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Abstract The present study focuses on the effectiveness of steel-sand composite

stiffened plates under explosive loading for blast-resistant design. Dynamic

response of steel-sand composite stiffened plates, with various stiffener layouts

under blast loading, is analysed using commercially available finite element (FE)

software Abaqus/Explicit. The steel plates and stiffeners are modelled using shell

elements, and the effect of strain rates is incorporated through Johnson-Cook (J-C)

material model. Sand is modelled as a continuum between the two steel plates. Sand

response is simulated using the built-in Drucker-Prager plasticity model in Abaqus

considering the strain rate effect. The contact planes between sand and the steel

plates are modelled using the general contact formulation in Abaqus. Blast load is

applied in the form of an equivalent rectangular uniform pressure pulse. The effect

of different thicknesses of the sand layer in blast response mitigation has been

investigated. The steel-sand composite stiffened plates exhibit lesser central point

displacement under blast loading as compared to when no stiffeners are provided.

Keywords Blast resistant • Explosion load • Steel-sand composite • Stiffened

plate • Strain rate

1 Introduction

Development of resilient civil infrastructure requires that the structures can

efficiently and economically resist unanticipated loads and can be brought back

to functionality with minimum repair and within reasonable time if subjected to
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extreme events. An unanticipated load on a civil infrastructure can be caused by

human activities, e.g. blast. In order to safeguard civil engineering facilities under

blast-induced extreme shock wave load, it is necessary to incorporate shock-

absorbing materials in civil engineering constructions through sandwich or com-

posite structural framework. The sandwich structures are the emerging protective

structures composed of stiff face-sheets made up of steel or concrete filled with

metallic or non-metallic foam or sand in between the face-sheets. The strong and

stiff face-sheet bears in-plane loads and transverse bending stress, whereas the core

adds to the shear rigidity along the planes perpendicular to the face-sheet. The

composite structures dissipate large amount of energy by plastic deformation under

explosive loading.

Till the date, different materials have been explored to be used as the inner core of

a composite structure for blast response mitigation such as fibre-reinforced polymer

(FRP) composites, polymeric foams and metal foams to name a few [10]. Many

researchers have studied the performance of composite plates with metallic or non-

metallic foam cores in blast-resistant design of structures [2–4, 11]. Qiao et al. [12]

have mentioned the use of sand core in composite plates and in reinforced concrete

barrier structures to mitigate blast response. The easy availability and low cost of

sand as compared to metallic and non-metallic foams and the energy dissipation

capability of sand through friction and particle breakage make sand a suitable choice

for response mitigation against blast loads. However, in the past literature, studies on

sand core composite stiffened plates for blast response mitigation have not been

attempted. Therefore, it is of utmost importance to study the performance of sand

core composite stiffened plates for blast response mitigation.

The objectives of the present study are (1) to model steel-sand composite plates

with and without stiffeners under blast loading; (2) to study the stress, deformation,

strain energy and kinetic energy response of the steel-sand composite plates for

different sand layer thicknesses (ts) and stiffener configurations and (3) to compare

the deformation results obtained from steel-sand composite plate analyses with the

results obtained from analysis of steel plate under blast loading.

In the present study, three-dimensional (3-D) dynamic analyses of steel-sand

composite structures under explosive loading have been performed using commer-

cially available finite element (FE) software Abaqus Version 6.11 [1]. Sand

response has been simulated using a strain rate-dependent Drucker-Prager plasticity

constitutive model. The steel plates and stiffeners are modelled using strain rate-

dependent Johnson-Cook (J-C) material model. The explicit dynamic analysis

procedure in Abaqus has been used. Parametric sensitivity studies are performed

by varying (1) sand layer thicknesses (ts) and (2) stiffener configurations.

2 Steel and Sand Constitutive Models

Explosive loading on steel and sand can give rise to very high rates of strain (102 to

104 s�1). In order to take the strain rate-dependent stress–strain response of steel

into account, the analysis is carried out using strain rate-dependent Johnson-Cook
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(J-C) model [7, 8]. The J-C model is a viscoplastic empirical model that depicts the

effects of strain hardening, strain rate sensitivities and temperature softening. In the

present study, the strain rate effects have been included by adjusting the dynamic

yield stress, s, according to the J-C model as follows:

s ¼ Aþ Benð Þ 1þ Clogee
�ð Þ 1� T�mð Þ (1)

where e�¼_e _e0= is the dimensionless plastic strain rate at reference strain rate _e0 ¼
1 s�1, _e is the equivalent plastic strain rate, T� is the homologous temperature and m
is a material constant. However, temperature dependence has not been considered

in the present study.

The sand core is considered to follow the built-in Drucker-Prager material model

in Abaqus with strain rate-dependent hardening. The yield surface, F, of Drucker-
Prager model is given by

F ¼ q

2
1þ 1

K
� 1� 1

K

� �
r

q

� �3
" #

� p0 tan b� d ¼ 0 (2)

where q is the deviatoric stress ¼ ffiffiffiffiffiffiffiffi
3 2=

p ffiffiffiffiffiffiffiffiffiffi
sij:sij

p� �
, sij is the deviatoric stress tensor, p

0

is the mean stress ¼ s01 þ s02 þ s03 3=ð Þ½ �, K is a scalar parameter that determines

the shape of the yield surface and maintains the convexity of the yield surface in the

deviatoric (p) plane and r is the third invariant of the deviatoric stress tensor. The

parameter b is related to the angle of internal friction, f, at the stage of no dilatancy
(the critical state of sand) using the following correlation:

tan b ¼
ffiffiffi
3

p
sinfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð1=3Þsin2f
q (3)

and d is the hardening parameter related to cohesion, c, through the following

correlation:

d

c
¼

ffiffiffi
3

p
cosfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð1=3Þsin2f
q (4)

For sands, the cohesion (c) is considered to be zero. The plastic potential surface,
GP, of the model is given by

GP ¼ q

2
1þ 1

K
� 1� 1

K

� �
r

q

� �3
" #

� p0 tanctp (5)

where ctp is related to the dilatancy angle, c, of sand as follows:

tanctp ¼
ffiffiffi
3

p
sincffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð1=3Þsin2c
q (6)
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A nonassociated flow rule is considered in the present analysis by considering

the dilatancy angle of sand to be different from the friction angle.

3 Finite Element Model and Analysis

In the present study, 3-D explicit dynamic analyses of steel-sand composite plates

under explosive loading have been performed using commercially available FE

software Abaqus. Square steel-sand composite plates of size 2 m � 2 m are

considered. Figure 1 shows a typical steel-sand composite plate with stiffener.

The composite plate consists of face-sheet and stiffened back-sheet with a sand

core in between. The thickness of face-sheet (tfs) is 10 mm, and the thickness of

back-sheet (tbs) is 10 mm. The explosive load is applied on the face-sheet. Three

different thicknesses of sand core considered are 50, 100 and 150 mm as shown in

Fig. 1.

Steel Back-Sheet 
(10 mm thick)

Steel Face-Sheet
(10 mm thick)

SandCore
(tf= 50,100, and 150 mm)

Blast

Steel Stiffener
(10 mm thick and 100 mm wide)

Blast

Fig. 1(a) Fig. 1(b)

Fig. 1(c)

2 m2 m

All edges are fixed

Sand Core

Steel Sheet

Steel Stiffener

Width

T
hi
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ne

ss

Fig. 1 (a) Conventional composite plate, (b) stiffened steel-sand composite plate and (c) repre-

sentative 3-D model of stiffened steel-sand composite plate
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Ten different stiffener configurations have been chosen for the steel back-sheet.

Figure 2 shows one unstiffened steel-sand composite plate (P1) and the stiffened

steel-sand composite plates with ten different stiffener configurations (P2 to P11).

The composite plates P2 to P11 are arranged as per their increasing weights. The

stiffeners are 100 mm in width and 10 mm in thickness for all the configurations and

with the same material as that of the face- and back-sheets. The description of the

model, loading, boundary and contact conditions, material properties, analysis steps

and solution scheme used are described in the following sections.

3.1 Finite Element Model

The FE models of stiffened steel-sand composite plates are developed using

three-dimensional part option. The extruded shell base feature available in

Abaqus has been used to create geometry of the face- and back-sheets. A 3-D

part with solid feature is used to define the sand core. Stiffeners are created by

adding an extruded shell feature implying perfect connection without any addi-

tional constraint. Care is taken not to overlap the material of the stiffener with the

P1 P2 P3 P4

P5 P6 P7 P8

P9 P10 P11

Fig. 2 Plate configurations arranged with increasing weights
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back-sheet by offsetting its reference surface from mid-surface, thus avoiding the

possibility of additional stiffness at the junction. The back-sheet with stiffeners is

created by removing material from a thick blank. It is a single part and meshed in one

part only, thus implying a single part without any weld or joint/interface between the

plate and stiffener. The steel plates along with the stiffeners have been modelled with

four-node, linear shell elements with reduced integration, hourglass control and finite

membrane strains (S4R). The sand core has been modelled with eight-node linear,

hexagonal, reduced integration elements with hourglass control (C3D8R). First-order

elements are used because of their lumped mass formulation, which are preferred to

model the effect of stress waves than the consistent mass formulation used in the

second-order elements [2].

A key figure of the steel-sand composite plate is presented in Fig. 3a. All four

sides of the steel plates and sand core are restrained in x, y and z directions. The
interface between the steel plates and sand is modelled using frictional contact and

the general contact algorithm in Abaqus. A coefficient of friction of 0.5 is assumed

at the steel-sand interface.

3.2 Sand and Steel Material Properties

The stress–strain response of sand is modelled using Drucker-Prager material

constitutive law. The elastic- and rate-independent elastoplastic material properties

assumed for sand are given in Table 1. The strain rate-dependent Drucker-Prager

hardening curves for sand under uniaxial compression are obtained from Jackson

et al. [6]. Figure 3b shows the vertical stress–strain plot for sand at 100 and 200 s�1

strain rates. The stress–strain curves are converted into true stress-logarithmic

plastic strain according to Abaqus/Explicit manual.

Normal to plate direction

Plate membrane 
directions

Blast

x

y 

z

Back-sheet

0 4 8 12 16

Vertical Strain (%)

0

10

20

30

40

V
er

tic
al

 S
tr

es
s 

(M
P

a)

Uniaxial strain test data on sand
(Data source: Jackson et al. 1980)
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Fig. 3 (a) Key figure for steel-sand composite plate and (b) vertical stress–strain behaviour of

sand
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The face-sheet and stiffened back-sheet are made of mild steel with Young’s

modulus, E ¼ 210 GPa, Poisson’s ratio, n ¼ 0.3, and density ¼ 7,800 kg/m3. The

static yield stress of the plate material is 300 MPa. The stress–strain curves for steel

obtained from mechanical testing are converted into true stress and logarithmic

plastic strain according to Abaqus [1]. The material constants are obtained from

mechanical testing and adopted herein for strain rates of 50 and 100 s�1, respec-

tively, as (1) A ¼ 375 MPa, B ¼ 600 MPa, n ¼ 0.07, C ¼ 0.09 and (2) A ¼ 360

MPa, B ¼ 635 MPa, n ¼ 0.114, C ¼ 0.075. These values are computed based on

tensile test data of the material as per the J-C model by neglecting the temperature

effects [2].

3.3 Blast Load Simulation

The blast load is considered to be caused by explosive-induced pressure, P, on the

exposed surface of the face-sheet. A typical blast wave profile is presented in Fig. 4.

The ideal blast wave load is described by an exponentially decaying function of

time, t, as

+S0
P

Positive 
Duration

( )+0
t

Negative 
Duration

( )-0
t

−S0
P

Applied Uniform 
Pressure - Time Pulse

0P

P(t)

at t

Ideal Blast
Wave Profile

Applied Uniform Pressure = 0.7 MPa
               Time Duration = 15 ms

Fig. 4 Typical blast wave profile resulting from high explosives and applied loading

Table 1 Material properties

for sand
Parameter Symbol Values

Density r 1,800 kg/m3

Modulus of elasticity E 50 MPa

Poisson’s ratio n 0.3

Friction angle f 30�

Dilatancy angle c 10�

Yield surface shape parameter K 0.8

Initial yield strength of sand sy 100 kPa
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PðtÞ ¼ PS0þ 1� t

t0þ

� �
exp � b t� tað Þ

t0þ

� �
(7)

where P(t) is the time-dependent pressure (MPa), PS0þ is the peak overpressure

(MPa), t0þ is the positive phase duration (milliseconds), b is dimensionless wave

decay coefficient and ta is the wave arrival time (milliseconds). The decay coeffi-

cient (b) is related to the ratio of peak overpressure PS0þð Þ and the maximum

negative suction pressure PS0�ð Þas

loge b
PS0þ

PS0þ

				
				

� �
þ bþ1 ¼ 0 (8)

Based on further simplification of this equation by Lam et al. [9], the decay

coefficient is expressed with reference to scaled distance, Z (¼ R/W1/3), as

b ¼ Z2 � 3:7Z þ 4:2 (9)

where W is the charge (explosive) mass in kg and R is the standoff distance in m.

The correlation between the positive phase duration, t0þ, and standoff distance, R, is
conservatively expressed in the following form [9]:

log10
t0þ

W1=3

� �
� �2:75þ 0:27log10

R

W1=3

� �
(10)

In the present investigation, a charge mass of 100 kg with a scaled distance,

Z ¼ 0.135 m/kg1/3, is considered to be detonated, and the impulse (I) is computed

using the classical Held’s equation [5]. The blast load is simulated in the present

FE models by applying uniform pressure load with magnitude of 0.7 MPa and

duration of t0þ ¼ 15ms on the plate area as shown in Fig. 4 having the same

impulse (I).

3.4 Solution Scheme

The analyses have been performed in a single step, for total duration of 25 ms using

the dynamic explicit procedure in Abaqus. Abaqus performs dynamic analysis

using explicit central difference integration scheme. The method is conditionally

stable for time increments (Dt) that are smaller than Courant time limit, Dt � l/c,
where l is the smallest element dimension and c is the speed of sound wave in

medium in which it travels. Also, the artificial bulk viscosity is activated to properly

represent propagation of the induced compressive stress wave by employing qua-

dratic and linear functions of volumetric strain rates with default values of 1.2 and

0.06, respectively [1].
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4 Results and Discussions

Figure 5a shows the peak displacement of the back-sheet central point in the

direction normal to the plane of the sheet. The results have been plotted for steel-

sand composite plate without stiffener (P1) with 50-, 100- and 150-mm sand layer

thicknesses. Moreover, results are also presented for the stiffened steel-sand com-

posite plates (P2 to P11) with 50-, 100- and 150-mm sand layer thicknesses. Also,

the displacement response of stiffened and unstiffened steel plates without sand

core with different cases of tbs has been plotted for comparison purpose. Table 2

summarizes the peak central point displacement values for the composite and the

non-composite plates and the percentage reduction in blast-induced displacement

when tbs ¼ 10 mm.

It is observed that the steel-sand composite plates always show more than 20%

displacement reduction as compared to the non-composite plates when tbs ¼ 10 mm.

Displacement reduction is more for 150-mm sand layer thickness as compared

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11

Stiffener Configurations

0.04

0.08

0.12

0.16

P
ea

k 
C

en
tr

al
 P

oi
nt

 D
is

pl
ac

em
en

t (
m

)
C

en
tr

al
 P

oi
nt

 D
is

pl
ac

em
en

t (
m

)

ts = 0 mm, tbs =10 mm

ts = 0 mm, tbs =20 mm

ts = 50 mm, tbs =10 mm, tfs =10 mm

ts = 100 mm, tbs =10 mm, tfs =10 mm

ts = 150 mm, tbs =10 mm, tfs =10 mm

Sand layer thicknesses

0.000 0.005 0.010 0.015 0.020 0.025

Time (sec)

-0.04

0.00

0.04

0.08

0.12

0.16

C
en

tr
al

 P
oi

nt
 D

is
pl

ac
em

en
t(

m
)

C
en

tr
al

 P
oi

nt
 D

is
pl

ac
em

en
t (

m
)

ts = 0 mm, tbs = 10 mm

ts = 0 mm, tbs = 20 mm

ts = 50 mm, tbs = 10 mm, tfs = 10 mm

ts = 100 mm, , tbs = 10 mm, tfs = 10 mm

ts = 150 mm, , tbs = 10 mm, tfs = 10 mm

Stiffener configuration P1

0.000 0.005 0.010 0.015 0.020 0.025

Time (sec)

-0.04

0.00

0.04

0.08

0.12

0.16
ts = 0 mm, tbs = 10 mm

ts = 0 mm, tbs = 20 mm

ts = 50 mm, tbs = 10 mm, tfs = 10 mm

ts = 100 mm, tbs = 10 mm, tfs = 10 mm

ts = 150 mm, tbs = 10 mm, tfs = 10 mm

Stiffener configuration P8

0.000 0.005 0.010 0.015 0.020 0.025

Time (sec)

-0.04

0.00

0.04

0.08

0.12

0.16
ts = 0 mm, tbs = 10 mm

ts = 0 mm, tbs = 20 mm

ts = 50 mm, tbs = 10 mm, tfs = 10 mm

ts = 100 mm, tbs = 10 mm, tfs = 10 mm

ts = 150 mm, tbs = 10 mm, tfs = 10 mm

Stiffener configuration P9

a b

c d

Fig. 5 (a) Peak displacement of back-sheet central point for different stiffener configurations and

sand core thicknesses; back-sheet central point displacement time histories for stiffener

configurations, (b) P1, (c) P8 and (d) P9
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to the 50- and 100-mm sand layer thicknesses due to increased dissipation of energy

in thicker sand layers. In all the cases, lowest displacement is observed for P9 and

highest displacement is observed for P1. The plate P8 also shows considerably less

displacement. Hence, in the present study, focus is on the displacement, stress and

energy response of P1, P8 and P9 plates. For non-composite plates with tbs ¼ 20mm,

lower displacement is observed as compared to the composite plates which is

attributed to their higher stiffness and lower mass.

Figure 5b, c and d show the displacement time-history plots for P1, P8

and P9 for different sand layer thicknesses and without sand layer. Also, the dis-

placement response of stiffened and unstiffened steel plates without sand core with

Table 2 Peak central point displacement of the back-sheet in the steel-sand composite plate

perpendicular to the plane of the sheet and blast response reduction

Plate

Peak central point displacement (mm) of

back-sheet with tbs ¼ 10 mm

Response reduction (%) with respect to

steel plate without sand layer

Sand layer thicknesses (mm) Sand layer thicknesses (mm)

0 50 100 150 50 100 150

P1 97.0 71.5 70.3 68.7 26.24 27.53 29.13

P2 86.5 65.5 64.0 62.2 24.23 26.02 28.10

P3 77.1 60.6 59.1 57.2 21.39 23.32 25.77

P4 86.1 65.4 64.5 62.8 24.01 25.05 27.04

P5 80.8 60.3 58.9 56.5 25.36 27.09 30.10

P6 77.2 61.4 60.4 58.3 20.51 21.80 24.58

P7 95.5 68.8 68.6 66.6 27.92 28.17 30.22

P8 75.7 58.5 57.3 55.0 22.68 24.23 27.35

P9 68.6 54.6 52.7 50.3 20.45 23.23 26.73

P10 85.4 66.2 65.7 63.6 22.49 22.99 25.46

P11 76.0 57.4 56.5 54.3 24.49 25.70 28.61
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Fig. 6 Back-sheet central pointmembrane stress time histories for stiffener configurations P1 and P8
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different cases of tbs has been plotted for comparison purpose. For the plates without

sand layer, two distinct peaks are observed in the displacement time-history plots. On

the contrary, the composite plates show dissipation of plate displacement after the

first peak. In general, higher displacement is observed for unstiffened plates

as compared to the stiffened plates owing to their lower stiffness.

Figure 6a and b show the membrane stress time history in the back-sheet for

composite plates P1 and P8 with 50-, 100- and 150-mm sand layer thicknesses. In

plate P1, higher stress is observed in the back-sheet in case of 150-mm-thick sand

layer as compared to 50-mm-thick sand layer because, in the absence of stiffeners,

higher plastic strain is observed in steel for 50-mm sand layer thickness. It is

observed that the octahedral plastic strain (PEEQ) magnitudes are 0.0043, 0.0038

and 0.0033, respectively, for 50-, 100- and 150-mm sand thicknesses at the time

instance when peak stress is experienced. Thus, the octahedral plastic strain reduces

with increasing sand core thicknesses. In plate P8, the peak stress values are
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observed to be nearly the same for all layer thicknesses because plastic strain

generates in sand layer and the layer transfers the stress to the steel back-sheet.

However, the peak stress reaches at a later time for higher sand layer thickness. The

stresses dissipate faster in 150-mm-thick sand layer as compared to 50- and 100-

mm-thick sand layers. Thus, the stresses in sand core dissipate faster in thicker

layers as compared to thinner layers.

Figures 7, 8, and 9 present the strain energy time histories for plates P1, P8 and

P9, in total, as well as each of their components, i.e. the face-sheet, the sand core

and the back-sheet. Higher strain energy is experienced in the unstiffened plate as

compared to the stiffened plates. In plate P1, the strain energies in the face- and the

back-sheets are nearly the same, and the values are higher as compared to the strain

energy in the sand core. For the stiffened plates P8 and P9, maximum strain energy

is experienced in the face-sheet followed by the back-sheet. The strain energy in
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Fig. 8 Variation of strain energy in different components of steel-sand composite plate with
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sand is minimal as compared to the same in the steel face- and back-sheets. It is

observed from the analysis that the stresses generated in the sand layer are almost

two orders of magnitude less than the same generated in the steel plates. Thus, the

lesser strain energy experienced in the sand core can be attributed to the lower stress

generated in sand as compared to the steel sheets.

Figures 10, 11, and 12 present the kinetic energy time histories for plates P1,

P8 and P9, in total, as well as each of their components, i.e. the face-sheet, the

sand core and the back-sheet. Similar to strain energy, the kinetic energy is higher

in the unstiffened plate as compared to the stiffened plate. For composite plate P1

with 100-mm-thick sand layer, the maximum velocity values perpendicular to the

plane of the plate for the centre points of face-sheet, sand-core and back-sheet are

18.2, 18.8 and 17.2 m/s, respectively. For composite plate P8, the corresponding

velocity values are 15.2, 14.7 and 14 m/s for the centre points of face-sheet, sand-

core and back-sheet. For composite plate P9, the velocity values are 10.8, 11.2
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Fig. 9 Variation of strain energy in different components of steel-sand composite plate with

stiffener configurations P9
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and 11 m/s. Hence, higher kinetic energy in the unstiffened plates can be

attributed to higher velocity of the unstiffened plates. Higher kinetic energy is

observed in 150-mm-thick sand layer as compared to the 50- and 100-mm-thick

sand layers. The kinetic energy is higher in sand core than the face- and the

back-sheets because the total mass of sand is higher than the individual masses of

face-sheet and back-sheet.

5 Conclusions

The present study focuses on the effectiveness of steel-sand composite stiffened

plates under explosive loading for blast-resistant design. Dynamic response of

steel-sand composite stiffened plates, with various stiffener layouts under blast
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Fig. 10 Variation of kinetic energy in different components of steel-sand composite plate with

stiffener configuration P1
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loading, is carried out using commercially available finite element software

Abaqus/Explicit. The effect of different thicknesses of the sand layer in blast

response mitigation has been investigated. The following conclusions are arrived

at from the study:

1. Higher displacement is observed for unstiffened plates as compared to the

stiffened plates owing to their lower stiffness. The lowest central point displace-

ment is observed for P9 (i.e. with stiffeners), and the highest central point

displacement is observed for P1 (i.e. without stiffener). The steel-sand compos-

ite stiffened plates exhibit lesser central point displacement under blast loading

as compared to when no stiffeners are provided.

2. The octahedral plastic strain reduces with increasing sand core thicknesses. The

stresses in sand core dissipate faster in thicker layers as compared to thinner

layers.
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Fig. 11 Variation of kinetic energy in different components of steel-sand composite plate with

stiffener configurations P8
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3. Higher strain energy is experienced in the unstiffened plate as compared to the

stiffened plates. The kinetic energy is higher in the unstiffened plate as com-

pared to the stiffened plate.

4. In plate P1, the strain energies in the face- and the back-sheets are nearly the

same, and the values are higher as compared to the strain energy in the sand core.

For the stiffened plates P8 and P9, maximum strain energy is experienced in the

face-sheet followed by the back-sheet. The strain energy in sand is minimal as

compared to the same in the steel face- and back-sheets.

5. The stresses generated in the sand layer are almost two orders of magnitude less

than the same generated in the steel plates. Thus, the lesser strain energy

experienced in the sand core can be attributed to the lower stress generated in

sand as compared to the steel sheets.
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Fig. 12 Variation of kinetic energy in different components of steel-sand composite plate with

stiffener configurations P9
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