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ABSTRACT

Engineering systems are often subject to complex loading mechanisms
including accelerated mechanical shock during transportation, handling, and
operations. Shock can be understood as a drastic, irregular change in
acceleration experienced by an object due to impact at a very short period.
This paper presents a preliminary study of the crashworthiness properties of
in-service industrial marine fenders (or bumpers) intended for shock energy
absorption. The peak accelerations (Gpeak) Of the test specimens are
experimentally measured and compared to theoretical estimations. The energy
absorptions and impact forces of the test specimens are calculated using
analytical formulations. The effects of introducing tubular through-holes in the
specimens on the resulting peak accelerations and thereby the shock energy
absorbing capacities are also investigated. Test specimens of thicknesses
ranging between 10 mm and 30 mm are subjected to half-sine shock waves
between 50G and 70G, which are generated by dropping a 5-kg payload from
different heights ranging from 150 mm to 280 mm onto a padded shock seat
for a pulse duration between 5 and 8 ms. The analytically determined Gpeax
agrees well with the experimental values. It is found that the through-holes
specimens with lower Gpeak, resisted smaller impact forces and absorbed up to
12% lesser energy per unit mass than their solid counterparts.
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Introduction

Shock is an incident of rapid high acceleration that may come in the form of
impact and cause structural damage to the components exposed to it. Efficient
energy absorption by materials and components can protect them from sudden
shock at peak acceleration, i.e. Gpea (€.9., [1]-[3]). Crashworthiness properties
of a material system such as a marine fender (see Figure 1a) are essential for
product designing and life cycle analysis [4]. High shock impacts induce
microcracks that can grow and propagate resulting in major fracture of the
material system and industrial components (e.g., [5]-[8]). Industries pertinent
to crashworthy component applications therefore routinely employ measures
to lessen the post-impact damages. Mechanical shock testing experiments are
designed to evaluate the capability of crashworthy components to absorb
impact energy at high shock accelerations by dropping them from a certain
height and measuring the resulting Gpea. This usually involves prior
determination of the shock pulse durations and heights as the input parameters
for the test (e.g., [9]-[10]). The Gpeak and velocity change experienced by the
test specimens are measured using an accelerometer and used to theoretically
determine the impact force and maximum energy absorption of the specimens.
Gpeak Can also be analytically calculated. In this case, the principle of
conservation of energy is normally invoked to relate test parameters including
drop height, h, and pulse duration, dt, to the impact force and energy absorption
of the specimens (e.g., [11]-[12]). The following expression for Gpeax is derived
based on the assumption that the test system is conservative and there is no
rebound of the mass during the impact (see Appendix A for derivation):

./ gh
Gpeak = _\/g_ (1)
dn2
The impact force, F, can be determined from the velocity change, dv,
specimen mass, m, and dt as follows:

e ()

Potential energy, U, of the mass at a height h from where the mass is
dropped is assumed to be fully transformed to kinetic energy, T, just as it
impacts the programmer at its peak velocity (see Figure 1b). Using this
assumption, the maximum specific energy absorption of the specimens, SEA,
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can be determined from the maximum velocity, vmax, and dt as follows (see

Appendix A for derivation):
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Figure 1a: Hlustration of a crashworthy marine fender application: A vessel
berthing at a pier and the impact force direction on the marine fender
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Figure 1b: Schematic modeling of a test specimen; (a) during free fall, and
(b) upon impact on programmer to simulate the mechanical shock
experienced by the specimen

The crashworthy properties of a marine fender including its Gpeax, and
the related F and SEA are dependent on a variety of factors including the type
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and make of the fender, vessel tonnage, berthing mechanism and impact
velocity, dynamic factors, and the geometrical setup of the fender installation
at the docking terminal [13]. Various types of fenders for different kinds of
loading applications have been studied (e.g., [14]-[16]). Marine fenders are
used between 10 and 40 years in general. The physical, thermal, and
mechanical properties of marine fenders particularly those made of rubber
change over time from their first commercial usage due to repeated impacts
and aging due to environmental conditions (e.g., seawater absorption,
corrosion, UV radiation). The changes in these properties in turn affect the
crashworthiness performance of the fenders in later years as reported in major
marine industry standards and guidelines (e.g., [17]-[18]). However, the
changes in the crashworthiness of in-service marine fenders because of prior
impact and aging are not generally investigated. The present study is novel in
this aspect.

In this study, the crashworthiness of an industrial marine fender block
of the element type is experimentally determined. The as-is test specimen is
then modified by introducing tubular through-holes to investigate the
combined effects of reduced mass and geometrical change on their Gpeax levels
and thereby the shock energy absorbing capacities. This modification is
intended to simulate the effects of high acceleration shock experienced by the
fenders and other material systems in real-world applications (e.g., [19]-[22]).
The results are further analyzed using the above theoretical formulations to
determine the impact forces and SEA of the original and modified specimens.

Methods

Specimen preparation

The test specimens for the purpose of this study are sampled from an industrial-
grade rubber fender (or, bumper) contributed by Malaysia Marine and Heavy
Engineering Sdn. Bhd. in its pre-used condition. This marine bumper (MB)
block, which is an element fender type intended for berthing oil and gas
vessels, is cut into the required test dimensions using a horizontal band saw.
The solid MB specimens (MB-S) have a common width of 100 mm and a
length of 150 mm but differ by their thicknesses, i.e. 10 mm, 20 mm, and 30
mm which are labeled as MB1-S, MB2-S, and MB3-S, respectively. The
benefit of introducing hollow sections in a solid fender on its energy absorption
capability is described in [15]. The test specimens in the present study are
therefore further varied by adding hollow sections of 5-mm diameter through
holes, which are drilled using the ERLO TSR-32 column drilling machine.
This set of specimens is labeled as MB-H. The placements of the symmetrical
hollow sections are indicated in Figure 2. The specimens are shown in Figure
3 and their respective masses are listed in Table 1. It is to be noted that
specimen MB2-H is heavier than MB2-S. This implies density changes within
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this specimen that could have occurred during the operational service of the
MB block.
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Figure 2: The positions of hollow sections in specimens MB-H

MB1-S MB1-H MB2-S MB2-H MB3-S MB3-H

Figure 3: The array of test specimens
(Can be viewed in 3D at https://xr.plus/yad)

Table 1: Masses of the marine bumper specimens

SpecimenID MB1-S MB1-H MB2-S MB2-H MB3-S MB3-H
Mass (k) 0.226 0.184 0387 0.406 0.590 0.568

Experimental procedure

Trial rounds of mechanical shock testing are first conducted on pilot specimens
to identify the input parameters, i.e. the combinations of height (h) and pulse
duration (dt), that would provide a range of desired peak acceleration, Gpeax,
levels, i.e. 50G, 60G, and 70G. These levels correspond to the berthing
energies that are normally encountered by industrial marine fenders intended
for oil and gas vessels [17]. The identified input parameters are listed in Table
2.

The specimens for both pilot and actual test rounds are subjected to
half-sine shock waves, which are generated by dropping a 5-kg payload onto
a padded shock seat in an ASLI SS-5 high acceleration mechanical shock tester
based on the MIL-STD 810 standard (Method 516, Procedure 1) [23] (see
Figure 4). Specimens for the actual test rounds are subjected to three drops
each at the identified input parameters.

The experimentally measured peak accelerations (Gpeakex), dv, and dt
for each specimen for all the three drops are logged. The average Gpeakex Values
are compared to analytical peak accelerations, Gpeakan, that are determined
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using Equation 1. The impact forces and energy absorptions of the specimens
are then determined from Equations 2 and 3, respectively.

Table 2: Input parameters identified for each test specimen

Specimens
Desired Gpeax MB 1 MB 2 MB 3
(t=10 mm) (t =20 mm) (t=30 mm)
G m/s> H(mm) dt(ms) h(mm) dt(ms) h(mm) dt(ms)
50 490.5 170 8 150 8 160 7
60 588.6 220 6 180 6 200 6
70 686.7 280 6 240 5 240 5

> Payload

Controller and
‘ analyzer

Test specimen

Figure 4: Experimental setup of the mechanical shock tester

Results and Discussions

Validation of input parameters

The input parameters listed in Table 2 need to be validated in producing the
desired accelerations on the specimens. Table 3 lists the output Gpeakex Values
for all the specimens in response to the respective input parameters during the
trial rounds. The median Gpeakex Values at each desired acceleration are shown
in Figure 5. The standard deviations of Gpeakex at the desired accelerations of
50G, 60G, and 70G are 40.7 m/s?, 35.3 m/s? and 16.8 m/s?, respectively. This
represents a variation of not more than 8% from the intended input
accelerations onto the specimens.
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Table 3: Trial round experimental peak accelerations (Gpeakex) in response to
the input parameters listed in Table 2

Desired Gpeax Gueakex (OUtput)

G m/s? MB1-S MB1-H MB2-S MB2-H MB3-S MB3-H
50 490.5 527.3 516.9 581.2 470.4 504.7 473.8
60 588.6 644.5 611.6 590.4 543.4 565.1 594.5
70 686.7 720.4 711.4 674.3 697.0 694.3 685.3

700
695.65

600
l 59245

550

Output median Gz, (M/s?)

500 s108

490.5 S88.6 686.7

[ T i T ic

Desired accelerations (m/s?)

Figure 5: Median Gpeakex Values (indicated at top right corner of each bar) at
the desired accelerations of 50G, 60G, and 70G

Experimental and analytical shock acceleration responses

The shock acceleration responses of the specimens at 50G, 60G, and 70G
inputs during the actual drop tests, i.e. Gpeakex, are shown in Figures 6, 7, and
8 for specimens MB-1, MB-2, and MB-3, respectively. These figures also
include the corresponding values of Gpeakan. The correlation strength between
Gpeakex and Gpeakan is indicated by the R? values.

The R? values, which lie between 0.9848 and 1, signify a strong
correlation between Gpeakex and Gpeakan. This indicates that the analytically
determined shock accelerations agree well with that of the experimental
values. The analytical expression in Equation 1 can therefore be reliably
employed to predict the acceleration response of the marine fender specimens.
Figures 5, 6, and 7 also show that the peak accelerations are generally greater
for the solid specimens than the hollow ones. This observation is further
examined in the next two sections.
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Figure 6: Experimental and analytical shock acceleration responses of
specimen MB-1 (t = 10 mm)

50
700
‘ A
A -
650 = .
H A
2 600 . L=l
& R = 0.99-0} - A
E -
£ 5% A-
E
g ) R?=0.9855
& S0
A
450
400
280 330 380 430 480 530 580
Analytical G, (m/s?)
A MB2S 4 MB2H Lincar (MB 2S) Linear (MB 2H)

Figure 7: Experimental and analytical shock acceleration responses of
specimen MB-2 (t = 20 mm)
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Figure 8: Experimental and analytical shock acceleration responses of
specimen MB-3 (t =30 mm)

Effect of specimen thickness on shock response

The experimentally measured shock responses of the specimens are analyzed
based on the effect of their thickness on the resulting peak accelerations.
Figures 9, 10, and 11 show the Gpeaex Values for increasing specimen
thicknesses at constant input accelerations of 50G, 60G, and 70G, respectively.
It is observed that the Gpeakex Values decreased for thicker specimens. Since the
density and lateral dimensions of all specimens are comparable, thicknesses
therefore correspond linearly to specimen masses. This illustrates the effect of
increased thickness in lowering the peak acceleration experienced by the
specimen. Besides, the pulse durations, dt, are shorter for thicker specimens
and at higher input accelerations. Hence the influence of thickness (i.e., mass)
on dt and Gpeakex, Which in turn affects the ensuing impact force and energy
absorption capacity of the specimens. These aspects will be discussed in the
next two sections.

The effect of reduced mass of the hollow-sectioned specimens of
similar thickness on is Gpeakex also evident in Figures 9, 10, and 11. Gpeakex Of
the hollow specimens are on average 5% lower than that of the solid specimens
for a given thickness and at a given input acceleration. The tubular hollow
section thus affected the deformation and energy-absorbing mechanism of the
MB specimens. Similar findings for polymeric material systems were reported
in [21] and [24]. The effects of the profile and size of through holes on the
shock characteristics of MB specimens will be treated in a separate study.
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Figure 9: Experimental shock acceleration responses as a function of
specimen thickness at 50G input
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Figure 10: Experimental shock acceleration responses as a function of
specimen thickness at 60G input

Effect of velocity change and pulse duration on impact force

Figures 12, 13, and 14 show the analytically determined impact forces at 50G,
60G, and 70G for specimens MB-1, MB-2, and MB-3, in order. The impact
forces are calculated using Equation 2 and the experimentally measured
velocity change, dv, and pulse duration, dt. Impact force here is defined as the

10
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force that delivers the shock in a relatively short period of time (i.e., dt) when
the specimen and the programmer get in contact (see Figure 1b).

730 700G

Experimental G, (m/s?)

650

20

Thickness, f (mm)

m Solid 1 Hollow

Figure 11: Experimental shock acceleration responses as a function of
specimen thickness at 70G input
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Figure 12: Impact force of specimen MB-1 (t = 10 mm) at 50G, 60G, and
70G
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Figure 13: Impact force of specimen MB-2 (t = 20 mm) at 50G, 60G, and
70G
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Figure 14: Impact force of specimen MB-3 (t = 30 mm) at 50G, 60G, and
70G

Specimens MB-1 and MB-3 exhibit a linear relationship between dv
and the resulting impact force as per Equation 2. However, specimen MB-2,
which has a non-uniform mass distribution (see section “Specimen
Preparation”), showed a greater inverse dependency on dt than its linear
relationship with dv. In general, impact forces are higher for the solid
specimens compared to the hollow specimens. Solid specimens resisted greater

12
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impact forces compared to the hollow specimens as thickness increases from
MB-1 to MB-3, which indicates the overriding influence of mass on impact
force.

Specific energy absorption

The energy absorbed per unit mass, i.e. specific energy absorption (SEA), of
the specimens, is determined using Equation 3 and listed in Table 4. The SEA
of specimens MB-1H and MB-3H are smaller than their solid counterparts by,
in order, 11% and 1% on average. Specimen MB-2H, however, has a 6%
greater SEA than MB-2S. This finding is consistent with that made in section
“Effect of specimen thickness on shock response” on the effect of increasing
thickness (and thereby, mass) on Gpeak 0f MB-2.

Table 4: Specific energy absorption of the marine bumper specimens

Input Specific energy absorption (J/kg)

G MB1-S MB1-H MB2-S MB2-H MB3-S MB3-H
50 0.218 0.175 0.231 0.237 0.202 0.181
60 0.273 0.233 0.215 0.215 0.251 0.268
70 0.307 0.305 0.265 0.287 0.325 0.321

The shorter pulse durations for thicker specimens and at higher input
accelerations, i.e. greater Gpeakex (See section “Experimental and analytical
shock acceleration responses™), have an intricate consequence on their SEA.
Clearly, from Equation 3, larger Gpeakex and shorter dt will have a leveling net
effect on SEA. The specimens however registered an average reduction of
30.3% in dt (see Table 2) and a 36.2% increment in median Gpeakex (Se€ Figure
5) when the input acceleration is increased from 50G to 70G. This substantiates
the higher SEA of the specimens at larger input accelerations as can be seen in
Table 4. The solid specimens absorbed up to 12% more energy per unit mass
than their hollow counterparts. Comparable observations are made in [25]-[27]
for a variety of material systems.

Conclusion

The crashworthiness characteristics of an industrial marine fender block are
experimentally studied. The as-is test specimen is modified by introducing
tubular through-holes to simulate the effects of high acceleration shock
experienced by the fender in the real world. Test specimens of 10 mm, 20 mm,
and 30 mm thicknesses are subjected to half-sine shock waves for a pulse
duration between 5 and 8 ms at desired input accelerations of 50G, 60G, and
70G. Input parameters including drop height and pulse duration (dt) that would
provide the desired accelerations are identified and validated by correlating the

13
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measured peak acceleration (Gpeakex) levels to the theoretically estimated peak
acceleration (Gpeakan) values. The coefficients of correlation, which lie between
0.9848 and 1, indicate that the analytically determined shock accelerations
agree well with that of the experimental values. The combined effects of
reduced mass and geometrical change on the Gpeaex Of the hollow specimens
are measured. The specific energy absorption and impact force values of the
specimens are then analytically determined. It is found that the through-holes
specimens have lower Gpeax levels, resist smaller impact forces, and absorb up
to 12% lesser energy per unit mass than their solid counterparts. This
preliminary study also indicates that the impact force of the 20-mm specimen
with a non-uniform mass distribution has a greater inverse dependency on dt
than its linear relationship with velocity change, dv. Further study will be
conducted to investigate the effects of pre-straining and mass distribution on
Gpeak-
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APPENDIX A

Derivation of an expression for peak acceleration, Gpeax, during shock impact.

Free fall at g l

Drop height, i

%L
k
m l
x
k
%ﬁ Pragrammer (foundation)

(@ (b)

Figure Al: (a) Test specimen during free fall, and (b) test specimen during
impact

Free body diagram (at impact)

Note: Static displacement force, k4, where A is the displacement of the spring
from the static equilibrium position (SEP) prior to motion of the system, is
balanced by the weight of the mass, mg, i.e k4 = mg.

SEP m l

Figure Al: Free body diagram

Equation of motion
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Using the Newton’s Second Law of Motion:
+y XF =ma
= W-K(A+x)=ma oa = X
Since kA =w =mg,
— _kx =mX

. mx+kx=0 )
. I k . .
By applying the definition of natural frequency, a)n = [— in Equation 1,
m

X+ X =0 @)
Assuming a solution to Equation 2 in the following form:
X(t) = Asin(ant + ¢) 3)
where A is the amplitude of oscillation and ¢ is the phase shift between input
(impulse force) and output (resulting displacement).

The peak velocity, xmax, and peak acceleration, xmax, can be obtained
from Equation 3 as follows:

.7.Cmax = AC(M (4)
¥max = A} ®)

Using Equations 4 in 5, the expression of peak acceleration can be rewritten
as:

Xmax = Gpeak = Xmax®n (6)

This concludes the basic derivation of an expression for the peak
acceleration experienced by the test sample during a shock testing in terms of
its peak velocity. The principle of conservation of energy will be invoked next
to relate this expression to the test parameters including drop height, h, and
pulse duration, dt.
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The potential energy, U, of the mass at a height h from where the weight
is dropped is assumed to be fully transformed to Kinetic energy, T, just as it
impacts the programmer at its peak velocity, Xmax= V. In this case,

=>U=T
:>mgh:%mv2 )

Rearranging Equation 7 for the peak velocity gives;
SV o= Xmax = Zgh (8)

Substituting Equation 8 and an :% where dt is the pulse duration of the impact
into Equation 6 yields the final expression of Gpeax as follows:

n\/gh
. Gpeak :d\t/_\‘/g—i (9)

It is to be noted that this expression is subject to the assumption that the system
is conservative and there is no rebound of the impactor mass (not the test
specimen) during the impact.

Derivation of an expression for specific energy absorption, SEA,
of the test specimen

Potential energy, U, of the mass at a height h from where the mass is dropped
is assumed to be fully transformed to Kinetic energy, T, just as it impacts the
programmer at its peak velocity (see Figure Alb). Using this assumption, the
maximum specific energy absorption of the specimens, SEA, can be
determined from the maximum velocity, Vma, from Equations 8 and 9 as
follows:

= Tiax = % MViax’ (10)

= SEA = 2 (11)
Substituting vmax from Equation 8 into Equation 10 gives:

= SEA = (2gh) (12)

Substituting gh from Equation 9 into Equation 12 yields:

)
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