF 135 Ibf-in

In summary, the impact responses and the resulting damage metrics of sandwich panels were
found to be affected by the scaling of the planar dimensions and the location of impact relative to
the boundary supports. The impact forces and the damage metrics decreased as both the planar
dimensions of the sandwich panel were increased simultaneously. The scaling of a single planar
dimension did not produce any significant differences in impact response and damage metrics.
The impact of sandwich panels supported on a rigid base proved to be the most severe case
causing facesheet fractures at the higher-energy levels used in this study (but not necessarily
yielding the highest planar damage area). The planar damage size for specimens supported on a
rigid base was consistently smaller than specimens with clamped-edge boundary conditions. The
residual indentations in specimens supported on a rigid base were, however, larger than the rest
of the specimen sizes at all energy levels. The location of the impact relative to the boundary
supports was found to alter the impact response and the damage metrics. The planar damage
region became asymmetrical as the impact location was moved closer to the boundary supports.

3. FINITE ELEMENT ANALYSIS OF SCALING EFFECTS ON IMPACT RESISTANCE.

The experimental results on the effects of geometric scaling of the planar dimensions reported in
section 2.2 indicated that the peak impact force and the resulting impact damage size were
inversely proportional to the planar size of the sandwich panel. The experimental results also
indicated the dependence of the impact force and the resulting damage size and shape on the
location of the impact with respect to the support edges. The maximum panel size was, however,
limited to 16" due to the practical limitations on the impact-testing machine. Further, it was
observed that the increase of planar dimension in one direction alone would not significantly
alter the impact response and the resulting damage metrics, implying the dependence on the
smallest planar dimension of the sandwich plate. In an effort to extend the experimental
observations to panel sizes that are much larger than those investigated experimentally, an FE
model was assembled. The FE model was used to study the planar scaling effects on the
response of sandwich panels and the energy dissipation characteristics under low-velocity
impacts. The details of the FE modeling, comparisons with experimental data, and the details of
a parametric study are discussed in the following sections.
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3.1 FINITE ELEMENT MODELING OF SANDWICH IMPACT.

The low-velocity impacts of laminated and sandwich plates have been modeled using analytical
and numerical methods by past researchers. The impact models range from simple spring-mass
models, which assume that the low-velocity impact process is quasi-static in nature, to beam and
plate models that incorporate the effects of higher-frequency modes [18 and 19]. The plate
models used for studying the impact of laminated plates typically use the solutions developed by
Whitney and Pagano [20] for static loading and follow the procedure developed by Sun and
Chattopadhyay [21] to analyze the impact problem. The models used for laminated plates were
extended to sandwich plates by considering the core as just another layer [14, 18, and 22].
Dobyns [22] has used this approach to study the response of sandwich panels subjected to
different kinds of transient load and impact loading. However, in view of the dominant core
deformations in sandwich panels with low-density cores, additional models [18] have been
developed to account for the out-of-plane core deformations. Both 2-D and three-dimensional
FE models have also been used to study the impact responses of sandwich plates [18].

The central feature of most plate models and 2-D FE models is the use of an experimentally
obtained contact law. The contact law establishes the relation where the change in thickness of
the beam and plate at the contact point and the resulting contact force is being tracked between
the beam and plate and the impactor. Using experimentally obtained static-contact indentation
laws to address the problem of spherical and cylindrical objects impacting on composite
laminates and sandwich panels has been widely reported [14, 18, 22, and 23]. The contact law is
necessary to couple the equations of motion of the target and the projectile, if the contact process
is not explicitly represented in the model. The use of a contact law in effect decouples the local
indentation and global bending, thus simplifying the problem. The contact laws are valid for
low-velocity impacts, where in the contact process can be approximated by its static equivalent.
The implementation of the contact law further assumes that the effects of impact damage on the
primary vibrational modes of the target structure to be negligible [18, 24, and 25].

In this investigation, the FE modeling of sandwich impact was accomplished using the MSC
Marc nonlinear FE computer program [26]. The sandwich plates were modeled using bilinear 8-
noded thick shell elements (Marc Element 22) with displacement and rotation degrees of
freedom [27]. Second-order interpolations are used for coordinates, displacements, and
rotations, and the effects of transverse shear are also included. The impactor was approximated
by a point mass. The impactor and sandwich plate contact interaction were modeled using a
nonlinear inelastic spring, as shown in figure 26. The nonlinear spring behavior was
implemented using an external subroutine. The inputs for the subroutine were obtained from a
previous experimental investigation of the contact behavior of sandwich panels [17]. The
contact behavior of sandwich panels under quasi-static loading is discussed in the following
section.
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3.1.1 Contact Behavior of Sandwich Panels and Contact Laws.

The contact behavior of sandwich panels indented by spherical indentors has been investigated
experimentally and by using FE methods [17, 18, and 23]. The indentation in sandwich panels
has been typically investigated by using a rigid-base support condition [17]. The typical load-
indentation behavior of a sandwich panel is illustrated in figure 27a. The figure shows the
behavior of [(90/45),/CORE] sandwich panel indented by a 3" diameter indentor. The load-

indentation response consists of initial linear elastic region up to a critical indentation depth ucg.
The behavior is nonlinear and inelastic beyond the critical depth, and the specimen may be
indented to depths that are several times the facesheet thickness before a facesheet fracture
occurs. The nonlinear region is highly dissipative in nature, the energy being absorbed by the
initiation and propagation of core crushing and delaminations in the facesheet [17 and 28]. The
loading behavior of the sandwich panels is modeled using the following equations:

Cou O<u, Suq

P(u):{oz c (1)

3
C, +Cu, Ueg U, S Uppyer
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where, Cy, C;, C,, and Cj are coefficients obtained by curve fitting the experimental data. In
general, these coefficients are functions of the facesheet properties, core properties, and the
indentor size [17]. The response of the sandwich panels during the unloading process is
illustrated in figure 27b. The response is modeled using Crook’s model [29], which is given by

m

_ U, ~Upgs

Pyp(u) = Py {Z—} Uep SU, <Uppycr (2)
Upyax ~ URgs

where u)4x and Pyz4x are the maximum indentation and the corresponding force before unloading
begins. The preceding equation requires knowledge of the residual indentation wuggs and the
unloading index m. The residual indentation depth and the unloading index may be functions of
the maximum indentation u,.x before unloading. The unloading index m is obtained by
conducting multiple indentation experiments where the unloading is initiated at different uyz4x .
The energy dissipated during the contact process is given by the area enclosed between the
loading and the unloading portion of the curves.
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FIGURE 27b. TYPICAL UNLOADING RESPONSE OF SANDWICH PANELS SUBJECTED
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The contact laws reported in reference 17 were used in the FE simulation of the impact response
of [(90/45),/CORE] sandwich panels impacted by a 3" diameter impactor. The FE predictions
were compared with the experimental data and the predictions of an analytical model developed
by Dobyns [22]. The FE model was then used with linearized contact laws to conduct a
parametric study addressing the scaling effects on impact responses. The FE model was also
used to study the energy dissipation in sandwich panels. Even though the model cannot predict
the failure mechanisms explicitly, the energy dissipated during the impact process can be used as

a measure of damage.

3.1.2 Comparison With Experimental Data.

To assess the validity of the FE model, a comparison was made between the force-time histories
obtained from experiments and the FE model prediction. Another numerical model, developed
by Dobyns, was also used for comparison. The experimental data for the [(90/45),/CORE]

sandwich specimen impacted with a 3" diameter impactor, with an impact energy of 55 Ibf-in,
and an impact velocity of 96 in/sec were used for testing the model predictions. The facesheets
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were made of NB321/3K70 P plain weave carbon fabric/epoxy prepreg material, and the
sandwich core was made of 0.75" thick Plascore Nomex PN2-3/16-3.0. The sandwich specimen
was supported using clamped-edge boundary conditions, which did not restrict the in-plane
translation degree of freedom. The edges of the sandwich panel in the FE model were
constrained for rotations and out-of-plane displacement. The Dobyns model, however, is
formulated for simply supported boundary conditions. The coefficients of the contact law were
obtained from a previous study [17] and are as follows:

Co=9256.7 Ibf/in
Ucr = 0.0149 in

C1=179.68 Ibf
C,=11385.2
C3=1.372

The force-time histories predicted by the FE and Dobyns model are compared with the
experimental data in figure 28. The FE model slightly overpredicted the peak impact force,
while it predicted the impact duration very closely. The predictions of the FE and Dobyns model
follow the experimental data very closely during the loading phase. However, both models
overpredicted the impact forces during the unloading phase. It should be noted that the contact
behavior used in the FE model is inelastic while the Dobyns model is elastic. The differences in
the force histories during the unloading phase indicated that energy dissipation mechanisms other
than those due to contact and vibration may be present in the experiments.
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FIGURE 28. COMPARISON OF FE MODEL AND DOBYNS MODEL PREDICTIONS
WITH EXPERIMENTAL DATA

Since the FE model compared reasonably well with the experimental data, the model was

subsequently used for conducting a parametric study using linearized inelastic contact laws. The
details of the parametric studies and the pertinent results are discussed in the following section.
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3.2 PARAMETRIC STUDY.

The FE model using experimentally determined contact laws was shown to predict the impact
response satisfactorily. The FE model can be used to study the energy dissipated during the
impact process, and the dissipated energy can be resolved into kinetic energy and damage
energy. The results of the experimental investigation discussed in section 2 showed the
dependence of impact responses and resulting damage metrics on the sandwich planar size. The
sandwich specimen sizes were, however, limited by the physical limits on the impact-testing
machine. The FE model can also be used to study specimen sizes that may be prohibitive in
practice. Further, the contact behavior of sandwich panels, which in general depends on the
properties of the sandwich constituents and the indentor size, can be varied arbitrarily to study
their effects on the impact response. In this study, the effects of the sandwich planar size and
contact properties on the energy dissipation characteristics of sandwich panels subjected to low-
velocity impacts were addressed. Linearized contact laws were used to further simplify the
problem and are discussed in the following paragraph.

The linearized contact law assumes linear loading and unloading responses, as shown in
figure 29. The linearized laws retain all the characteristics of the actual contact laws while being
relatively simple. The linearized laws can be cast in terms of two parameters, the loading and
unloading stiffnesses, K; and Ky;. The energy dissipated during the contact process is given by
the area enclosed between the loading and unloading curves. The relative values of the loading
and unloading stiffness dictate the fraction of contact energy that is dissipated. The energy
dissipation fraction, @ which defined as the ratio of dissipated energy to the indentation energy,
is dependent on the ratio K;/Ky;. The behavior is elastic when K;/Ky;, = 1, plastic when the
ratio K;/Ky;, = 0.

CONTACT FORCE P

DISSIPATED
ENERGY

INDENTATION u

FIGURE 29. LINEARIZED CONTACT BEHAVIOR USED IN THE PARAMETRIC STUDY
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In this study, the effects of energy dissipation fraction and the scaling of specimen planar size
were investigated using linearized contact laws. Dissipation fractions of 0, 0.25, 0.5, 0.75, and
0.9 were used to simulate contact behaviors ranging from totally elastic to near plastic behavior.
A loading stiffness, K; = 8000 Ibf/in was used to define the contact behavior. The sandwich
configuration used in this study was [(90/45),/CORE]. The sandwich panels were modeled

using the properties for facesheets made of NB321/3K70P plain weave carbon fabric/epoxy
prepreg material, and the sandwich core was made of 0.75" thick Plascore Nomex PN2-3/16-3.0.
Square sandwich plates with side dimensions of 4", 8", 16", 32", 48", 64", 96", and 128" were
used in this study. The sandwich specimens were impacted with an impact energy of 50 1bf-in at
an impact velocity of 100 in/sec. The FE data were analyzed for the total energy dissipated,
Eps, which is the difference in the energy of the impactor prior to impact, Enp and at the
cessation of contact, Erggounp, (equation 3); the energy dissipated due to contact Ep;ssip; and the
vibrational energy transferred, Ey;zr. The energy dissipated due to the contact process was
obtained from the force-indentation response during the impact, and the vibrational energy
transfer was obtained as the difference between the rebound energy of the impactor and the
dissipated contact energy (equation 4)

E aBS — E MP E REBOUND 3)

EVIBR = EABS - EDISSIP (4)

The plot of the total energy absorption ratio (E4zs/Emp) as a function of plate size predicted by
the FE model is shown in figure 30 for different levels of contact energy dissipation fraction, @
The total energy absorbed, initially, decreases up to a certain plate size, after which the absorbed
energy increases at a rapid rate with respect to the plate size. The amount of total energy
absorbed by the plate in the initial region is proportional to @ The ratio of the impactor mass to
the plate mass, (mpp/mprare), Or the mass ratio, is shown as a function of the plate size in the
same figure. It can be observed that for plate sizes corresponding to mass ratios less than 1, a
sharp increase in absorbed energy occurs, irrespective of @ Past researchers have indicated that
a mass ratio of 2 corresponds to the transition between a quasi-static impact and flexure wave-
controlled impacts [18 and 30].

The total energy transferred to the sandwich plate was further resolved into the contact energy
and kinetic or vibrational energy of the plate. The variation of contact energy dissipated (due to
formation of damage) as a function of the plate size is shown in figure 31. The energy lost in
creating damage decreases as the plate size increases, which is in agreement with the
experimental observations in section 2, where the damage size was observed to decrease with
increasing plate size. It can be seen in the same figure that the energy dissipated due to damage
falls sharply around a mass ratio of 2. Further, the damage energy appears to have reached a
lower limit for ¢= 0.25 and 0.50, indicating that a lower bound exists for very large plates on the
amount of damage that can be created at a given impact energy level. Thus, it can be inferred
that the energy absorption in sandwich plates is dominated by the creation of damage for mass
ratios greater than 2, and the energy is transferred to the plate in the form of vibrational energy
for mass ratios less than 2.
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In summary, the FE model using experimentally determined contact laws, predicted the impact
force history reasonably well. Even though the model cannot predict the damage explicitly, the
energy absorbed by the inelastic contact spring can be used as a measure of damage. The results
from the parametric study indicated that the energy absorption in sandwich panels depends on
the panel size and the dissipativeness of the contact behavior. The energy transferred to the
sandwich plate decreases with increasing plate size and is dominated by the formation of
damage, for mass ratios greater than 2. However, the energy transfer was observed to increase
when the mass ratio was less than 2 and was dominated by the vibrational energy of the
sandwich plate.

4. SCALING EFFECTS ON THE CAI STRENGTH OF SANDWICH PANELS.

The impact damage in sandwich structures is dependent on the facesheet, core, and the impactor
size [1]. The typical impact damage in sandwich structures may consist of facesheet damage
(matrix cracking, delaminations, and fractures), core damage (core crushing and cell wall
fractures), and a residual indentation distribution, which is an equilibrium state between the
degraded facesheet and core [1 and 31]. The damage metrics associated with impact damage are
illustrated in figure 32. The damage metrics amenable to nondestructive inspection are the
planar damage diameter, 2Rgumage, and the maximum residual indentation depth, Agyay. The
residual strength has been shown to correlate well with the planar damage size, especially for the
blunt impactors where the residual indentation is of the order of the facesheet thickness or less

[1].

RESIDUAL
CRUSHED CORE INDENTATION

FIGURE 32. TYPICAL IMPACT DAMAGE AND ASSOCIATED METRICS IN SANDWICH
PANELS WITH THIN FACESHEETS IMPACTED WITH BLUNT IMPACTORS [31]

The scaling of the damage tolerance problem associated with sandwich panels involved the
scaling of geometric dimensions and the damage metrics, as illustrated in figure 33. The scaling
of core thickness seldom occurs in airframe applications, and the thickness scaling alters the core
behavior in the transverse direction [17]. Thus, the scaling of core thickness was not addressed
in this investigation. Further, when the core thickness is held constant, the scaling of the panel
height will introduce the possibility of global buckling, precluding (or coupling) the failure
driven by the impact damage. Thus, in this study, both the core thickness and the specimen
height 2 were held constant, even tough limited tests were conducted to study the scaling of
panel height alone. The scaling of the damage metric 2R jumqge, In general, implies the scaling of
associated residual indentation depth. The proportional scaling of both these damage metrics is
not feasible without introducing facesheet damage, which further complicates the problem under
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study. Thus, in the present investigation, the planar damage size was held constant, and the
width of the panel was scaled to provide different ratios of b/2Rgumage, Which is of particular
interest for leveraging the existing data into practical use.

o

GENERAL SCALING OF DAMAGE
TOLERANCE PROBLEM

nb ]

SCALING OF DAMAGE TOLERANCE jf
PROBLEM IN CURRENT STUDY

nb

FIGURE 33. GENERAL SCALING OF METRICS IN DAMAGE TOLERANCE PROBLEM
OF SANDWICH PANELS AND SCALING PROBLEM ADDRESSED IN THIS STUDY

The effect of scaling of b/2Rjumage, for a fixed damage size, on the behavior of two sandwich
configurations was studied experimentally. The sandwich configurations studied were
[(90/45)/CORE]s and [(90/45),/CORE];. The sandwich panels were fabricated using a

Newport NB321/3K70 Plain weave carbon fabric prepreg for the facesheets and Plascorel] PN2-
3/16-3.0 Nomex™ 0.75" thick honeycomb material for the sandwich core. The combination of
panel widths and heights tested are summarized in table 2. A total of 12 compression tests were

conducted in this study, 6 for each sandwich configuration which only differed by facesheet
thickness.

The impact damage in the above sandwich panels was introduced by supporting the panels on a
rigid base and impacting them with a 3" diameter impactor. The rigid-base support was used to
generate equal levels of damage in all specimens. The impact energy level was chosen such that
a subsurface damage was created in the panels. The planar damage diameter, the maximum
residual indentation depth, and the associated ratios, b/2Rgumage and h/2R jumage, for the sandwich
specimens are summarized in table 3.
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TABLE 2. TEST MATRIX FOR SCALING EFFECTS ON DAMAGE TOLERANCE OF
SANDWICH PANELS

Specimen Width b

(inches)
6.5 8.5 12.5 16.5
10.5 10.5 10.5 10.5
Specimen Height £
(inches) 12.5
16.5

TABLE 3. DAMAGE METRICS FOR SANDWICH SPECIMENS

Sandwich Size bxh 2R damage Driiax
Configuration (inches x inches) | (inches) | b2Ruumage | H/2Rdamage (inch)
6.5%10.5 1.406 4.621 7.46 0.004

8.5 x10.5 1.495 5.683 7.02 0.005

[(90/45)/CORE], 12.5x10.5 1.313 9.516 7.99 0.004
16.5 x10.5 1.334 12.362 7.86 0.005

12.5x12.5 1.304 9.585 8.05 0.006

12.5 % 16.5 1.325 9.448 7.93 0.003

6.5 %x10.5 1.859 3.494 5.65 0.013

8.5 %10.5 1.864 4.559 5.63 0.011

[(90/45), /CORE] 12.5 x10.5 1.833 6.819 5.73 0.013
16.5 x10.5 1.944 8.486 5.40 0.009

12.5 x12.5 1.843 6.782 5.69 0.010

12.5x16.5 1.836 6.808 5.71 0.011

4.1 COMPRESSION TESTING OF SANDWICH PANELS.

The impact-damaged sandwich panels were subjected to compression testing to obtain the
residual properties and to observe the damage propagation and final failure modes. The
compression tests were conducted using the procedures and fixturing reported in reference 1 with
modifications to accommodate taller specimens. The typical test-fixturing arrangements are
shown in figures 34 and 35. The sandwich specimens were instrumented with four far-field
strain gages [1 and 31] to facilitate balancing of the loading platen to introduce uniform loading
and to record the failure strains.
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FIGURE 34. COMPRESSION TEST FIXTURE WITH SANDWICH SPECIMEN 16.5" WIDE
BY 10.5" HIGH

FIGURE 35. COMPRESSION TEST FIXTURE WITH SANDWICH SPECIMEN 12.5" WIDE
BY 16.5" HIGH

A full-field strain and displacement measurement photogrammetry system, ARAMIS [32], was
used in this investigation. The system consists of two high-resolution cameras and an image
analysis computer program, as shown in figure 36. The system is capable of measuring large
displacements and strains (up to 100%) over regions of maximum size 39" x 39". The sandwich
specimen is coated with a flat white spray paint, with a stochastic black speckle pattern applied
on top of the coating. The photogrammetry system captures high-resolution images of the
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deforming object or specimen at predefined intervals of load or time. The series of images are
then analyzed sequentially to obtain the cumulative displacements and strains at each load
increment. The displacement and strain fields can then be analyzed to obtain displacement and
strain distributions across desired sections of interest.

FIGURE 36. TYPICAL ARAMIS SYSTEM AND ARAMIS ARRANGEMENT FOR
COMPRESSION TESTING

The ARAMIS system was used to measure the strains and displacement over one quadrant of the
sandwich specimens. The scan region extended about an inch outside the boundaries defining
the quadrant of interest, as shown in figure 37. The typical distributions of out-of-plane
displacement, w(x,y), and in-plane strains, &,(X,y), along the loading direction are shown in
figure 38. The deformation fields were then analyzed across a horizontal section passing through
the center of the damage region.
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FIGURE 37. LOCATION OF STRAIN GAGES AND SCAN REGION FOR
PHOTOGRAMMETRY MEASUREMENTS
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FIGURE 38. TYPICAL OUT-OF-PLANE DISPLACEMENT DISTRIBUTION, w (x,y), AND

IN-PLANE STRAIN DISTRIBUTIONS, eyy(x,y), MEASURED USING ARAMIS
PHOTOGRAMMETRY SYSTEM

The typical out-of-plane displacement and in-plane strain distribution for 6.5" sandwich panels
are shown in figure 39. These section plots can be used to study the kinematics of impact
damage under remote compressive stress fields. The effects of b/2Rjumqge ratio can, thus, be
interpreted in terms of the strain and displacement distributions. The strain distribution in the
figure indicates higher strains in the damage region at lower loads, which can be attributed to the
combination of strains due to in-plane compression and bending. However, at higher loads, a
distinct peak in the strain distribution can be seen at the edge of the damage region, even though
the displacement distribution appears to be self-similar at each load level. At low load levels, a
significant amount of compressive load can be transferred though the damage region, whereas at
higher loads, the additional bending of the facesheet within the damage region creates a
compliant zone that diverts the load to the adjoining undamaged facesheet, creating a strain
concentration similar to an open hole. The high strains indicate an imminent facesheet fracture
initiation at the edge of the damage region. The displacement and strains along the horizontal
section for the other specimens can be found in appendix B.
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4.2 RESULTS.

The data obtained from the compression tests conducted on the sandwich specimens were
analyzed to quantify the effects of the width-to-damage size ratio on the residual strength. The
residual strength behavior was characterized in terms of the compressive strength and the strain
distributions obtained using the photogrammetry method. The residual strength of the impact-
damaged sandwich panels as a function of the ratio 5/2Rjumage 1s shown in figure 40. The actual
damage sizes corresponding to each sandwich specimen is shown by the labels on top of the
symbols in the figure. The residual strength of [(90/45)/CORE] sandwich panels was observed

to increase with the ratio /2R amage, While the [(90/45),/CORE] exhibited this trend between

specimen widths of 8.5" and 16.5". The strength of the 6.5" wide specimen for
[(90/45),/CORE] configuration was higher than the rest of the widths. This can be attributed to

the existence of a scatter band, and additional tests would be required before any conclusion can
be drawn. The figure also shows the CAI strength of 8.5" wide specimens from a previous study
[1] with different levels of impact damage. It can be concluded that the CAI strength tends to
increase slightly with the ratio 5/2Rjumqge for both the sandwich configurations.
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FIGURE 40. PLOT OF COMPRESSIVE RESIDUAL STRENGTH AS A
FUNCTION OF b/2R jamage

The effects of varying the height of the specimen on the compressive residual strength are
shown in figure 41. The labels next to the symbols indicate the actual damage diameter for
each specimen. A slight reduction in residual strength was observed for both sandwich
configurations. This may be attributed to the interaction of global buckling with the impact
damage acting as a geometric imperfection. Additional tests may be necessary to statistically
strengthen this observation.
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4.2.1 Analysis of Displacement and Strain Distributions in [(90/45)/CORE]_Sandwich Panels.

In an effort to explain the increase in strength as the ratio b/2Rjumege Was increased, the
distribution of strains along the horizontal sections for [(90/45)/CORE]s sandwich panels of

different widths was compared at different load levels. The strain distributions at four nominal
load levels are shown in figures 42a through 42d. It must be noted that the measurements using
ARAMIS could not be taken at precisely the same loads for each specimen. Therefore, the
actual loads for specimens with different widths are indicated in each figure. The strain
distributions indicated contrasting behavior as the specimen width was increased. It was
observed that the facesheet within the damaged region was strained more in narrower specimens
compared to wider specimens, indicating higher facesheet bending. This is supported by the out-
of-plane displacements across the horizontal sections shown in figure 42e. The out-of-plane
displacements are consistently higher for narrow specimens. A strain peak was observed at the
edge of the damage region as the load was increased. The strain concentration effects were more
pronounced in narrow specimens and tended to decrease with increase of specimen width. This
implies that for narrow specimens, a greater percentage of load is carried through the facesheet
within the damage region, causing increased bending of the facesheet. As the facesheet bends,
the compressive stiffness of the damage region reduces, and the load is diverted across the
undamaged portion of the panel. The damage region tends to behave as an open-hole region
resulting in a strain concentration, as shown in figures 42c and 42d. The final failure mode for
all [(90/45)/CORE]g sandwich specimens was by facesheet fracture originating at the edge of

the damage region.
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4.2.2 Analysis of Displacement and Strain Distributions in [(90/45),/CORE]_Sandwich Panels.

The [(90/45),/CORE] sandwich panels exhibited trends similar to that of [(90/45)/CORE];
panels when the strain distributions were compared for different specimen widths. The strain
distributions along the horizontal section passing through the center of the damage region are
shown in figures 43a through 43d. The [(90/45),/CORE]sandwich panels did not produce a
strain peak at the edge of the damage region, indicating load transfer through the damage region
in spite of the facesheet bending. A contrasting behavior of the sandwich specimens was
observed as the width was increased. The 6.5" wide specimen exhibited an unstable dimple
propagation across the width of the specimen resulting in a buckling failure, while the 16.5" wide
specimen exhibited a dimple growth-arrest mechanism leading to the initiation of skin fracture
and resulting in compressive failure of the facesheet. The bulging of the backside facesheet was
visually observed in 6.5" wide specimens even at low load levels.
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In summary, the effects of the specimen width to damage size ratio on the residual compression
strength of two sandwich configurations were studied. @ The experimental results for
[(90/45)/CORE] sandwich specimens indicated that the residual strength increased by 12% as
the b/2Riumage Tatio was increased from 4.6 to 12.4. Contrasting strain distributions were
observed using the photogrammetry method, as the specimen width was increased. The impact
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damage in [(90/45)/CORE]s specimens tended to behave as an open hole, resulting in a strain
concentration at the edge of the damage region. All [(90/45)/CORE]s sandwich specimens

failed by compressive fracture of facesheet, with the failure initiating at the edge of the damage
region.

The [(90/45),/CORE]; specimens exhibited contrasting failure modes when the width was

increased. The 6.5" wide specimen failed due to unstable dimple propagation across the width
resulting in buckling failure, while the 16.5" wide specimen failed due to a dimple growth-arrest
mechanism that precipitated in compressive fracture of the facesheet. The strain distributions
obtained using the photogrammetry method did not indicate a strain concentration at the edge of
the damage region, but the strains were consistently higher within the damage region for
narrower specimens. The residual strength was observed to decrease with increase in specimen
height, for a constant width to damage size ratio. The reduction was about 5% and 7% for
[(90/45)/CORE] and [(90/45),/CORE]s sandwich panels respectively, when the height was

increased from 10.5" to 16.5".

5. CONCLUSIONS.

The work presented in this report describes the effects of scaling on the impact damage
resistance and damage tolerance of sandwich panels with thin quasi-isotropic facesheets and
honeycomb cores. The effects of scaling the planar dimensions on the impact behavior and the
resulting damage in honeycomb core sandwich panels were studied by conducting a limited
number of experiments. A parametric study, using a finite element (FE) model, was conducted
to investigate panel sizes that are not practical to test in the laboratory. A limited number of
compression—after-impact tests were conducted on sandwich panels to investigate the
dependence of residual strength on the specimen width to damage size ratio. Full-field
photogrammetry methods were used to observe the displacement and strain distributions in the
vicinity of the impact damage under compressive loading.

The effects of scaling the planar dimensions on the impact resistance of honeycomb core
sandwich panels were investigated experimentally. The sandwich specimens were impacted
using a 3" diameter impactor, at four impact energy levels, and the effects of scaling were
characterized in terms of the impact response, planar damage size, and the residual dent depth.
The experimental results indicated that the impact force decreased when both the planar
dimensions of the panel were increased. However, the increase of a single dimension did not
significantly change the impact response. The scaling of planar dimensions on the planar
damage size exhibited trends similar to that of the impact force, with the exception of the
sandwich specimens with rigid-base supports, which suffered more residual indentation than
planar damage.

The off-center impacts conducted on a 16" X 16" panel indicated that the impact was more severe
at locations closer to the boundary supports. The planar damage diameter and the residual
indentation depth increased when the impact location approached the boundary. Further, the
shape of the planar damage region was unsymmetrical for impact locations closest to the
boundary supports.
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The effects of scaling on the impact resistance were further investigated using an FE model using
contact laws. The predication of the FE model compared satisfactorily with the experimental
results. The parametric study using linearized contact laws indicated that the energy absorption
in sandwich panels, due to impacts, depends on the dissipativeness of the contact behavior and
the planar dimension of the plate. The effects of impactor mass to plate mass ratio have been
highlighted using this study.

The damage tolerance of sandwich structures with subsurface impact damage from a 3" diameter
impactor was investigated for possible scaling effects. The effects of varying the ratio of
specimen width to planar damage diameter, for a fixed damage size, were studied by conducting
compression tests. A full-field displacement and strain measurement photogrammetry system
was used during the tests. The effects of the width to damage size ratio was characterized in
terms of the residual strength, displacement distributions, and strain distributions. Based on the
limited test data, the residual strength was observed to increase by 12% when the width of the
specimen was increased from 6.5" to 16" for sandwich specimens with two-ply facesheets. No
significant trend was however observed for sandwich specimens with four-ply facesheets. The
displacement and strain distributions showed contrasting behavior of impact damage as the
specimen width was increased. The results indicated higher component of facesheet bending
within the damage region for narrow specimens when compared with the wider specimens.

This study showed that compressive residual strength results obtained experimentally are valid if
the impact damage size and failure mechanisms are monitored to ensure the finite width effects
of small specimens do not affect the outcome. As related to the impact event, it is important to
realize that the larger specimen sizes will sustain less impact damage for equivalent impact
energy levels unless the impact is close to a stiffener. Thus, it is valid to test smaller panels if the
damage is simulated correctly from the larger specimens. The effects of specimen height were
not investigated, but specimen height could affect the buckling response of the panels.
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APPENDIX A—FORCE-TIME HISTORIES
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FIGURE A-1. FORCE-TIME HISTORY FOR [(90/45)/CORE], SANDWICH PANELS
IMPACTED AT ENERGY LEVEL E,; = 58 Ibf-in
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FIGURE A-2. FORCE-TIME HISTORY FOR [(90/45)/CORE];, SANDWICH PANELS
IMPACTED AT ENERGY LEVEL E; = 58 Ibf-in FOR DIFFERENT WIDTHS
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FIGURE A-3. FORCE-TIME HISTORY FOR [(90/45)/CORE]; SANDWICH PANELS

800 —

600 —

IMPACTED AT ENERGY LEVEL E, =96 Ibf-in

[(90/45)/CORE]s SPECIMENS

IMPACT ENERGY E, : 96 Ibf-in
IMPACT LOCATION : (a/2, b/2)
TEST SECTION SIZE ax b (in x in)
o 12x12

I
0.002 0.004 0.006 0.008 0.01
Time t (secs)

FIGURE A-4. FORCE-TIME HISTORY FOR [(90/45)/CORE];, SANDWICH PANELS
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APPENDIX B—DISPLACEMENT AND STRAIN PROFILES USING ARAMIS
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FIGURE B-4. DISPLACEMENT AND STRAIN PROFILES AT DIFFERENT LOAD
LEVELS FOR [(90/45),/CORE], SPECIMEN WITH WIDTH b = 6.5 inches
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FIGURE B-5. DISPLACEMENT AND STRAIN PROFILES AT DIFFERENT LOAD
LEVELS FOR [(90/45),/CORE], SPECIMEN WITH WIDTH b = 8.5 inches
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FIGURE B-6. DISPLACEMENT AND STRAIN PROFILES AT DIFFERENT LOAD
LEVELS FOR [(90/45),/CORE]y SPECIMEN WITH WIDTH b = 12.5 inches

B-6



DISTANCE 'x' FROM CENTER OF DAMAGE REGION ALONG Y=0 (inches)
0 2 4 6 8

0.00

-0.04 [(90/45),/CORE], PANELS N

SPECIMEN WIDTH b : 16.5 inches
SPECIMEN HEIGHT h: 10.5 inches

LOAD LEVELS N, (Ibffin)

MEASURED OUT OF PLANE DISPLACEMENT
w(x,0) (inches)

O 794
-0.08 <© 1008 u
O 1189
© 1602
0.00
P
S -0.20
|_
()]
w <
= ©
BB 0.40
w5
W s
@ g
c§> S
O X -0.60
2 &
h'd
o
2
< -0.80
=
-1.00 : : : :

0 2 4 6 8
DISTANCE 'x' FROM CENTER OF DAMAGE REGION ALONG Y=0 (inches)

FIGURE B-7. DISPLACEMENT AND STRAIN PROFILES AT DIFFERENT LOAD
LEVELS FOR [(90/45),/CORE]y SPECIMEN WITH WIDTH b = 16.5 inches
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