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Abstract. Sandwich circular panel with foam core indented by flat-end cylindrical indenter was
constructed. Collapse mechanisms and influencing factors of sandwich circular panel was
determined, and the mass of sandwich circular panel was lightened through theoretical analysis. The
theoretical predictions were verified by comparing with results from commercial code ABAQUS.
Results indicate that collapse mechanisms map of sandwich circular panels is similar to beam (panel)
in a three-point bend besides the regional boundaries. The maximum material utilization rate of each
collapse mechanism is located in the boundaries. The maximum material utilization of all Collapse
mechanisms is located in the common point which belong to the face yield mode of collapse, the
indentation mode of collapse and the mode B for core shear.

Introduction

Foam-core sandwich panel generally refers to the panel made by two face sheets and one core, which
can not only take full use of low density and large deformation of the foam, but also solve the low
stiffness of pure foam structure. The collapse mechanisms of foam-core sandwich beam (slab) in a
point bend mainly include epidermal yield, core shear, indentation, cohesion failure and face sheet
wrinkling. Ashby et al. [1] summarized the collapse mechanisms and analyzed the weight-efficient
of aluminum foam sandwich panels indented by square indenter. Shuaeib et al. [2] studied the face
yield and the core shear of different polymer sandwich panels indented by circular indenter. Soden
[3] assumed the face sheets to be rigid-perfectly plastic and perfectly predicted face yield through
linear elastic theory. McCormack et al. [4] drawn the collapse mechanism maps of metallic foam
sandwich panels and compared the collapse load with the first peak value of curve. Chen et al. [5]
researched the collapse mechanisms and the weight-efficient of metallic foam sandwich panels in a
four point bending. Some other analysis on the collapse mechanisms of foam-core sandwich in a
three-point bending were carried out by Shang Jintang, Zhang Lin and Wang Erheng and et al in china
[6-8].

In summary, much effort on the collapse mechanisms of sandwich rectangular panel (beam) has
already been made. Basing on the classic analysis method of the collapse mechanisms, this paper tries
to get the collapse mechanisms of foam-core sandwich circular panel indented by flat-end cylindrical
indenter through theoretical calculation and numerical simulation. Influencing factors of collapse
mechanisms maps and differences of the collapse mechanisms maps between sandwich circular panel
and sandwich rectangular beam (panel) are also analyzed. In addition, Collapse load over unit gravity
is put forward to lighten the sandwich circular panel.

Analysis on the Collapse Mechanisms
Analytical Model

The simply supported sandwich circular panel is loaded by moving the flat-end cylindrical indenter
with a diameter (a << D) as shown in Figure 1. Sandwich circular panel is composed of two face
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sheets and one foam core with thicknesses t and c, respectively. The diameter of sandwich circular
panel isD+2H (the diameter amongst the outer supports is D and the overhang distance beyond the
outer supports is H).

(@)

(b)

Fig. 1. Three-dimensional diagram of sandwich circular panel (a) the front surface and (b) the rear
surface

In order to simplify the discussion and calculation, some assumptions are proposed as follows:

(1) Deformation of the indenter and the outer supports is ignored during the loading process.

(2) The material model of sandwich panels is assumed as rigid-perfectly plastic.

(3) The face sheets and the foam-core are bonded perfectly, and no peeling occurs during the
loading process.

Collapse Mechanisms
Face Yield

The bending moments over unit length of sandwich panels loaded by transverse concentrated force
is written as follows (Contribution of the core is ignored) [9]:

Radial: M, = ot (t +c) 1)
Tangential: M, = ot (t +c) )
Yield: M, = oot (t+c) )

Where o, is the radial stress, o, is the tangential stress, o is the constant plateau stress, tis the
thickness of the face sheet, and c is the thickness of the core.
Consider the Tresca yield criteria, the maximum among|M.|, |M,|and|M —M|should be equal

to M, when the face sheets appear to be yield, as follow:
Max (|M¢|,|M,|,|Mg —M,|) M, =M, 4)
Note M, >0, M,>=0and M, =M, when circular panel is loaded by transverse concentrated
force, and we can conclude:
M;=M,, or=0; (5)
Owing to changes of lateral compress at the radius of a/2(a << D), face yield occurs at the radius

ofa/2. The force equilibrium on the sector of the panel, as sketched in Figure 2(a), gives:

OFa®
67r1a2 (6)

a,_ (3 24
MPEB__[OZ P,Or2dr =

Where P, = 4F, / za*is the mean stress applied on the contact region of the upper panel, and the
resulting collapse load, F,, is given by:
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F, =37zM, =3zogt(t+c) (7)
Indentation

The indentation mode of collapse involves the formation of plastic hinges at both the radius ofa/ 2
and the radius of a/ 2+ A within the top face sheet adjacent to indenter, with compressive yield of the
underlying core, as sketched in Figure 2(b). The energy equilibrium gives:

z(2a+2A)M Re{f a’ +£ﬂ,2jt92,avc =F,04 8
4° 73

Where M, = ot* /4is the full plastic moment of the face-sheet section, and the radial wavelength
A is rotated through a small angle 8. The resulting collapse load, F,, is given by:

2
F2=27z(i+1)£+7r 1aerlﬂ,2 Oy ©
A 4 4 3

The principle of virtual work tells us that the actual value 4 among many possible values that meet
the Eq. (9) should make collapse load, F,, minimal. That is, the variation of F, is divided into zero.

SF, =0 (10)

2
A 3aogt (11)
4o,
2 2
F, = 3ot . 4a‘to,, . ot +£a20_YC (12)
4 3o, 2 4

The core shear mode of collapse is divided into mode A and mode B due to the overhang length H ,
as sketched in Figure 2(c) and Figure 2(d). Mode A comprises plastic hinge formation at the radius
ofa/ 2, with shear yielding of the core. The energy equilibrium gives:

Core Shear

2
27zaMR6’+7z(%+ Hj ocr,, = FBA% (13)

Where M, = o t*/4the full plastic moment of the face-sheet is section, and z,. is the shear yield
strength for the core. The resulting collapse load, F;, , is given by:

2
F3A=%+%(D+2H)Zc% (14)

Mode B comprises plastic hinge formation at both the radius ofa/2and the radius of D/ 2, with
shear yielding of the core amongst the outer supports. The energy equilibrium gives:

2
27(a+ D)M .0+ ﬂDTQCrYC _F, %‘9 (15)

Where M, = ot* /4is the full plastic moment of the face-sheet section, and the result collapse load
is given by

Fpp = 72'(% +1Do t? —l—%CTYC (16)

The transition length of overhang, H,, from Mode A to Mode B is determined by equating Equal
Egs. (14) and (16), giving:
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20 t?

Dcz,,

(17)

4

To simplify the analysis, a formula of non-dimensional collapse load is given by Eqg. (18). The
operative collapse mechanism of the sandwich circular panel is the one associated with the lowest
non-dimensional collapse load [1]. The collapse mechanisms and the corresponding non-dimensional
collapse loads of sandwich circular panel are listed in Table 1.

F =4F / 7o D’

(18)

B(1)

g | L
A sl _’ =3 I My

(@)

(6)

1 HI

(d)

Fig. 2. The sandwich circular panels (a) the balance sector of face yield, (b) indentation mode of
collapse, (c) mode A for core shear and (d) mode B for core shear

Table 1. Non-dimensional collapse load and the simplified CLUG

Collapse The non-dimensional L . . .
P The simplified bearing force over unit gravity (1)
mechanisms collapse load (1)
; Foppftt,ct Fopt(t pec t HY
Face yield F1_12(DD+DD] f, 12D[D+Dj/[ps D+DJ[1+2 j
. — 4a%c,. t 0 a0 = [t [4d%0, t t* o.a’]/(p ( jz
E =3— YC -+ % Py f =|3-3 Y°—+2f+if c 1+2—
Indentation | F; D\jsDzas D DD, | [ p{ae. 0 207 "o, 07 )/ L. D b\ D
> _ 2 2
Mode Afor | o _,at +z(1+zi) ST |, = @t—ﬁz% (1+2Hj /et (1+2H)
core shear b p* D) Do D D* o, D)D)/ {p,D D D
2 2
Mode B for R fo=a@ it 2l /[P C (1+2 Hj
core shear DD Do D "D* o, D)/ | ps D' D D

Collapse Mechanism Maps of the Core

To gage the practical significance of the overhang, let us take some representative values for the
sandwich circular panel comprising steel skins and an aluminum foam core, withz, /oy, =0.667,

oy /o, =0.005, t/D=0.01, ¢c/D=0.1, a/D=0.1. Then the transition overhang length, H,, is
given by H, =0.132D, and relationship betweenE3 and H / Dis given in Figure 3(a). Figure 3(b) is

the relationship betweenEand H /D of sandwich rectangular panel from the reference [1]. When
the overhang length H is smaller than the transition overhang length H, , the non-dimensional collapse

load K of mode A has a quadratic relationship with H / D in Figure 3(a), and a linear relationship
with H /D inFigure 3(b). When the overhang length H is larger than the transition overhang length
H,, the non-dimensional collapse load F,; of mode B has no relationship with H /D in Figure

3(a) and Figure 3(b).
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Fig. 3. The relationship between collapse load for core shear and H /D of (a) sandwich circular
panel and (b) sandwich rectangular panel (beam)
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Fig. 4. Collapse mechanisms maps of (a) Sandwich circular panel and (b) sandwich rectangular
panel (beam) (c) o, / o5 =0.010, (d) 7, /o, =0.333,(e) a/D=0.2 and(f) H/D=0.2

Collapse Mechanism Maps of the Sandwich Circular Panel and Influencing Factors

An example of collapse mechanism map for sandwich circular panel is given in Figure 4(a) with
H/D=01, o,/0,=0005, 7./0,=0667and a/D=0.1. Figure 4(b) is the collapse
mechanism map of sandwich rectangular panel (beam) from reference [7]. Many common
characteristics besides the boundaries can be found by comparing Figure 4(a) with Figure 4(b). The
influence of variables includingz,,/o,., o, /o5, a/D,and H/D on the collapse mechanism
maps of sandwich circular panel is further studied by the method of control variable, as shown in
Table 2.

The solid lines plotted in Figure 4(c), Figure 4(d), Figure 4(e), and Figure 6(f) are identical with
those in Figure 4(a). The dotted lines are drawn with changed values of influencing factors given in
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Table 2. The area of mode A increases and the areas of the others decrease when the value of o, / oy

increases, as shown in Figure 4(c). The areas of mode A and mode B increase and the areas of the
others decrease when the value of 7, /o, decreases, as shown in Figure 4(d). The area of the
indentation decreases and the areas of the others increase when the value of a/ D increases, as shown

in Figure 4(e). The area of mode A increases, the area of the face yield is invariant and the areas of
the others decrease when the value of H /D increases, as shown in Figure 4(f).

Table 2. The influencing factors and values

plans oy | o 7. | Oy alD H/D
(©) 0.010 0.667 0.1 0.1
(d) 0.005 0.333 0.1 0.1
(e) 0.005 0.667 0.2 0.1
0 0.005 0.667 0.1 0.2

Analysis on the Weight-Efficient
Collapse Load over Unit Gravity (CLUG for Short)

In order to make full use of materials and meet the requirements of lightweight sandwich circular
panel, the CLUG is proposed as a weight index, as follow:

F
f=r - 19
Vo (19)
f-9Pps ¢ (20)
Os

Where f is the CLUG, T is the simplified formula of f, M =z(D+2H)’(p.c+ pit)/ 4is the
total body mass of sandwich circular panel, F is collapse load, and g is the acceleration of gravity.
Optimization on the CLUG

Substituting Egs. (7), (12), (14) and (16) into Eq. (20), the simplified CLUG of each collapse
mechanisms can be obtained, as listed in Tablel. According to the example given in section 2.3.2 and
Pe/ps =0.043, the change trend of simplified CLUG in each collapse mechanism region is analyzed

as follows:

d(f,)/d(c/D)=0 &

From Eq. (21), we can obtain that the maximum simplified CLUG of the face yield region is located
in the right boundaries or the upper boundaries.

{make d(f,)/d(t/D)=0
d(f,)/d(c/D)<0

From Eq. (22), we can obtain that the minimum simplified CLUG of the indentation region is
located in the line ofc/ D=(2.887><1O*1 —11.547(t/D)2)/(t/D—O.O41§ft/D). When the value of

{d(f‘l)/d(t/D)>o

(22)

t/D increases, the simplified CLUG decreases in the left region of the line, and that is contrary in

the right region of the line. The maximum simplified CLUG of the indentation region is located in
the left lower boundaries or the right lower boundaries.
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(23)

{maked(ﬂA)/d(t/D)_O

maked(f_3A)/d (c/D)=0

From Eqg. (23), we can obtain that the minimum simplified CLUG of the mode A region is located
in the point of (5.546x107,1.602x10™"). When the value of ¢/D increases, the simplified CLUG
increases in the left region of the line described by the formula of t/D=5.546x10", and that is

contrary in the right region of the line. The maximum simplified CLUG of the mode A region is
located in the left upper boundaries or the right lower boundaries.

{maked(f_sg)/d(t/D)O

make d ( f,)/d (c/D)=0 24

From Eq. (24), we can obtain that the minimum simplified CLUG of the mode B region is located
in the point of (3.499x107,3.079x10™"). When the value of ¢/D increases, the simplified CLUG

increases in the left region of the line described by the formula of t/D =3.499x107, and that is
contrary in the right region of the line. The maximum simplified CLUG of the mode B region is
located in the left upper boundaries.

In summary, the maximum simplified CLUG of each collapse mechanisms region is located in the
boundaries. In view of practical significance of this example, four boundaries, that isc/D =0,
¢/D=+w, t/D=0and t/D =+, are removed. The remaining five boundaries of line 1, line 2,

line 3, line 4 and line 5 are shown in Figure 6(a). Substituting the formula of line 1, line 2, line 3, line
4 and line 5 into the Eq. (20), respectively, and the results are listed in Table 3.

Table 3. The simplified CLUG of line 1, line 2, line 3, line 4 and line 5

Boundaries The simplified CLUG /1
t3 s t t? t
1.470 — +3.740x10° — +0.216 — 3
Li T = D D D2 Va5D
ine 1 w3 " 0
— > +1.872x107 +1.124x102% — 3
D D V15D
t2

8.333 Y __ 5500
D

2

Line 2 T, = .
1—1750.6386

t2

1.389 +3.472x10°° + 0.208L ot

. = D D V15D
Line 3 flo= : z t [
——15.588 —, +3.248x10* +1.949 — 3
D D D V15D
t? 5 t t
B 1.389 5 +3.474x10°° +0.208 5 3~
Line 4 fl.= t 12 t t
——7.217—5 +2.256x10* +1.354 3
D D D V15D
. 9.368"B
Llne 5 f|_5 =

1+ 59.0a5-%
D
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Fig. 5. Relationship between the CLUG and t/D

Figure 5 is drawn according to the Table3 and Figure 6(a). From the Figure 5, we can find the
maximum simplified CLUG of all collapse mechanisms is located in the intersection point of line 1,
line 2 and line 3, in which the utilization rate of the material is also maximum.

These parameters is selected by random, so this conclusion can be popularized to the common
situations.

Numerical Simulation

To verify the validity and applicability of the present analytical model and the indentation force
predicted by proposed model, the results of which is compared with those calculated by the
commercial code ABAQUS.

Finite Element Model

The finite element model involves indenter and sandwich circular panel, as shown in Figure 6. The
dimensions of the model are consistent with the actual components. Owing to the sandwich circular
panel indented by a flat-end cylindrical indenter, an axisymmetric model can be constructed. The
indenter is modeled as a rigid body and the core and the face sheets are simulated by a 4-node bilinear
axisymmetric quadrilateral element with reduced integration (CAX4R) [10]. The matrix materials of
the core and face sheet are aluminum foam and steel, respectively, as listed in Table4. Unit system
using kg-m-s. To prevent delamination between face sheet and core, and force transferred from face
sheet to core through co-node method. The contact between the indenter and upper face sheet is
simulated by SURFACE TO SURFACE CONTACT (Standard), tangential friction of all contact
surfaces is simulated by the penalty formula, and friction coefficient is 0.3. Meshing size of the model
is Imm.

The sandwich circular panel is simply supported on the periphery. Pressure loading is realized by
changing displacement boundary condition of the indenter.

e,

L, -

Fig. 6. The finite element model of (a) axisymmetric model and (b) overall model
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Table 4. Parameters and values of matrix material

Material o/ (Kg m-3) E /MPa % o, IMPa
Steel 7.85E3 2.01E5 0.3 2.85E2
Foam 3.40E2 3.80E2 0.0 1.43E0

Simulation Schemes and Results

According to the examples given in section 2.3.2, we choose o =285MPa and D =2m, thenz,, =

0.95MPa, a=0.2m, H =0.2m. Four points which belong to different collapse mechanisms are
selected from Figure 4(a), and the simulations are carried out. Results of the simulation are presented
in Table 5, and the four corresponding deflection-collapse load curves are plotted in Figure 7. The
relationship between the peak value, f., of the curve in Figure 7 and the collapse load, F ,in Table

5 is given by
Table 5. Schemes and results of numerical simulation
- . . Collapse
c. Dimension Collapse load mechanisms r§n
t/D | ¢c/D | BN | Fkn | Foa Foo | E e | PrEdiet | iral | R
JKN JKN ed
(1) | 0.0002 | 0.008 | 17.6116 | 46.0898 | 68.7426 | 47.8855 | 16.8563 ;ae‘ig ;aeclg 4.29
@ | 0.0016 | 0016 302.404 69.6985 138.373 | 105.536 65.3600 Indenta Indentati 6.22
6 0 2 tion on
417868 Mode B | Mode B
(3) | 0.0012 | 0.006 | 92.7832 | 61.2039 | 52.0617 | 41.4661 '1 for core | forcore | 0.77
shear shear
Mode
Mode A
@) | 00030 | 0.006 2896947 1079953 547679 | 71.2340 | 50.6928 ﬁofg for core | 7.44
shear shear

Where point(1), point(2), point(3) and point(4) is signed in Fig.6(a)
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Fig. 7. Deflection-collapse load curve of (1)face yield mode of collapse, (2)indentation mode of
collapse, (3) mode B for core shear and (4) mode A for core shear
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F =0.314x f, (25)

From the Table 5, it is known that the results of simulation are in agreement with the theoretical
predictions, and the error is less than 7.5%.

Conclusions

In this paper, the collapse mechanisms and weight-efficient of sandwich circular panel indented by
the flat-end cylindrical indenter are analyzed. Specific conclusions are given as follows:

(1) Many common characteristics besides the boundaries can be found between sandwich circular
panel and sandwich rectangular panel (beam).

(2)The area of mode A increases and the area of the others decrease when the value of o,/ o
increases. The areas of mode A and mode B increase and the areas of the face yield and the indentation
decrease when the value of 7,/ o,. decreases. The area of the indentation decreases and the areas
of the others increase when the value of a/D increases. The area of mode A increases, the area of
the face yield is invariant and the areas of the others decrease when the value of H /D increases.

(3) The simplified CLUG is proposed to lighten the weight of the sandwich circular panel. The
maximum simplified CLUG of each collapse mechanism is located in the boundaries. In view of
practical significance of problem, the maximum simplified CLUG of all collapse mechanism is
located in the intersection point which belong to the face yield mode of collapse, the indentation mode
of collapse and the mode B for core shear.
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