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A non-linear study on the mechanical-shock fragility of stacked products

Takamasa NAKAJIMA®, Katsuhiko SAITO™, Masayoshi KUBO** and Yoshiharu TERAGISHI*

In order to evaluate the fragility of product exactly, we studied on the {ragility of stacked
products by using 2 kinds of non-linear models. The main results obtained are as follows.

{1} In the case that products are damaged by shock load, the lower product is more fragile. And
in the case that they are damaged by acceleration, the position of the damaged product depends
on the shock pulse.

{2) 1f a second peak or a third peak appear on the shock response by rectangular shock pulse, the
shock spectrum and the damage boundary curve take the form of stairs.

(3) Critical acceleration that would be evaluated by the shock fragility test will fluctuate, unless
velocity change is determined by criteria such as the drop height in the transportation.

{4) If there is a sudden change on the shock spectrum, the phenomenon that products aren't
damaged by even higher acceleration than the critical acceleration may occur.

Keywords : Package, Transportation, Cushioning design, Shock, Mechanical-shock fragility, Non-
linear model, Stack, Product
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Table 1 Transmissibility of shock pulse

Cause of damage Shock load Acceleration
Shock pulse Rectangular Half-sine Rectangular Half-sine
Model-O 0.5< Ty £, Ty £=0.85(Peak) 0.5< Ty-f, Ty £=0.85(Peak)
(Linear) Tr=2.0 Tr=1.76 Tr=2.0 Tr=1.75
Model-A 0.8< Ty-f, <(10) Ty £=1.4(Peak) 0.6<T,*£<(10) Ty £=1.2(Peak)
(Linear) Tr=2.0 Tr=1.7 Tr=2.2~2.7 Tr=2.1
(Lower mass) (Lower mass) (Upper mass) {Upper mass)
i 0.6<T, £.<2.0
0.8< Ty f, <1.8 T £=1.2(Peak) | Tr=2.3(Upper mass) T, £=0.76(Peak)
Model-2P Tr=1.9(Lower mass) Tr=1.65 2.1<T,*£,<6.0 Tr=2.1
{(Non-linear) 2.1< Ty £ <(10) (Lower mass) | Tr=2.7(Lower mass) (Upper mass)
Tr=2.2(Lower mass) 6.1<T, - £<(10)
Tr=2.7(Lower mass)
1.4< T, f, <3.8 1.0< Ty £, <2.8
Tr=1.9 (T-1) Ty f=2.3(Peak) | Tr=2.4~2.5 (No.3,4) 1.0<T, £:<(10)
Model- 4P | 4.0<T,*f, <6.5 Tr=1.6 (T-1) 4.0< Ty f, <6.7 Tr=2.1 (No.4)
(Non-linear) Tr=2.1 (T-1) Tr=3.3~3.4 (No.2,3,4)
6.8< Ty £, <(10) 6.9< T, £, <(10)
Tr=2.4 (T-1) Tr=5.1 (No.1)
Table 2 Position of the damaged product
Cause of damage Shock load Acceleration
Shock pulse Rectangular Half-sine Rectangular Half-sine
Model-A Lower mass Lower mass Upper mass Upper mass
(Linear)
Model-2P Lower mass Lower mass | It depends on shock pulse. Upper mass
(Non-linear)
Model-4P Lower mass Lower mass | It depends on shock pulse. Upper mass
(Non-linear) (T-1) (T-1) (No.4)
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Table 3 Characteristics of damage boundary curve

Cause of damage Shock load Acceleration
Shock pulse Rectangular Half'sine Rectangular Half-sine
Model-A A, is nearly | A, varies to about | A variestoabout | A, variesto about
(Linear) constant. 1.6 times 1.2 times 1.86 times
magnitude of the magnitude of the magnitude of the
minimum. minimum. minimum.
Evaluation (A) (B) (B) (B)
Model-2P Fluctuation of A is | A, varies toabout | Fluctuation ofA is | A, varies to about
(Non-linear) staged and about 1.86 times staged and about 5 1.76 times
13% of A, . magnitude of the ~10% of A, . magnitude of the
minimum. minimum.
Evaluation (B’) (B) (B™) (B)
Model-4P Fluctuation of A; is | A, varies to about | A, varies to abouta | A, is nearly
(Non-linear) staged and about 1.5 times half of the constant.
10% of A, . magnitude of the maximum.
minimum.
Evaluation (B') (B) (B™) (X)
<Evaluation>

(A) It is possible to evaluate the fragility of products by usual shock test.
(B) A, varies with AV.
(") Since A, decrease monotonously with increasing AV, it is possible to evaluate the fragility of products by

fixing the velocity change to an adequate value.

(*) Since A, is not unique at a certain AV, it is necessary to start the test from a sufficient low acceleration and to

set the increment of the acceleration to be small sufficiently in evaluating the fragility of products.

(X) A, remains constant. But it may be dangerous to evaluate the fragility of products by this half-sine shock pulse
because this A, is larger than A, that is evaluated by rectangular shock pulse.
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Fig.20 The relationship between the sheck spectrum and
the damage boundary curve
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