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ZInstitute of Mechanics, TU Berlin, Berlin, For dangerous goods packagings, drop testing onto an essential unyielding target can
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be used to assess the mechanical resistance to impact loads. Adopted regulations like
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50 times than that of the heaviest package to be tested. The problem is that many
manufacturers do not possess impact targets that satisfy the required 50 times mass
ratio for regulative drop tests during series production. The objective of this work is
to verify existing and define improved criteria for impact target structures based on
systematic investigations. Previous evidence highlights the relevance of other param-
eters in addition to the mass ratio. Therefore, in this research, a variation of drop test
parameters was carried out experimentally. Furthermore, numerical vibration analysis
was applied to investigate the deformability of the impact surface. The results con-
clude that the mass ratio of 1:50 cannot be defined as a decisive criterion. In order to
determine the influence of further drop test parameters, the research findings were
used to validate a parametric model that assesses impact target deflection. An
approximation quality of over 90% was achieved. As a result, new evaluation criteria
are proposed. First, a method for identifying critical impact target designs is provided.
Second, a new comprehensive formula compares the approximated maximum deflec-
tion of a real impact target to the respective theoretical threshold derived from a
worst-case assumption. In practice, this leads to great advantages in the evaluation

of already installed impact targets for dangerous goods packagings.
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LENGAS ET AL.

INTRODUCTION

Design type tests, as defined by the UN Model Regulations 6.1.5* and
the Agreement concerning the International Carriage of Dangerous
Goods by Road (ADR) 6.1.5,2 are used for the approval of dangerous
goods packagings. One aspect of design type tests concerns mechani-
cal safety. Due to the possibility of vertical or oblique impact loading
in the transportation system, the structural integrity of packages
needs to be evaluated. Therefore, transport packages are subjected to
free fall drop testing to assess their resistance to mechanical damage.
To this end, the impact surface must be considered essentially
unyielding. ADR 6.1.5.32 refers to ISO 2248,% which describes that
the impact surface shall be part of an impact target structure with a
mass at least 50 times larger than that of the heaviest package to be
tested. However, fulfilling this requirement may cause difficulties for
many manufacturers of fibreboard packages in Germany since produc-
tion facilities often do not have appropriately dimensioned impact tar-
gets. Thus, regulative drop tests during series production are not
possible. Therefore, an investigation of the dependency between
impact target characteristics, for example, mass ratio, and the assess-
ment of a packaging's ability to withstand damage is highly relevant
for industrial application.

This work aims to provide a detailed analysis of drop test parame-
ters and to improve current criteria for impact target structures com-
parable to a typical impact pad.* Experimental data of recent
research® indicates that parameters other than the generalized
requirement of a mass ratio of 1:50 could have significant influence
on the behaviour of the impact surface. For instance, the energy
amount in target motion during impact and the mechanical response
of the packaging should be considered. Thus, based on systematic
investigations and numerical analyses, new criteria for evaluating
impact targets are developed. This allows to describe the complex
interactions of packaging and target properties during impact. Hence,
a framework is established for evaluating the suitability of already
installed impact targets in practice. This holds great benefits for manu-
facturers that would otherwise not be able to conduct regulative drop
tests in their own facility.

Model impact target Mass ratio 1:15 Mass ratio 1:30

Thickness z (mm) 35 70
Impact surface area Ajmpact (M) 1 1
Mass m; (kg) 280 560
Total spring stiffness k (kN/mm) 14.7 134

1D representation

o

|

Steel impact plate

Low damping spring system

2 | MATERIALS AND METHODS
The test setup® consists of three model impact targets with mass
ratios of 1:15, 1:30, and 1:50 in relation to 18 kg packages to be
tested. Two packaging design types with significantly different
mechanical response are investigated, that is, steel drums labelled
with code 1A2 and corrugated fibreboard boxes labelled with code
4G according to ADR 6.1.2.7.2

Two different methods are used to determine the influence of
drop test parameters, such as drop height, mass ratio, eigenfrequency,
and damping ratio. The first method is the determination of the 50%
failure drop height for combinations of model impact target and pack-
aging design type. The second method concerns the evaluation of the
maximum rigid body deflection of underdamped vibrations relating to

vertical rigid body motion of impact targets in drop tests.

2.1 | Drop testsetup

Steel plates of different thicknesses have been used as model impact
target to achieve mass ratios of 1:15, 1:30, and 1:50 to packages
weighing approx. 18 kg. Their anchoring is simulated using a mounting
of five high strength spring elements to control and minimize forces
that get transmitted outwards from the system during impact. The
model target properties are given in Table 1.5

A schematic representation of the model impact target structure
is shown in Figure 1.

Each model impact target has been examined and validated in
accordance with requirements of regulations®® as well as with previ-
ous work. This allows in the investigation to examine the mass ratio
as an independent input parameter in the investigations. The experi-
mental setup is depicted in Figure 2 by means of the model impact
target consisting of the 280-kg steel plate.

The mechanical response of the impact surface is captured by
uniaxial piezoelectric accelerometers. Those sensors feature an ampli-
tude range of 50 g and a frequency range up to 10 000 Hz. The
uncertainty lies within a

expanded measurement range of

Mass ratio 1:50 TAB LF 1 Mode! impact target
properties (mass ratio relates to packages

120 weighing 18 kg).?

1

960

12.1

3D representation

consisting of 5 high strength spring elements

A

FIGURE 1 Model impact targets:
schematic representation.
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approximately +2%. The acceleration-time histories are numerically
integrated twice to derive the deflection-time histories. The sensors
are applied directly on the impact surface by magnetic adhesion. Their
positioning is chosen with respect to vibration analysis data, which
were determined by spectral analysis of preliminary drop tests as well
as by numerical vibration analysis.®> As illustrated in Figure 3, the
impact zone can be localized within a radius of 300 mm from the point
of impact (centre of surface with respect to the load line).

This allows to capture minimal amounts of elastic deformation
that occurs in form of stress waves propagating through the impact
surface supplementary to the dominant vertical rigid body motion of
the impact target.

The packages are filled with substitute filling substances that

exhibit good flow properties (large damage effect on impact) and

80 kg steel plate =

High-strength

spring elements Spring with rubber encasement

4 (shock absorber)
Adhesive pad

FIGURE 2 Model impact target consisting of the 280-kg steel
plate mounted on high-strength spring elements.

FIGURE 3

R W1 LE Y-

achieve a gross mass of 18 kg whilst satisfying the minimum filling
degree of 95% (ADR 6.1.5.2.1?). Specifically, glass beads are used for
the 1A2 packaging and a polymethylmethacrylate (PMMA) granulate
for the 4G packaging, as shown in Figure 4.

The specifications for the 1A2 and 4G packagings as well as the
corresponding filling substances are described in a previous work.®
Regarding drop test parameters, the point of impact should be chosen
to cause the most severe damage for each type of packaging. Thus,
the drop positions are defined according to 1SO 2206.° The steel drum
(1A2) shall be dropped with respect to the centre of gravity on the rim
of the clamping ring with the fastener having an offset of approxi-
mately 10° from the point of impact. The fibreboard box (4G) shall be
dropped on the corner of the manufacturer's joint. A representation
of both drop positions is depicted in Figure 5.

Furthermore, preliminary drop tests were carried out and
recorded with the help of two high-speed cameras by means of digital
image correlation (DIC). Thereby, the impact angle was derived and
evaluated, as shown in Figure 6, to ensure reproducibility and repeat-
ability of the drop position.

The impact angle tolerances were calculated to be within a range
of £0.98° for the 1A2 and +0.59° for the 4G packaging.

2.2 | Bruceton method for determining the 50%
failure drop height

An appropriate statistical method for evaluating the mass ratio influ-

ence in the drop test is given by the 50% failure drop height according

Z-displacement
4.443e-02
3.858e-02
3.273e-02
2.688e-02
2.103e-02 _
1.518e-02 _
9.333e-03 _
3.483e-03 _

-2.366e-03 _
-8.216e-03
-1.407e-02
-1.991e-02
-2.576e-02
-3.161e-02 _
-3.746e-02 _
-4.331e-02
-4.916e-02
-5.501e-02
-6.086e-02
-6.671e-02
-7.256e-02 _|

Impact zone relating to elastic vibration of impact surface (numerical vibration analysis>).
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to the Bruceton method.” This statistical method allows to calculate
the drop height from which a package has a probability of 50% to fail
the drop test (evident leakage of contents according to ADR
6.6.5.3.4.52). It aims to determine if there is statistically significant dif-
ference in the 50% failure drop height values considering notable
change in mass ratio. A test series of 25 total tests is required to

1A2 4G

PMMA granulate

v

Glass beads

o\

FIGURE 4 1A2 and 4G packaging type designs with their
respective filling substances.

Impact surface

Impact surface

FIGURE 5 Drop positions for steel drum and fibreboard box.

Impact angle YZ
™ of packaging axis

L [mpact surface

0 Impact surface

calculate the 50% failure drop height Hsp according to Equation (1)”
for each possible constellation of packaging design type and model

impact target.

HSO:c+d<Zzir:"—O.5> (1)

The incremental jump in drop height denoted with d depends on
the drop test outcome. After a test with packaging failure, the drop
height gets incrementally increased for the subsequent test and vice
versa. Preliminary tests are necessary to define the values for the low-
est drop height ¢ and the interval d. The variable i represents the
interval number. Occurrences of failure are given by the variable n;.
Figure 7 illustrates experimental data by means of the Bruceton
method.

Furthermore, assuming normal distribution, it is possible to calcu-
late the standard deviation for each test series according to
Equation (2).

Surface normal
Packaging axis (impact surface)
R i

\,

Centre of
gravity Impact angle

38 deg + 0.98 deg

|
500 mm JJ

Surface normal
(impact surface)

Surface normal z*”
(fibreboard panel)

500 mm

|
500 mm N

S

FIGURE 6 Experimental verification
of drop position for steel drum and
fibreboard box using DIC.
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FIGURE 7 Bruceton method.
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FIGURE 8 Impact dynamics based on analytical impact model.
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2.3 | Parametric model based on maximum rigid

body deflection

The maximum deflection is evaluated regarding the rigid body motion
of impact pads with characteristics of sinusoidal underdamped vibra-
tions. The rigid body deflection as a function of time d(t) is described
by Equation (3).2

d(t) = do e 2" otsin <2nf0 1- §2t>

__dt=t1)  coumotg; (2 1- zt) 3
2ﬂfome sin ﬂfo\/—vé' 3

Equation (3) represents the solution for the differential equation
of motion of an underdamped vibration corresponding to an impact
pad resting on a spring-dashpot system with one degree of freedom.®
This is an accurate representation of the impact response for an
impact target structure if vertical rigid body motion is dominant and
elastic deformation of the impact surface is negligible.> A schematic
representation of impact dynamics is illustrated in Figure 8.

Initial contact between packaging and impact surface happens at

time to. The time value t; represents the moment where rigid body

attime t = t,, target deflection has

Fspring = /k d Fdashpot = g) d

/ /
Spring constant Damping constant

velocity d reaches its first maximum value. The time value t, is defined
as the moment where the rigid body deflection function d(t) assumes
its maximum value dozd(ti)/anom. The eigenfrequency of
the system is denoted with fo. The vibration decays according to the
damping ratio ¢. Equation (4) relates eigenfrequency fo and damping
ratio ¢ to the spring constant k and damping constant b,

respectively.®?

b

k
27fo= d &=
#fo and ¢ 4zfo(m1 +my)

mq+msy

(4)

Thereby, Equation (3) is valid (underdamped vibration), only if the
damping ratio ¢ is greater than or equal to O (harmonic oscillation) and
less than 1 (critical damping). In practice, this is the case for the damp-
ing ratio ¢ since impact target structures are very stiff systems with
low damping properties. Moreover, the initial impact response
caused by the interaction between packaging and impact surface
influences the value of the vibration eigenfrequency. Depending on
the impacting object, the lowest observed frequency of the impact
target fo may assume different values. This effect is described by the
characteristics of the impact force Fiypqct and depends on the proper-
ties of the packaging, such as deformability and drop position.*%** In
Figure 9, an example of an impact pad vibration is shown, which cor-
responds to the rigid body motion assumption described in
Equation (3).

Figure 10 depicts representative DIC data of the collision
between a fibreboard box and the impact surface. The data evalua-

tion vyields information about kinematics of the initial impact
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Impact Maximum rigid body deflection d,
— Exponential envelope
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FIGURE 9

Underdamped vibration of impact pad during impact.
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FIGURE 10 DIC data of drop test with fibreboard box onto model impact target with 960-kg steel plate.

response, such as the relative motion between packaging and
impact surface as a result of packaging deformation and elastic
recoil.

Equations (5)-(8) are used to derive the first maximum velocity
value of the impact target d(ti) considering the law of conservation of
momentum®? at time t=t; and t=t, (see Equation 5). Thereby, my is
the mass of the packaging and m, is the mass of the impact target.
Velocities v1 and v, are initial velocities of packaging and impact tar-
get, respectively. Since the impact target is stationary at t=tg, then
23 :d(to):O applies. Thus, the total momentum p is given by the
product of packaging mass m; and packaging velocity vi. The

packaging velocity v4 is derived directly from the potential energy so
that v4 =+/2gh, where g is gravitational acceleration and h is drop
height. Furthermore, velocities V, at time t; and U; at time t;, are the
relative rigid body velocities between packaging and impact surface.
Velocities V, at time t1; and U, at time t, are the rigid body velocities
of the impact target. The impact target assumes the first maximum
velocity value at time tq; thus, Vs, :H(ti). In addition, maximum
impact target deflection at time t, means that U, :d(tz) =0. Lastly,
the terms JDW Jth, and AJp relate to the impulse of deformation!1?
caused by the impact force Fippact in the time periods Atjg=t1 —to,

Atyg =ty —tg, and Aty =t, —tq, respectively.
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m1V1+(m1+m2)V2 +JD¢1 =miU,q +JDt2 (5)
U -V AJ
V= my v1< 1 1+ D) (6)
my +my 121 myvq

. mq AJD AJD > mq

S Vy=d(t1)= V2gh| ——e ) =a|—, v/ 2gh
2 (1) mq+mo g < p e) (l( p € my +may 3
(7)
with

t Vi-U

Ap =Jp,, —Jo,, = [Fimpactdtrp:mlvl and e:% (®)

t

Thus, velocity V, consists of two parts. One part is a velocity term
that relates to ideally plastic collision. It is multiplied by the second
part, denoted by parameter a, which depends on packaging deforma-
tion, given by the ratio of impulse of deformation to total momentum
AJp/p, and elastic recoil, given by the coefficient of restitution ets
Parameter a is a dimensionless parameter that takes values greater
than O (no collision) and less than 1 (ideally plastic collision). For
instance, considering similar drop positions, packaging types like fibre-
board boxes would have lower a values than other types like steel
drums since the fibreboard material is highly deformable and thereby
absorbs higher amounts of impact energy. Hence, considering
Equation (3) and Equations (5)-(8), it is possible to express the maxi-

mum rigid body deflection dy as a function of drop test parameters.

do = dit) mﬁmﬂz“”h(AJD e)
O 2foV1-C 2afo1-C  2afo /1O

() v2sh o
 2afoV/1- ®

In addition, substituting the mass ratio MR=mj;/m; in
Equation (9), a parametric model for the maximum rigid body deflec-
tion do is given in Equation (10).

MR

do(a,h, MR fo,0) = */“ avh——— W(MRH) (10)

This model reinforces the argument of the importance of further
drop test parameters other than the mass ratio between package and
impact target. For example, the contact to the ground (stiffness,
damping properties) are crucial and should not be neglected. This is
also evident in Equation (11) (given by substituting the mass ratio MR
in Equation 4), which relates eigenfrequency fo to stiffness k, mass
ratio MR, and mass of packaging ms.

1 /k MR
fo=5z mq MR+ 1 (11)

The stiffness coefficient k in Equation (11) can be interpreted as
the contact stiffness'*> between impact target and ground in the
case of already installed impact target structures (e.g., reinforced con-
crete foundation with solidly anchored steel plate).26~18 To investigate
such effects, the proposed model impact targets shall be used.
Thereby, the mounting of high-strength spring elements is designed

to simulate the contact stiffness of a real structure.

24 |
designs

Determination of critical impact target

Only impact target structures comparable to the impact pad are
described according to Equation (10). Thus, a criterion is necessary to
evaluate if vertical rigid body motion is the dominant mode of vibra-
tion, that is, if the impact surface can be considered essentially
unyielding. It is common to assume that modes of elastic deformation
are negligible if their contribution to the total vibration of a body is
less than 1%.17722 Numerical eigenvalue analysis is used as a tool to
extract modes of vibration. Mode participation in the vibration is
determined by examining the effective masses compared to the total
mass of the system.?®?! This method can be applied to derive critical
impact target designs. In this work, the observed impact target struc-
tures are cuboids. Hence, two parameters are defined. Parameter A, is
defined to express the impact surface Aimpqct in relation to the target's
thickness z (see Equation 12). Parameter /1, is defined as the ratio of
the length L to the width W of the impact target (with L > W).

A;
Aimpact =L -W = (11.2)% = 4y = V2P0 (12)

(13)

L
/12—W

A variation of 1, and 1, was conducted by means of numerical
sensitivity analysis with the LS-DYNA simulation software. A steel
material with a Young's modulus of 210 GPa and a Poisson's ratio of
0.3 was used for the impact surface. Table 2 shows eigenvalue analy-
sis results. The increasing amount of elastic deformation of the impact
surface with increasing A1 and A, values is represented by the respec-
tive mode participation in the vibration. Mode participation is given as
a percentage of the ratio of effective mass to total mass meg/mo.
Thereby, significant bending modes of vibration are identified for criti-
cal designs of impact target structures.

The results of the sensitivity analysis are illustrated in Figure 11.
The ratio of the sum of effective masses of elastic deformation modes
> Meff = Mefr, +Mefr,, to the total mass of the target m, is plotted
against parameter 1, for different 1, ratios.

Larger values of the parameter 1, along the horizontal axis repre-
sent proportionately thinner targets and smaller values proportion-

ately thicker targets. Thereby, higher order modes exhibit a higher
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Modal effective masses—Participation in the vibration

Mode 1 (rigid motion)

Mode 5 (bending) Higher order modes

TABLE 2 Eigenvalue analysis results.
Impact target properties
Parameters
-] A2 [-] et [9%]
33 1 99.88
40 1 99.65
50 1 98.94
67 1 96.06
33 1.5 99.57
40 1.5 98.83
50 1.5 96.35
67 1.5 85.25
33 20 98.77
40 2.0 96.66
50 20 90.65
67 2.0 74.58

Indicative contour plots of resultant relative
displacement of the impact surface

participation percentage in the vibration analysis for thinner targets.
Larger values of parameter 1, translate to narrower surfaces and lead
to a higher percentage of elastic deformation as well, since larger
ratios of length to width lower the flexural strength of a cuboid struc-
ture. Thus, elastic deformation increases in a nonlinear matter rapidly
with increasing A1 and A, values. Therefore, different designs of
impact target structures are investigated in Figure 12. Designs along
the dotted red line are considered critical. They correspond to a maxi-
mum admissible percentage of elastic deformation of the impact sur-
face equal to 1%.

The accessible plot provided in Figure 12 can be used (e.g., by
manufacturers) to decide if the surface of a real installed foundation
structure can be considered unyielding for the purpose of drop testing

of dangerous goods packagings.

3 | RESULTS AND DISCUSSION

Two different drop test series were carried out. In the first one, the
50% failure drop height (see Section 2.2) was determined for both
packaging types. In the second drop test series, the parametric model

e (%] T [%]

0.11 0.01
0.32 0.02
0.97 0.09
3.27 0.67
0.36 0.07
1.03 0.13
3.27 0.38
12.76 1.99
1.18 0.04
3.27 0.07
9.18 0.17
24.53 0.90

based on maximum rigid body deflection (see Section 2.3) was evalu-
ated. Thereby, many parameters such as drop height, mass ratio, and
target eigenfrequency were varied by means of the three model
impact targets and both packaging types.

3.1 | Results—50% failure drop height
The 50% failure drop height Hsg was determined according to
Equation (1) for the 1A2 and the 4G packaging types onto model impact
targets with mass ratios of 1:15 and 1:50, respectively. Hence, a compari-
son in the Hsy values was drawn regarding change in mass ratio.
Results in association with drop test presets are illustrated in Table 3.
In Figure 13, there are plots for the purpose of visualization of
the results of the respective test series according to the Bruceton
method. The calculated values of the 50% failure drop height Hsg vary
significantly between the two packaging types. Furthermore, they
diverge from the regulative drop heights in ADR 6.1.5.3.52 since they
are meant to determine the energy needed so that the package has a
50% probability to fail. Steel drums fail on average at a drop height of
1.90 m for a mass ratio of 1:15 (Figure 13A) while fibreboard boxes at
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FIGURE 12 Identification of critical impact target designs.

a height of 6.35m (Figure 13B). This means that less impact energy is
needed for a 1A2 packaging to fail the drop test than for a 4G packag-
ing. This result is plausible due to the significant difference of

Participation percentage of modes of elastic deformation as a function of impact target dimensions.

mechanical response between steel and fibreboard materials. Com-
pared to the steel drum, the fibreboard box can absorb considerably
higher amounts of energy in form of deformation before reaching fail-
ure; thus, the 50% failure drop height is much larger corresponding to
larger potential energy at the moment of impact (t =to).

Steel drums exhibit lower variance in 50% failure drop height than
fibreboard boxes, as shown in Figure 13. The proportionately larger
variance in drop test results of fibreboard boxes (Figure 13B,D) can be
attributed to the complex mechanical behaviour of fibreboard mate-
rials as well as properties of the Double-T-Seal with the cross-woven
fibre-reinforced self-adhesive tape laminate used for sealing the box.

However, the results for Hsg and s are inconclusive for both pack-
aging types regarding the mass ratio influence, as shown in the com-
parison in Figure 14. Considering a change in mass ratio from 1:50 to
1:15, there is no statistically significant difference since the results
overlap for each packaging type.

The absence of apparent mass ratio influence in the results can
be interpreted by certain aspects of the boundary conditions of this
test series. The calculation of parameter 14 for the investigated model
impact targets leads to values of 28.6 (mass ratio 1:15) and 8.3 (mass
ratio 1:50). Hence, elastic deformation of the impact surface is negligi-
ble in both cases (see Section 2.4). Furthermore, considering Equa-
tions (10) and (11), both model impact targets produce a very similar
mechanical response since they consist of steel plates that rest on
spring elements of comparable stiffness. Thus, it is plausible that the

influence of mass ratio would not be reflected in the present 50%
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Parameters Steel drum (1A2)
Measured gross weight (kg) 18 £ 0.01
Mass ratio to target 1:15 1:50
Lowest drop height ¢ (m) 1.50 1.60
Interval d (m) 0.10

50% failure drop height Hsg (m) 1.90 1.83
Standard deviation s (m) 0.11 0.21

( A) Steel Drum (1A2) - Model impact target with mass ratio 1:15
22

2.1 ’ Standard deviation s = 0.11 m x

— 2.0 R o X R X

Z19 & 8—8—=a

)

5 1.8 o a x 0. n o

=

1.7 o

A 6 o 50 % failure drop height Hsp = 1.90 m
150 x Failed drop test
14 o Passed drop test

1234567 8 91011121314151617 1819 20 21 22 23 2425
Packaging No. [-]

(C) Steel Drum (1A2) - Model impact target with mass ratio 1:50
22

2.1 | Standard deviation s = 0.21 m

x Failed drop test

15 : . —
50 % failure drop height Hsg = 1.83 m o Passed drop test

51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75
Packaging No. [-]

FIGURE 13 Plots of test results according to Bruceton method.

EMR 1:15
MR 1:50
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8.00

7.00

6.00

5.00

4.00

Drop height [m]

3.00
Steel drum (1A2)
2.00
1.00
0.00

FIGURE 14 Bar charts of 50% failure drop height including
standard deviation.

Fibreboard box (4G)

1:15
5.30
0.30
6.35
0.88

TABLE 3

test series fo
18 + 0.01

1:50
5.00

6.88
1.50

Parameters and results of
r determining the 50%

failure drop height.

(B) Fibreboard Box (4G) - Model impact target with mass ratio 1:15
8.6

7.7 | Standard deviation s = 0.88 m

8-6.2 E3 o a x o a o
5 59 o x o o
5.6 [=] o

x Failed drop test

o
5.0 | 50 % failure drop height Hsg = 6.35 m o Passed drop test

26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
Packaging No. [-]

(D) Fibreboard box (4G) - Model impact target with mass ratio 1:50
8.6

_J Standard deviation s = 1.50 m

559 x o

a 5.6 a o
53 7@ - x Failed drop test
50 0 50 % failure drop height Hsy = 6.88 m

o Passed drop test

76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99100
Packaging No. [-]

failure drop height results. Therefore, the Bruceton method is not a
suitable procedure to investigate the influence of the mass ratio on
the failure behaviour of the tested packaging types.

3.2 | Validation of parametric model based on
maximum rigid body deflection

A variation of packaging and impact target properties in the drop test
was carried out by means of steel drums, fibreboard boxes, and the
three model impact targets. The maximum rigid body deflection do
was evaluated for each drop test of the test series. Thereby, each pos-
sible packaging type - model impact target combination was tested
for a drop height range of 0.5 m to 5.0m. The drop height was
increased progressively in increments of 0.5m. The deflection data
points were calculated by numerical integration of the acceleration-
time histories captured by the IEPE sensors. The eigenfrequencies are
determined by Fast-Fourier-Transformation (FFT) analysis of the cap-
tured acceleration-time-histories and have also been investigated in

previous research.® Curve fitting of the exponential envelope (see
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Figure 9) was performed to derive the damping ratio ¢ of each impact
target structure. It was determined to be {=0.1+0.02 across all
model impact targets. In addition, parameter a was derived for 1A2

and 4G packaging types according to Equation (14).2°

x'-d
a:W (14)

Thereby, the x vector is composed of parameter values specific to
each drop test (drop height, mass ratio, eigenfrequency, and damping
ratio according to Equation 10) and the d vector contains the mea-
sured maximum deflection values at time t=t,. The detailed expres-
sion for calculating «a is given in Equation (15).

-2

2z & Vhi MR; . vhi MR;
a=—— B — | dy

VB \fon/1-2 MRV | T\ \for /12 MRV

(15)

The approximation quality regarding each packaging type was
evaluated by means of the coefficient of determination R?, as
described in Equation (16).2°

i (ao,- *dol')z

RZ=1- —
anzi(d()i*do)

(16)

The parameters aoi and dp; represent the predicted deflection
value and the measured deflection value for the i-th drop test, and do
is the mean deflection value of the total amount n of observed drop
tests. A good approximation quality is given for values of R? close to
1. In Table 4, the results for parameter a as well as for the respective
coefficient of determination R? are given. A very good approximation
quality was achieved. Hence, the approximation of the maximum rigid
body deflection of impact target structures comparable to the impact
pad according to Equation (10) is validated; that is, this model can be
used to define improved criteria for the drop test.

The results show that an impact with the 1A2 packaging causes
greater maximum impact target deflection values dog by approx. 42%
compared to an impact with the 4G packaging with otherwise the
same parameters. However, a large change in mass ratio from 1:50 to
1:15 with no further parameter variation results in an increase of 30%

in deflection do. This means that the impact target deflection dp is

TABLE 4 Impact target deflection approximation models for 1A2
and 4G packagings.

Coefficient of
determination R? (—)

Impact parameter
Packaging type a(-)

Steel drum 0.43 0.97
(1A2)

Fibreboard box  0.25 0.95
(4G)

more sensitive to the investigated change of packaging material (con-
sidering similar drop positions) than the respective change in mass
ratio. The effects of packaging characteristics and mass ratio in the
drop test are illustrated in Figure 15 as well.

It is evident that the mass ratio is important but not the only
deciding factor for the evaluation of impact target structures. Packag-
ing characteristics such as material properties and drop position are
very important as well. Furthermore, the stiffness of the impact tar-
get's connection to the ground is essential and should not be
neglected considering Equations (10) and (11), that is, significantly
higher stiffness of the connection to the ground results in significantly
lower deflection values. Consequently, a mass ratio of 1:50 on its own
is not a necessary criterion.

4 | IMPROVED CRITERIA FOR
EVALUATING IMPACT TARGETS

Based on the validated results of this work, two new evaluation cri-
teria are proposed that can be used instead of the generalized 1:50
mass ratio between impact target and heaviest package to be tested.
First, the ratio of impact target length to impact target width must
correspond to a ratio of the square root of target surface area to tar-
get thickness, which lies below the defined threshold (see Figure 12).
This guarantees negligible elastic deformation of the impact surface.
Second, a threshold of maximum admissible rigid body deflection
doumir is defined based on the impact energy percentage that gets
transmitted to the impact target structure. An analytical threshold
Sumir = 1.96% regarding this energy percentage was calculated in Lengas
et al.>; that is, the energy amount absorbed by the test package must
be greater than 98.04%. Here, the parameter Symr is given by the
energy ratio between time t =ty (moment of impact) and t =t, (maxi-

mum potential energy of impact target), as described in Equation (17).

P E—, 0.5k d(ZJ,uMJT
UMIT = F— = —————
Eio mygh

=0.0196 (17)

A transposition of Equation (17) into Equation (18) yields the
maximum admissible rigid body deflection do M7 as a function of drop
height h, packaging mass mj, and equivalent stiffness coefficient of

the target's connection to the ground k.

mygh

doumir =1/0.0392 p

(18)

Hence, for a given drop test combination of impact target struc-
ture and package, both the actual maximum deflection dy (see Equa-
tion 10) and the deflection threshold do Mt (see Equation 18) can be
calculated respectively. Additionally, this allows to define a ratio f of
actual deflection to maximum admissible deflection, which depends
on packaging properties, mass ratio, and damping ratio. Ratio function
f can be evaluated for different drop test scenarios according to
Equation (19).
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FIGURE 15 Results of drop test series with parameter variation.

steel impact plate

concrete slab

ground

FIGURE 16 Schematic representation of typical installed impact target structure.

do MR . . . .
=f@MR{)=714a, |5 <1 19 41 Example of application in practice
doumir FlasMR.0) “ (1-2)(MR+1) < (19) | p pp p

An example of a hypothetical impact target with properties in line with

A value of f greater than 1 signifies that the actual deflection those of a typical already installed impact target structure* is consid-
value surpasses the defined threshold; that is, the respective impact ered, as shown in Figure 16. The impact target consists of an installed
target would not be suitable to use in regulative drop tests. concrete slab with an anchored impact plate made of mild steel.
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TABLE 5 Impact target and packaging properties in drop test.
Impact target properties
Length L (m) 2
Width W (m) 1.125
Thickness z (m) 0.15
Mass m, (kg) 1000
Damping ratio ¢ (—) 0.1
Packaging properties
Impact characteristics a (—) 0.6
Mass mq (kg) 100

To illustrate the practical application of the new evaluation cri-
teria, following drop test parameters are chosen and listed in Table 5.

Both new criteria need to be fulfilled for the impact target in
Table 5 to be suitable for assessing the respective packaging's resis-
tance to mechanical damage in regulative drop tests.

1. Parameters 11 and A, are calculated; AlzJE/O.lS:lO and
A2 =2/1.125=1.8; thus, the first criterion is fulfilled considering
the threshold defined in Figure 12.

2. However, the deflection ratio function f(a,MR,¢) yields a value of
f=1.3 according to Equation (11); the second criterion is not
satisfied.

The impact target is therefore not admissible for use in regulative

drop tests with respect to the observed packaging.

5 | CONCLUSION

Two drop test series were carried out with the purpose of improving
existing criteria for evaluating impact targets in regulative drop tests
of dangerous goods packagings. Within the first series, the 50% failure
drop height for steel drum and fibreboard box packagings were deter-
mined according to the Bruceton method. The results were statisti-
cally inconclusive regarding the influence of mass ratio in the drop
test outcome. However, the experimental results were plausible con-
sidering the different packaging material properties and the similar
mechanical response of the model impact targets. Hence, a variation
of packaging type, target eigenfrequency, and mass ratio was carried
out in the second drop test series. Based on the findings, two new
and improved criteria are proposed for impact target structures com-
parable to the impact pad. Thereby, a threshold regarding impact tar-
get dimensions was determined to guarantee negligible elastic
deformation of the impact surface in the drop test. In addition, a rigid
body deflection ratio function is defined for the impact target and
takes values between O and 1. Values larger than 1 are not admissible.
They represent an amount of potential energy that exceeds the ana-
lytically defined limit of approx. 2%. If both new criteria are satisfied,
then the respective impact target structure is suitable for regulative

drop testing. This evaluation method encompassing both new criteria

can substitute the current regulation requirement of mass ratio of
1:50 between impact target and package. The results of this work can
make a substantial contribution to improve the transferability of
experimental and analytical data into practice, that is, in quality con-
trol during series production of dangerous goods packagings. Further-
more, this research forms the basis for introducing a standard
practice, its technical implementation, and the development of tem-
plates for coordination at European and UN level, particularly for pro-

posing changes to ISO 2248.
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