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ABSTRACT

This paper presents the large deformation, and failure response of a thin flat scored metallic disc (FSMD)
subjected to a pressure impulse as experienced in a break-away disc or an explosion vent. The response of this thin
FSMD is numerically simulated for a loading rate and validated with an experiment, where a good agreement is
found on plastic strains, burst pressure, and deformation pattern. The loading rate and several geometric parameters

of FSMD significantly influence its response. Therefore, the influence of loading rate ( P ), score depth and width-to-
disc thickness ratio (¢,/t and b/t), diameter-to-disc thickness ratio (D/?), score length-to-disc radius ratio (/R), score
pattern, and score geometry on the deformation and failure response of the thin FSMD is thoroughly investigated.
The studies demonstrate that 1) the failure initiation point shifts from disc centre to between 1/5% and 1/3" radius for
loading rates < 25 MPa/s; 2) the responses such as burst pressure, burst time, central deflection, and equivalent strain
are 1) sensitive to the loading rates up to 100 MPa/s, ii) sensitive to score’s depth, only up to 0.6¢ and insensitive
to score’s width, iii) significantly unaffected for the number of scores N > 8, iv) stabilised for //R > 0.5 and D/t >
250, v) almost the same for semi-circular, rectangular and triangular score geometries, and vi) very minimal for the
number of scores N = 3; and 3) the failure do not initiate and propagate along all scores for N > 4 in the disc.

Keywords: Flat scored metallic disc; Score geometry; Score pattern; Large deformation; Failure; Impulsive load;
Explicit finite element analysis
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Yield stress (MPa)

Strain hardening coefficient (MPa)
Score/groove width (mm)

Strain rate coefficient
Johnson-Cook damage parameters
Young’s modulus (MPa)

Thermal softening exponent
Number of scores/grooves

Strain hardening exponent
Pressure (MPa)

Loading rate (MPa/s)

Burst pressure (MPa)

Radius of the disc (mm)
Maximum radius of the disc (mm)
Rupture disc sheet thickness (mm)
Score/groove depth (mm)

Burst time, i.e., time taken for burst (s)
Displacements in x,y, and z
directions, respectively (mm)
Central deflection, i.e., maximum
deflection at disc centre (mm)
Plastic strain
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€ ax Maximum equivalent plastic strain

€. Strain in the x-direction

€, Strain in the y-direction

€, Equivalent plastic strain

€ Strain rate (1/s)

€ Maximum strain rate (1/s)

u Poison’s ratio

p Density of material (kg/m?)
Equivalent stress i.e. von-Mises

o, stress (MPa)

O ax Maximum equivalent stress (MPa)

1. INTRODUCTION

Thin Flat Scored Metallic Disc (FSMD) finds application
as a burst disc or an explosion vent designed to fail at a
given pressure impulse. It is used as a sacrificial element in
pneumatic or hydraulic systems to protect the equipment from
high surge pressures'. It is also used as a burst disc in the shock
tube apparatus between high and low-pressure chambers?. In
blast and explosive applications, it is known as an explosion
vent, rupture panel, or rupture disc and is used to protect large
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equipment or buildings during an internal explosion or blast.
This high loading rate application can be extended to rocket
silos where it can be used generally as a protective cover but
can be opened without manual intervention upon generation of
a pressure impulse.

Flat thin metallic discs are commonly used in low-
pressure applications similar to pressure relief valves. Their
burst pressures are always not constant and repeatable due to
the absence of any predefined scores or notches. Therefore,
thin FSMDs are always preferred to (a) induce stress-triaxiality
and initiate the failure in a preferred pattern along the scores,
and (b) provide a nearly constant burst pressure. They undergo
large inelastic deformation and rupture under higher loading
rates and have been studied extensively under air blast and
explosive loadings*'¥. A comprehensive review by Nurick et
al3*in 1989 compares the theoretical and experimental results
of fully clamped flat circular plates subjected to impulsive load.
The research between 1989 and 2016 on thin plates subjected
to impulsive load was reviewed by Yuen et al.’ in 2017, and
they summarised the advancements in predicting the central
deflection. Close agreement between theory and experiment is
reported even after neglecting the effects of strain hardening
and strain rate sensitivity. Failures in unscored metallic discs
are observed in three different modes, namely, failure mode-I
in which the disc exhibits a large plastic deformation under
low impulse levels, failure mode-II in which a tensile failure is
observed at the boundary or central area of the disc when the
impulse increases to a threshold limit, and failure mode-III in
which transverse shear occurs at the boundary of the disc upon
a further increase in the impulsive load. Yuan et al.'® shown
that an increase in the blast duration delays the transition
between various deformation modes. Even the boundary
conditions influence the tear and shear failures of plates. Edge
sharpness at fixed boundary accelerates initiation of failure at
the boundary®!!.

Usually, the burst discs are circular and featured to clamp
between two flanges. They are classified as solid, scored, and
composite with slit and tabs. A burst disc with scores featured
on one side is shown in Fig. 1, where the scores help 1) to reduce
the burst pressure, ii) in making the disc from a thicker sheet to
facilitate manufacturing, and iii) to ensure failure with definite
rupture pattern through the formation of petals and thereby
avoiding fragmentation'. Jeong et al.'® simulated the effect
of groove thickness on the burst pressure of forward domed
disc. Colombo et al.? experimented with the failure of a flat
plate with rectangular scores with cross configuration under
uniform pressure and concluded that a minimum score depth-
to-plate thickness ratio of 0.4 is essential for failure initiation
in scores. Standards and codes?! provide general guidelines for
selecting burst discs used as safety pressure relief valves. Still,
they are not applicable for discs, i.e., rupture panels subjected
to impulsive and higher loading rates. The design guidelines
and extensive studies on the failure of FSMD are unavailable
in the literature. The response of this thin FSMD is influenced
by its several geometric parameters and loading rate.

Therefore, an attempt is made in this paper to understand
the behaviour of clamped, thin FSMD subjected to an impulsive
air blast. The response is numerically simulated for a loading
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rate and validated with experiments and subsequently, the
influence of loading rates (7 ), score depth and width-to-disc
thickness ratio (z,/¢ and b/f), diameter-to-disc thickness ratio
(D/t), score length-to-disc radius ratio (//R), score pattern (i.e.,
number of scores V), and score geometry on the deformation and
failure response of the thin FSMD is thoroughly investigated
and discussed in this paper.
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Figure 1. Flat metallic disc with scores: (a) Flat scored metallic
disc (FSMD) and (b) FSMD in conditional burst
application.

2. SIMULATION AND VALIDATION WITH
EXPERIMENT

2.1 Geometry and Experimental Setup
2.1.1 Geometry

In order to establish the FEA methodology, the
experimental work by Colombo ef al.?° on an FSMD is taken as
the benchmark. This rupture disc is of 696 mm outer diameter
with 2 mm thickness, as shown in Figure 2(a), and made of
structural steel. The fluid exposed area, i.¢., the pressure loading,
is within a diameter of 481 mm. Two scores, i.c., grooves, are
milled on one side of the disc in a cross configuration. The
scores have 5 mm width and 0.80 mm deep and are located at
90° to each other, as seen in Fig. 2(b).
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2.1.2 Experimental Setup

In the experimental setup®, the disc is placed in a chamber
and subjected to a quasi-static pressure loading on the plain,
i.e., unscored side of the disc within 481 mm diameter, which
is equal to the inlet pipe diameter. The pressure inside the
chamber and strain gauge readings are monitored during the
pressurisation process. Results from two strain gauges which
are bonded on the scored side of the disc and away from scores
location (as seen in Figure 2c where one is aligned with the
x-axis and another along the y-axis) are taken for the purpose
of comparing and validating the present FEA simulation.
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plastic strain, ¢" =&/¢ is the dimensionless normalised plastic
strain rate considering the reference strain rate €, =1.0s™', &

is the strain rate, and 7° = (T—T,e/ /(Tm -T, /) is the homologous
temperature of the material. 4 is the yield strength, n is the
strain hardening exponent / constant, B is the strain hardening
coefficient, C is the strain rate coefficient, m is the thermal
softening parameter, 7 is the load-induced temperature rise

in the material, and 7, is the reference temperature. The first,
second, and third terms in Eqn. (1) respectively capture the

()

Figure 2. Experimental disc geometry?’ (all dimensions in mm): (a) Geometry of flat SMD (b) Score geometry and (c) Strain gauge

locations.

2.2 NUMERICAL SIMULATION
2.2.1 Material and Damage Models

The experimented metallic disc is made of S235 JR
structural steel, and its mechanical properties are provided
in Table 1. The material’s constitutive behaviour is modelled
with Johnson-Cook’s (JC) strength model and its damage
and failure with the Johnson-Cook damage model. These
two models define the material’s visco-plasticity and damage
behaviour during loading in numerical simulation. These two
models are capable of capturing the plasticity and damage
in FSMD at low to high loading rates. The hydrostatic stress
component of loading and associated pressure-volume
relationship is captured through a linear equation of state.

Material Model

The flow stress-plastic strain relationship for metallic
materials undergoing plastic deformation is best described by
JC constitutive relation?*?* which is given as

c=[A+Bs"][1+c1né*][l—T*m] M

where o is the von-Mises flow stress, € is the equivalent

large strain, strain rate, and thermal softening effects during
loading. The material parameters of the JC constitutive model
for the S235 JR structural steel considered in simulation have
been taken from Zhong, ef al** and are given in Table 1.

Damage Model

The JC damage model is based on the fracture strain of
the material****. The initiation and propagation of the damage
in the material element is defined by

A
D=3~ @

where Ag is the incremental plastic strain during the

integration cycle and &/ is the fracture strain which is given
by the equation

¢/ = [Dl + D" J[l +D,In&" |[1+D,7" ] 3)

* — . . . .
wheres =0, / o is the dimensionless pressure, i.e.,

stress ratio, o, is the mean stress, o is the von-Mises
equivalent stress, and D,...D, are the damage constants for
the material, which can be determined from experiments.
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The fracture or the element removal occurs when D =1. The
damage parameters for the S235 JR structural steel are not
available in the literature. The damage parameters adopted in
numerical simulations are mentioned in Table 1, which were
finalised based on the iterative method with the initial values
taken from Benerjee et al.?®. All parameters were defined at a

reference strain rate of ¢ =0.0001s™" .

Baker et al.?® for the shock response of a blast loaded elastic
oscillator was used to calculate the value of loading rate for the
simulation, wherein for a quasi-static loading regime, the ratio
of loading duration ¢, with respect to the natural time period

(/®,) is given as

o,t, 240

(4)

Table 1. Elastic and material constants in JC material and damage models

E u V4
Elastic parameters (MPa) (kg/m?)

210000 0.3 7850
J-C material model A B n C m
(Initial values taken from Zhong et (MPa) (MPa)
al*) 252 520 0.638 0.046 1.0
J-C damage model D, D, D, D, D,
Initial values taken from Baner;j
itn;lli)va ues taken from Banerjee 0.05 0.8 0.44 0042 0

2.2.2 Model for FEA and Simulation Setup

The ABAQUS/Explicit?’” was adopted for creating the
numerical model of the FSMD, as shown in Fig. 3 and its
FEA simulation. Automatic time increment was adopted. The
model was discretised with 583708 elements using the C3D8R
element, which is an eight node brick element with reduced
integration and hourglass control. All three degrees of freedom
of nodes in the annular area of the disc between diameters 696
mm and 481 mm were fully constrained, as shown in Figure
3(b). Uniformly distributed pressure load was applied on the
plain unscored side of the disc. Since the experiment was
carried out at a quasi-static loading rate of 0.0132 MPa/s, to
reach a burst pressure of the disc, i.e., P, = 1.15 MPa, it took
about 87.1 seconds to burst and rupture during experimentation.
This experimental loading rate was too small for an explicit
solver and needed to be accelerated in simulation to obtain an
economic computation. Therefore, the approach provided in

(@)

The modal analysis of the thin FSMD shown in Fig. 2(a)

resulted in the fundamental natural frequency o, as 82.29 Hz.
Therefore, the Eqn. (4) results in ¢, = 0.486 s. Considering
the experimentally achieved maximum P, of 1.15 MPa and the
calculated ¢, the rate of loading rate was determined as 2.37
MPa/s and was adopted in the present numerical simulation.

2.2.3 Numerical Simulation

Mesh convergence studies were carried out to find the
optimum number of elements through the thickness of the
rupture disc. The number of elements through the thickness was
increased in each iteration by keeping the same aspect ratio of
elements in each model, i.e., the models were simulated with
two, four, and six elements through the plate thickness. Burst
pressure, burst time, central deflection, and maximum strain
developed at the centre of the disc before the burst were studied
during the mesh convergence analyses. The model with four

u=u=u=0 Scored side

(b)

Figure 3. Simulation model: (a) FE model and (b) loads and boundary conditions.
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elements through the plate thickness, i.e., 0.5 mm of element
size, gave an economical and converged solution, which was
considered for comparison and validation of FEA simulation
with experimental results.

2.3 Simulation Results and Comparison with

Experiments

The deformation pattern, applied pressure P, equivalent
stress o,,, and equivalent strain g, at different time instances,
as viewed from scored side of the disc during loading, are
shown in Fig. 4. At this small loading rate of 2.37 MPa/s, it
is observed that the strain is concentrated along the score at
the central region of the disc, as seen in Fig. 4(b). The failure
is initiated at the score location away from the center of
the disc at P = 0.98 MPa, as seen in Fig. 4(c). This failure
is initiated when the accumulated plastic strain g, reached

the fracture straing’ as per the adopted JC’s damage model,
Eqn. (2). The failure is subsequently propagated towards
the centre of the disc upon further loading, as observed in
Figure 4(d). Comparison of P, and the failure pattern between
present simulation and experiment® is shown in Fig. 5, where
predicted P, is 0.98 MPa as against the experimentally reported
average burst pressure of 1.01 MPa. The predicted P, and the

failure pattern after the burst, as seen from the disc’s scored
side and the unscored side, matched reasonably well with the
experimental results.

Normal strains are monitored at the two strain gauge
locations, SG1 and SG2, as shown in Figure 2(c), where
experimental results are reported. The predicted strains are
compared with the experimental strain values in Figure 6(a-b).
Although three discs experimented®, the results of strains
at the SG1 location in experiment-2 are only available, and
the predicted strain profile matches very closely with that of
the experiment, as seen in Figure 6(a). The results of strain
at SG2 location from three experiments gave three different
profiles w.r:t. the applied pressure as the bonded strain gauge
SG2 would have experienced strain even after the occurrence
of initial burst during subsequent deformation of the separated
petals. The predicted strain at SG2 lies between the three
experimental results, as seen in Fig. 6(b). Thus, the agreement
of failure pattern, burst pressure, and strain profiles between
the present simulation and experiment validate the adopted
FEA simulation. Based on this validated numerical approach,
the deformation and failure behaviour of the thin FSMD is
investigated elaborately in the subsequent part of the paper.

P=0.1 MPa; g,, =328 MPa: ¢,, =0.005

(@)

P=0.98 MPa; o, =921MPa; ¢, =0.459

(©
Figure 4. Failure initiation and propagation: (a) At t = 43 ms (b) At t =216 ms (c) At t = 416 ms and (d) At t = 478 ms.

P=0.5 MPa; o,, =480 MPa; ¢,=0.059

(b)

P=1.13 MPa; g,, =967 MPa; ¢, =0.639

(@)
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3. RESPONSE TO VARIATIONS IN LOADING
RATE AND GEOMETRICAL FEATURES

3.1 Effect of Loading Rate

In order to understand the effect of the increase in the
loading rate on the failure behaviour of the FSMD, numerical
studies are conducted at eight different loading rates such as
2.5, 5.0, 10, 25, 50, 100, 250 and 500 MPa/s. Five important
responses such as P, burst time #,, maximum central deflection
w,_.. , maximum equivalent plastic strain € maximum

max ?

max ’

P, = 0.98 MPa
(@
P, = 1.01 MPa
(b)

Figure 5. Comparison of deformed pattern, burst pressure and
burst time between: (a) Present simulation and (b)
Experiment.
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Figure 6. Comparison of strains between present simulation
and experiments at locations mentioned in Fig. 2(c):
(a) Location-1 at SG-1 (45° from horizontal-left score)
and (b) Location-2 at SG-2 (135° from horizontal-
left score).

equivalent strain rate ¢, at the centre of the disc in score
location just at a time step before the burst with an increase
in applied pressure P are shown in Fig. 7(a). In this study, the
geometry of the FSMD shown in Fig. 2 is considered. The

P, and w,,, exhibit an increase, and ¢, decrease when the
loading rate increases from 2.5 to 100 MPa/s. Beyond 100
MPa/s, these responses exhibit significantly less sensitivity to
loading rates and remain almost constant. On the other hand,
€., Increases steeply with the increase in loading rate up to
5.0 MPa/s. Afterwards, it almost remained insensitive to the
loading rates from 5 to 100 MPa/s, beyond which it decreases

gradually with the increase in loading rate. Unlike other

responses, € . increases almost linearly with the increase in
loading rate because of the increase in displacement rate of
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the damaged element with the increase in loading rate. One
peculiar observation is appreciable regarding the location of
failure initiation w.7¢. the loading rates as showed in Fig. 7(b).
When the loading rate varies from 2.5 to 25 MPa/s, the failure
is initiated in the score location between 48 and 67 mm (i.e. at
r=0.2R-0.28R) away from the center. For loading rates > 50.0
MPa/s, the failure initiation occurs at center of the disc (»=0) at
the score location and is insensitive to the higher loading rates.
This is because of the formation of plastic hinges along scores
at locations away from the plate center under low loading rates
and the corresponding increase in strain localisation. At high
loading rates, more than 50 MPa/s, this phenomenon could not
happen anywhere along the score except at the center of the
plate.

3.2 Effect of Geometrical Features

The geometrical features in the FSMD significantly
influence the deformation, failure and rupture behaviour when
exposed to a given loading rate caused by fluid pressure. The
influencing geometrical features can be i) diameter-to-plate
(i.e. disc) thickness (D/f) ratio, ii) score depth-to-plate thickness
(¢,/1) ratio, iii) score width-to-plate thickness (b/1) ratio, iv) score
length-to-disc radius (//R) ratio, v) score pattern i.e. the number
of scores (I), and vi) score geometry. Numerical studies are
conducted to investigate the effect of these geometrical features
on the characteristics of FSMD, featured with four numbers of
rectangular scores of width 5 mm and depth 0.8 mm as shown
in Figure 2, under a pressure loading rate of 500 MPa/s. Only
one geometrical feature to be investigated is varied in these
sensitivity studies while maintaining the other features constant.

Consolidated list of various responses viz. P, t,, W,.., &, and

ax max

€ at the centre (i.e. at the intersection of scores) taken at the

max

time of burst are presented in Table 2.

3.2.1 Diameter-to-Plate Thickness (d/t) Ratio

The effect of disc’s diameter-to-plate thickness, i.e., D/t
ratio, is investigated for six increasing diameters such as 50, 100,
250, 500, 750 and 1000 mm by keeping the plate thickness at ¢ =

2 mm. The summary of all responses such as P,, ¢,, w,.. ¢

and ¢, with an increase in the D/f ratio is shown in Figure 7(c)

and is also given in Table 2(a). It can be observed that both P, and
t, decrease exponentially with an increase in D/ up to 250, and

afterwards, their variations are very marginal. Variation of €, is
bilinear with a shallow increase for D/t up to 250, followed by a
steep increase thereafter. This is because of a considerable reduction
in the plate stiffness beyond 500 mm diameter, accompanied
by large displacement of the damaged element. The €
exhibit less sensitivity to variation in D/t and remains almost
insensitive for D/t < 50 and decreases from 0.44 to 0.30 for 50
< D/t < 500. With the increase in D/t from 25-50, maximum
mid-deflection increases almost linearly from 10 mm to 65 mm
due to a consistent decrease in the plate stiffness.

3.2.2 Score Length-to-Disc Radius (I/R) Ratio
The effect of the score’s length-to-disc radius (i.e. /R )
ratio is investigated by varying the score’s length from 48mm

to 240.5mm for a constant disc radius of 240.5 mm to achieve
I/R ratios of 0.2, 0.4, 0.5, 0.6, 0.8 and 1.0. Other geometric
parameters of disc and score are kept constant.

The behaviour of the FSMD for the analysed /R variations
is shown in Figure 7(d), and a summary of maximum values

of responses are given in Table 2(a). It is seen that P,, ¢, and

w,.. decrease gradually for //R up to 0.4, beyond which these
responses remain constant. The ¢ is very much insensitive

to variations in //R. The € __ increases from 0.6s™'to 0.9s! for
0.2 <I/R £0.4, and afterwards, it remains unchanged with any
further increase in //R. This study reveals that the responses in
FSMD are sensitive only for the score’s length up to 50% of
the disc radius. By and large, they are relatively insensitive to

any variations in the //R ratio.

1000 .
[ ——P, (x 10~ MPa)
2 00 L —+—1;, (ms)
§ : "‘"“',mm' {X 10-1 mm] ’-_.,-""
- -3 -
§ [ Epar (X 10~) /r
g. 600 FTT {X ID] -5'-1) ’-"’
§ - . ...5" - -
=
3
&
0 100 200 300 400 500
};(MPa/s)
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0.2
R
i

0.1

0.0

I T T S N N TN ST Y N T S N R T T " T |
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(b)
Figure 7. Response of FSMD under the influence of loading

rate and different geometric parameters: (a) Loading
rate (b) Failure initiation w.r.t. loading rate.
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(g) Score’s geometry and (h) Number of scores.
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3.2.3 Score’s Depth-to-Plate Thickness (t/t) Ratio

The effect of score depth ¢, is analysed by varying ¢, from
0.1 mm to 1.9 mm in steps of 0.1 mm by keeping constant
values for the plate thickness (# = 2 mm) and score’s width (b
= 5 mm). This variation of score’s depth provides 0.05 < ¢ /¢
<0.95 in steps of 0.05. The effect of #,/¢ on responses of the
FSMD is shown in Fig. 7(e), and their maximum values are

given in Table 2(b). It can be observed that P, ¢, and w,,,
increase with an increase in # /¢ up to 0.1 and afterwards, they

decrease almost asymptotically with the increase in ¢ /¢ up to
0.5. For ¢/t > 0.5, both P, and #, remain constant while w,,

decrease linearly with a shallow slope. Variation in & is
insignificant for any increase in 7/t up to 0.45, it increases
from 60 s to 450 s for 0.45 < ¢,/t < 0.65, and it decreases
gradually from 450 s to 300 s for 0.65 </t <0.95. On the

other hand, ¢, increases with the increase in ¢/¢ up to 0.15.
It decreases gradually from 0.45 to 0.25 for 0.15 < ¢/t <0.95.
This study reveals that all the important response parameters
exhibit almost insensitivity for a score depth more than 0.6¢.

3.2.4 Score’s Width-to-Plate Thickness (b/t) Ratio

The influence of score’s width b is analysed by varying
the score’s width from 3.0 mm to 7.0 mm in steps of 1.0 mm
by keeping constant values for the disc thickness # = 2 mm
and score’s depth 7, = 0.8 mm. This variation of score’s width
provides a width-to-plate thickness ratio as b/t = 1.5, 2.0, 2.5,
3.0 and 3.5. The behaviour of the FSMD is shown in Figure
7(f). It can be observed that all response parameters remain
almost constant except little variation for any increase in b/t
ratio from 1.5 to 3.5. Only a small variation of about 2 MPa

inP,03msin¢,3 mmin w,, ,0.03in ¢ and about 20s"

max

in &, are observed with the considered variation in b/t ratio.
This study demonstrates that the score’s b/t ratio does not
significantly influence the important response parameters in
the FSMD.

3.2.5 Score Geometry

In all the previous studies thus discussed, a rectangular
score geometry was considered. The score geometry can be
semi-circular, rectangular, triangular and triangular with tip

fillet in cross-sections. Their influence on the deformation
and rupture in the FSMD is investigated by keeping constant
dimensions for the plate thickness # = 2.0 mm, score’s width b
= 5.0 mm, and score’s depth ¢, = 0.8 mm. The maximum values

of all responses such as P, #,, w,, &, and &, forall
four score geometries are shown in Figure 7(g) and also given
in Table 2(b). All response parameters are almost identical for
the semi-circular and rectangular score geometries. Triangular

and tip-filleted triangular score geometries exhibit marginally

higher responses. Except for a higher value of ¢__ for the
triangular score geometry, which may be attributed to the sharp
stress concentration effect on the triangular score tip, all the
other response parameters are almost the same for the four score
cross-sections studied. Based on this study, the score geometry
with rectangular cross-section is preferable considering the
manufacturing easiness and dimensional control. The next
recommendable geometry is the tip-filleted triangular score
which can be made by press tools.

3.2.6 Score Pattern, i.e., the Number of Scores (N)
Scores provided in the disc act as regions of local stress
concentration in the FSMD. The effect of the number of scores
on the FSMD is studied by varying the number of scores N
from 0 to 12, 1.e.,at N=0, 2, 3, 4, 6, 8, 10 and 12. During this
variation, the plate thickness ¢ = 2 mm, score’s width b = 5
mm, and score’s depth 7, = 0.8 mm are maintained constant.
Introduction of 2 scores along the diagonal of the disc reduced

the responses such as P, t,, w,, and ¢ significantly as
compared to an unscored flat metallic disc, as shown in Figure
7(h). These responses are very minimal for N =3, and for N >

3, their increase is very gradual, and after N > 8, the responses

are almost constant. The &, is insensitive to an increase in
N>3.

Failure propagation and failure pattern entirely depend on
the pressure acting on petals after the initial burst. However, for
this analysis, the pressure is assumed to be acting continuously
on the disc throughout the simulation, which is causing failure
propagation and petal separation. The predicted failure patterns
just after the burst with N ranging from 0 to 12 are shown in
Fig. 8. The strain rate is relatively higher in FSMD with N =
2 as compared to discs with the higher number of scores, as

Number
of scores 0 2 3 4

Schematic, | |" \

Predicted
failure

pattern

Figure 8. Predicted failure pattern without and with number of scores in the disc.
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Table 2(a). Influence of geometrical features on the response of flat SMD

D/t /R Number of scores
25 50 125 250 500 02 04 0.6 0.8 1.0 0 2 3 4 6 8 10 12
P, (MPa) 477 183 53 22 1.15 280 235 225 215 220 725 235 2.10 235 250 270 280 2.85
t, (ms) 954 36.6 106 44 23 56 47 4.5 43 44 14.5 4.7 42 4.7 5.0 5.4 5.6 5.7
w,. (mm) 105 149 253 405 652 483 431 414 374 406 109 39.8 363 414 450 484 508 513
Eimax 043 045 038 033 031 034 033 033 033 033 031 039 036 033 038 040 042 043
En (8 9 24 39 91 519 60 86 94 100 93 23 160 83 77 90 72 69 67
Table 2(b). Influence of geometrical features on the response of flat SMD
t/t b/t Geometry

0.05  0.25 0.5 0.75 0.95 1.5 2 2.5 3 3.5 W Em VvV Vv

P, (MPa) 6.5 4.8 1.1 0.75 0.65 2.25 2.25 2.30 2.40 2.40 2.25 2.30 2.60 2.70
¢, (ms) 12.9 9.5 22 1.5 1.3 4.5 4.5 4.6 4.8 4.8 4.5 4.6 52 5.4
Wax (mm) 97.1 73.9 29.9 22.3 134 38.5 38.8 40.1 42.4 42.5 36.0 40.1 42.1 432
€ 0.30 0.41 0.28 0.25 0.23 0.35 0.34 0.32 0.33 0.32 0.42 0.32 0.29 0.26

& (s") 32 61 261 448 318 103 108 85 84 78 86 85 911 89

seen in Table 2(a) and Fig. 7(h). This is because the petals are
formed after the burst along the two scores, and they are forced
to undergo tearing at the fixed boundary before the petals
experience bending under the effect of increasing fluid pressure.
This tearing at the petal ends results in large displacements, i.e.,
strain in a given time increment and therefore leading to a large
strain rate. Clear petal separation is observed for all FSMD
along the scores with N = 3 to 4, and they can bend freely at
the fixed boundary after the petal formation upon the increase
in fluid pressure. For N > 4, the failure is observed only along
few scores, which reveals that, as the N increases, the failure
may not be initiated and propagated along all the scores as seen
in Figure 8 because only a few scores experienced the failure
limits and underwent petal separation along these scores and the
remaining scores in between the separated scores did not reach
the failure limits and remained intact without any separation.
This can also be triggered by non-uniformities in dimensional
tolerances in the score cross-sections. This reveals that the
minimum number of scores that can be recommended to be
employed in FSMD can be 3 or 4 to achieve a clear separation
and subsequent bending along the fixed boundary.

4. CONCLUSIONS

The large deformation and failure behaviour of a thin
flat scored metallic disc subjected to an impulsive pressure
loading has been investigated. The predicted plastic strains,
burst pressure and deformation pattern agreed well with the
experimental results for the reference case. The behaviour of
an FSMD under the effect of loading rates (2.5-500 MPa/s),
diameter-to-plate thickness ratio (50-500), score’s depth-
to-plate thickness ratio (0.05-0.95), score’s width-to-plate
thickness ratio (1.5-3.5), score’s length-to-disc radius ratio
(0.2-1.0), score pattern (with the number of scores from 0-12),
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and score geometry (semi-circular, rectangular, triangular

and triangular with filleted tip) were thoroughly investigated.

The following important conclusions can be drawn from this

paper.

e  Scores provided on the thin flat metallic disc ensure the
failure initiation and propagation along them.

e  Burst pressure, burst time and central deflection are almost
constant to loading rates beyond 100 MPa/s.

e At loading rates < 25 MPa/s, the failure is initiated in
score between /R = 0.20-0.28 and propagated towards
the disc centre and fixed boundary, whereas at all higher
loading rates, the failure is always initiated at /R = 0 and
propagated towards the fixed boundary.

e Required P, and ¢, can be chosen in FSMD when D/t <
250, beyond which the responses are unaffected.

e Al response parameters are sensitive to variation in
score’s depth only up to 60% of the plate thickness.

e The behaviour of FSMD is insensitive to any changes in
the score’s width, i.e., b/t ratio.

e  FSMD with desired response parameters can be achieved
only when the length of the score is less than 40% of the
disc radius, as all response parameters achieve a stabilised
value for //R > 0.4.

e  Responses are very minimal for the number of scores N = 3.
Responses remained almost constant for N > 8. There is no
clear separation of petals along all the scores for N > 4.

e The P, and ¢, are almost insensitive for all the four score
geometries. Responses are almost the same for the semi-
circular and rectangular score geometries. Rectangular and
geometries offer manufacturing easiness and dimensional
control. Hence, they can be recommended choices.
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