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Abstract10

The phenomenon of impulse saturation is revisited for metal plates subjected to confined
blasts through a combination of experiments, numerical simulations, and analytical mod-
eling. Internal blast experiments were performed on the fully-clamped aluminium square
plate where its transient inelastic (mode I) response was recorded using three-dimensional
digital image correlation (DIC). A methodology was proposed to idealise the confined blast
induced pulse-pressure through a validated numerical model. An analytical model was de-
veloped to predict the transient central deflection of the aluminium plate under the idealised
pulse pressure, where the predictions were shown to be in reasonable agreement with the
DIC measurements. Parametric studies were performed to elucidate the effect of standoff
distance and confinement geometry on the saturation duration, saturated impulse and de-
flection. It was found that both the pulse-shape and saturated impulse strongly influence
the saturated deflection during internal blast loadings.
Keywords: Internal blast loading, Impulse saturation, Large deformation, Blast11

experiments, Modelling12

1. Introduction13

There have been growing interests on impulse saturation phenomenon recently [1–3]. It is a14

peculiar phenomenon associated with irreversible deformation of ductile structures subjected15
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to blast loadings. Under pulse-pressure loading of a sufficiently long duration, the transverse16

deflection of a metal plate cannot increase indefinitely without bound, but reaches a maxi-17

mum at a certain time referred to, hereinafter, as the saturation time. In other words, only18

the impulse transmitted during the early part of a long pulse-pressure contributes to the19

final, maximum out-of-plane deflection (known, alternatively, as the saturated deflection) of20

the plate. Beyond this saturation time, any further impulse transmitted does not lead to21

an increase in its maximum out-of-plane deflection. The physical explanation is that the22

load-bearing capacity of the structure is enhanced by the membrane force induced by its23

large deflection and could resist the external load acting on it. Although this phenomenon24

is absent for impulsive loading scenarios where loading duration is infinitesimally short, it25

is inevitable, and quite pertinent, for blast loadings with considerable durations such as26

far-field air blasts and confined blast loadings.27

There exists a large body of literature that deals with the analytical investigations of im-28

pulse saturation based on the framework of limit analysis [1, 2, 4–10]. Early studies by29

Jones [4] reported the phenomenon that under rectangular or triangular pulse-pressure of30

a sufficiently long duration, a plate structure reaches its maximum transverse deflection31

well before the end of the pressure pulse, and this permanent deflection remains unchanged32

despite continued loading by the pressure pulse. After Zhao [5, 6] defined the terminology33

‘impulse saturation’ and investigated this phenomenon for rigid perfectly-plastic beams un-34

der rectangular pulse pressure, the term impulse saturation phenomenon has been widely35

used. In recent years, Zhu, Yu et al. [2, 7–9] systematically carried out saturation analysis36

for pulse-loaded beams and plates. Their analytical model has been evolving to be more37

accurate and comprehensive, i.e., many features have been considered over the years, such38

as the effect of travelling plastic hinge lines [2], effects of strain rate sensitivity and strain39

hardening [8], the effect of boundary condition [7], and arbitrary pulse shape [9]. Yuan et40

al. [3], on the other hand, employed an elasto-plastic analytical model [10] to study the41

impulse saturation for a fully clamped beam under blast loading. Besides beams and plates,42

Karagiozova and Alves [1] recently found that the impulse saturation phenomenon may oc-43

cur in a hollow beam with a circular cross-section under a uniformly distributed rectangular44

pressure pulse loading.45

One possible application of the aforementioned saturation analysis lies in the field of confined46

blast loaded metal plates. Confined blast loading, compared to its free-field counterpart,47

is more complex and destructive due to the multiple shock wave reverberating within the48

confinement [11]. Although the confined pulse-pressure loading may be influenced by many49

factors such as confinement geometry [12, 13], charge mass [14], standoff distance [15], the50

extent of venting [16, 17] and the degree of confinement [18], the common distinctive features51

are the amplified peak overpressure, the multiple spikes in its pulse shape and the significant52

period of quasi-static loading. Undoubtedly, the total impulse from a confined blast loading53

is significant as a result of the considerable loading period. However, it does not necessarily54

represent the effective impulse (or the impulse saturation) that leads to a metal structure’s55

maximum transverse displacement. The significance of the impulse saturation phenomenon56

in confined blast loaded square plates has been recently recognised by Yuan et al. [15]57
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who studied the effect of standoff distance in confined blasts through experiments and finite58

element simulations. They found that the impulse saturation phenomenon contributes to59

the interesting finding that a greater standoff distance would lead to a higher saturated60

deflection, and the saturated deflection at different standoff distances is proportional to its61

saturated impulse, instead of the total one.62

Hitherto, a thorough investigation of the impulse saturation phenomenon in confined blast63

cases is still lacking. The existing saturation analysis (e.g. [2, 8, 9, 19]) – though the64

predictions of which agree well with corresponding numerical one – has not been validated65

by experiments. The current study carries out a combined experimental, numerical and66

analytical study to investigate the dynamic response of aluminum plate under confined blast67

loading. The aluminum plate was loaded by internal blast loadings from the detonation of68

cylindrical 8701 charges within a stiff blast chamber. A methodology will be proposed69

to combine the numerical and analytical simulations to address the internal blast loading70

idealisation and structural response, respectively. Numerical simulations were performed to71

acquire the average interface overpressure acting on the structure that would serve as the72

external loading condition for the analytical model. Analytical investigations, based on a73

modified model of the authors’ previous work [20], were carried out to estimate the transient74

transverse deflection of the square plate under confined blast loadings. The analytical model75

will be used to carry out parametric studies to investigate the effect of standoff distance and76

confinement geometry upon the saturation time, saturated impulse and deflection. The77

model developed in this work should also be useful to blast engineers seeking quick and78

accurate predictions of the transient deflection of ductile structures under internal blast79

loading (e.g. uniform pulse pressure generated by detonating an explosive charge at the end80

of a square tunnel) in the preliminary design stage.81

2. Experiments82

2.1. Setup83

Figure 1 shows a schematic of the experimental setup. The test rig consisted of a ‘stiff’84

blast chamber, a rigid blanking plate, flange and plate specimen, see Fig. 1a. The blast85

chamber has dimensions of 0.4 m × 0.4 m × 0.8 m with a square opening of 0.3 × 0.3 m86

at opposite ends. The chamber walls were constructed from 0.01 m thick Q235 steel plates87

with reinforced ribs that can withstand multiple internal blasts. The entire chamber was88

placed on the top of a metal supporting frame, as shown in Fig. 1d. To restrain any global89

motion during the blast test, the supporting frame was welded to the metallic floor and the90

blast chamber was welded to the supporting frame. The plate specimens with the in-plane91

dimension of 0.4 m × 0.4 m × 0.002 m were peripherally clamped between the flange and92

the support frame of the blast chamber through 12 M20 bolts. The other end of the blast93

chamber was sealed by clamping a 0.01 m thick steel blanking plate in the same fashion.94

There was a φ60 mm venting hole at the top of the blast chamber to allow fast dissipation95

of the quasi-static pressure from the confined blast loading. The confined blast loading was96

generated from the detonation of a cylindrical 8701 explosive, which was suspended from the97
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Figure 1: Schematic of the experimental setup to perform the internal blast loading experiment.

venting hole. The accurate vertical position of the explosive (y−direction in Fig. 1a) was98

ensured such that the line connecting the centroid of the plate specimen to the center of the99

4



explosive remains perpendicular to the exposed surface of the plate specimen. The center100

of the explosive also coincided to that of the blast chamber, keeping a constant standoff101

distance – between the plate specimen and the explosive – of 0.4 m through out the current102

tests. In total, only one blast test was carried out. Since the primary interest of the current103

work lies in the metal plate’s elasto-plastic deformation, instead of ductile failure, a low level104

of charge mass, i.e., 10g, was used. The experimental results on elasto-plastic deformation105

will be used to validate the proposed numerical and analytical predictions (to be presented106

later).107

The three-dimensional digital image correlation (3D DIC) technique was used to measure108

the plate specimen’s transient evolution of full-field deformation. Two Photron FASTCAM109

SA5 high-speed cameras were placed in a symmetric stereo-imaging setup as shown in Fig.110

1b. Both cameras were operated at 30000 frames per second (fps), producing an image111

resolution of 448 × 448 pixels. To enable the image correlation algorithm to track the plate112

surface, white background, and stochastic black speckle pattern were applied to the plate113

surface as shown in Fig. 1c. Two floodlights were used to provide additional lighting for the114

speckle pattern to have enough contrast to calculate the transient deformation fields using115

DIC, as shown in Fig. 1d.116

Before performing the blast test, the stereovision system is calibrated using a target with117

the in-plane dimension of 0.5 × 0.5 m applied with a dot grid pattern. During calibration,118

25 images of the target (tilted and rotated into different orientations), were acquired to119

generate the necessary spatial data. They were used to determine the intrinsic (e.g. image120

center) and extrinsic (e.g. orientation of each camera relative to target) camera parameters,121

including correction of radial and tangential lens distortion through optimisation for each122

of the two cameras. The high-speed cameras were synchronised and triggered together with123

the triggering of the 8701 detonation. The recorded images were post-processed to generate124

the transient out-of-plane displacement field of the plate specimen.125

2.2. Material126

Quasi-static tests were carried out to characterise the constitutive behaviour of 6061 alu-127

minum (6061 Al). Uniaxial tensile tests were conducted in an Instron 5982 universal testing128

machine with a 100 kN load cell at an initial strain rate of 5 × 10−4 s−1. The nominal129

stress-strain curves in the uniaxial quasi-static tensile test is shown in Fig. 2. The data130

in Fig. 2 would be used to calibrate the Johnson-Cook parameters associated with linear131

hardening effect later in section 3.1.132

2.3. Results133

Figures 3 shows the experimental result of the aluminum plate’s transverse displacements134

obtained from the DIC measurements at four selected time instants. Note that time t = 0135

ms refers to the instant when there is a non-zero transverse central displacement, instead of136

the detonation time. The four deflection incidences correspond to the typical stages of initial137

response, elasto-plastic deformation, maximum deflection, elastic rebound. The left columns138

present the evolution of the transverse displacement distribution. The deformation field is139
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Figure 2: Quasi-static nominal stress-strain curves for the 6061 alumimum materials used in this work.

Table 1: Summary of the confined blast test.

Saturation time Maximum central Permanent central
(ms) displacement (mm) displacement (mm)

Exp FE Analytical Exp FE Analytical Exp FE Analytical

0.77 0.58 0.74 22.97 21.16 23.80 21.8 18.50 23.80

not strictly symmetrical about the y-axis at x = 0, and is slightly offset to the positive x-140

axis. This may be due to the misalignment of the explosive in the experiment such that the141

loading was more intensive towards the right half of the target plate. Notwithstanding the142

deformation profiles were quite symmetrical about the x−axis at y = 0, as indicated in the143

lengthwise deformation profiles in the middle column of Fig 3. Despite the slight asymmetry144

in deformation, the plate’s response was still characterised by its foundamental modes of145

vibration. The evolution of the plate profile is reminiscent of a typical blast-loaded square146

plate [21]. For example, there is a sharp rise and a subsequent flattening in the central147

region (as a result of the plastic hinge lines formation) at early response stages (first two148

deflection incidences) followed by an overall dome shape at later response stages (last two149

deflection incidences).150

The maximum transient deflection of the entire plate was extracted from the DIC mea-151

surements, and was plotted in the right column of Figures 3. Due to the aforementioned152

asymmetry in response, the maximum deflection was not attained at the plate centre. The153

central deflection is 9.6% less than the maximum one. The plate displayed typical elasto-154

plastic responses consisting of an initial sharp rise to a maximum value followed by a periodic155

elastic rebound. From the entire time history of the transverse central displacement, one can156
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read off the maximum transverse displacement and the passage of time from when the dis-157

placement is above zero to the time when the maximum transverse displacement is attained.158

In the case of the confined blast where the loading duration is significant, it is reasonable to159

postulate that this passage of time is the saturation time tSat – the numerical simulations160

(to be shown in Section 3.3) will confirm this. The characteristics of the confined blast161

tests, including the saturation time, maximum and permanent central displacements, are162

tabulated in Table 1. Although the corresponding finite element and analytical predictions163

are also available in Table 1, they will not be discussed until later in Section 3.2 and 4.4.164

3. Numerical simulations165

The numerical simulations aim to obtain the time history of the blast loading acting on the166

target plate in the confined blast test, which was not recorded during the experiment. An167

accurate description of the loading condition is of paramount importance to achieving suc-168

cessful analytical modeling of the current problem. This section will present the development169

of the numerical model, its validation against experimental results, and the methodology to170

idealise the internal blast loadings.171

3.1. Numerical model172

The numerical model was developed using the commercial code, ANSYS/LS-DYNA® 2020.173

To capture the fluid-structure (internal blast wave and plate specimens) interaction, the174

coupled Eulerian-Lagrangian approach was used. Figure 4 shows that the numerical model175

consists of air, explosives, the blast chamber, the blanking plate and the plate specimen.176

The air and explosives were discretised by Eulerian eight-noded brick elements, and the177

rest of the components are by Lagrangian four-noded shell elements. A penalty coupling178

technique was employed to enforce the fluid-structure interaction. It is noteworthy that179

the air extended beyond the blast chamber, covering the plate specimens’ rear to account180

for their deformations. The Euler domain had the dimension of 0.25 × 0.5 × 1.25 m. A181

‘flow-out boundary’ condition was used to allow the gas product to dissipate beyond the182

Euler domain. Only half of the model was needed to be simulated, taking the advantage183

of the symmetry. Instead of modelling a realistic boundary condition including the bolts,184

the flange, and their contact, the plate specimen was fully clamped along its periphery that185

is outside the exposed loading area. Although adopting this idealisation would neglect the186

movement of the flange and the plate specimen around the bolts, its impact on the fidelity187

of the current numerical prediction of the plate deformation is considered to be minor, since188

no notable elongation at the holes was found after the tests. The walls of the blast chamber189

and the blanking plate were modeled as rigid material [14, 22]. A mesh convergence study190

was carried out to analyse the sensitivity of predictions of plate displacement to the Eulerian191

and Lagrangian elements, following the procedure outlined in the authors’ previous study192

[15]. The mesh sensitivity study showed that a mesh size of 0.005 m in the air domain is193

adequate to predict the development of internal blast loading with excellent fidelity, and a194

uniform 0.004 × 0.004 m2 mesh was refined enough to predict the deflection with reasonable195

accuracy.196
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Figure 3: Experimental results at selected time instants: transverse displacement contour extracted from
DIC image (left), deformation profile in the plate centre along x and y axis (middle), and entire time-history
of the midpoint displacementtransverse deflection (right).

The air was modeled as a null material obeying the ideal gas law. Standard air properties –197

the specific heat ratio γa, air density ρa, internal energy ea and initial air pressure pa – are198

used, which are given in Table. 2. The explosive was modeled using the Jones-Wilkins-Lee199
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Figure 4: Schematic of the numerical model of one half of the fully clamped square plate subjected to
internal blast loading.

(JWL) EOS (or the high-explosive burn material model in LS-DYNA). The EOS parameters200

had the non-dimensional terms (r1, r2 and ω ) and the pressure terms (C1 and C2). The201

detonation parameters comprised of initial density of the explosive ρ0, the Chapman-Jouguet202

pressure PCJ and the detonation velocity D. The values for the aforesaid parameters used203

for 8701 were given in Table 3.204

Table 2: The properties of air used in the present simulations.

ρa ea pa γa

(kg/m3) (KJ/Kg) (Pa)

1.225 206.8 104761 1.4

Table 3: The properties of the explosives used in the simulations.

ρ0 D PCJ a b r1 r2 ω

(kg/m3) (m/s) (GPa) (GPa) (GPa)

1710 8315 28.60 524.23 7.68 4.20 1.10 0.34

A modified Johnson-Cook with Cowper-Symonds overstress power law was used to describe205

the plate’s constitutive behaviour. It relates the Von Mises equivalent flow stress σ to the206

equivalent plastic strain ε, strain rate ε̇ and temperature T through207

σ = (A+Bεnp )(1 +
∣∣∣∣ ε̇ε̇0

∣∣∣∣1/q)(1− T ∗m) (1)
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where A is the static yield stress, B is the strain hardening coefficient, n is the strain208

hardening exponent, ε̇0 and q are the strain rate sensitivity coefficient, T ∗ = (T−Tr)/(T−Tm)209

is the homologous temperature, Tr is the reference temperature, Tm is the melt temperature210

and m is the thermal sensitivity exponent. Collectively, the terms within the first and second211

brackets of Eq. 1 correspond to the strain hardening and strain rate dependency of the212

material model at room temperature, respectively. The stress-strain curve in Fig. 2 was used213

to obtain the model parameters (those within the first bracket of Eq. 1) via linear fitting. No214

additional characterisation tests were performed to obtain the rate-dependency and thermal215

softening parameters. Instead, they were taken from published literature [23, 24]. The216

parameters of the JC model were tabulated in Table 4 and the physical constants for 6061217

aluminum – extracted from literature [25] – were listed in Table 5.218

Table 4: Parameters used in the modified Johnson-Cook (JC) constitutive model.

Material A B n ε̇0 q m

(MPa) (MPa) (1/s)

6061 Al 173 369.8 0.5542 6500 [23] 4 [23] 1 [24]

Table 5: Physical properties for the material from literature.

Material E ν ρ

(GPa) kg/m3

6061 Al [25] 64 0.33 2700

3.2. Validations219

In this subsection, the FE predictions are validated against the experimental data. Figure220

5 shows that the time-history of maximum deflection is in reasonable agreement with the221

3D-DIC measurement. The FE model seems to slightly underpredicts the saturated deflec-222

tion (7.9 %) and overpredicts the saturation time (11.6 %) compared to the experimental223

counterparts (as also noted in Table 1)). The prediction of deformation profile along x− and224

y−axis at selected time instants are compared against the 3D-DIC measurements in Fig. 6.225

Although good agreements can be seen in Fig. 6b, there is notable discrepencies in Fig. 6a226

that is due to the asymmetry response in the experiment.227

3.3. Idealised internal blast loading228

This subsection proposes a methodology to idealise the overpressure acting on the target229

structure under the confined blast. To this end, it is important to first understand the230

evolution of the pressure field in the confined blast event. Figure 7 unfolds the evolution of231

the pressure distribution within the air domain at selected time instants. Notice that t = 0232

ms corresponds to blast wave arrival time and negative t indicates the scenario that the blast233
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Figure 5: Comparison of the numerical temporal central displacement with experimental data for the alu-
minum plate.

(a) y = 0 (b) x = 0

Figure 6: Comparison of the predicted lengthwise deformation profile and experimental results for the
aluminum plate at different time instants. Solid lines — and dotted lines - - - refer to the FE and experimental
results respectively.

wave has not reached the target plate. The blast wave was initially spherical after detonation234

(t = −0.3 ms), and started to interact with the adjacent walls (t = −0.25 ms), with pressure235

partly vented through the opening hole at the top. The blast wave finally reached the target236

plate at t = 0.0 ms, after which instant the blast wave immediately got reflected backward237

traveling towards the opposite ends. This reflected blast wave somehow met another blast238

wave traveling in the opposite direction, in the midpoint of the chamber (t=0.45 ms) and239
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2.01.81.61.41.21.00.80.60.40.20.0
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t= -0.30 ms t= -0.25 ms t= -0.15 ms

t=0.00 ms t=0.25 ms t=0.45 ms

tsat=0.58 ms t=0.85 ms t=1.05 ms

Figure 7: Temporal evolution of the pressure wave generated by a 10g of 8701 charge and its interaction
with the aluminum plate. Note here that t = −0.30 ms refers to the time instant after 0.05 ms of explosive
detonation.

inevitably causing another round of reverberation. The constant wave reflections, with a240

certain interval in-between, were the intrinsic characteristics of internal blast loading [15].241

It is worth highlighting that the 3D pressure field was initially almost symmetrical about242

the mid planes of the blast chamber before the target plate developed large elastoplastic243

deformation (at t = 0.45 ms), resulting in fluid-structure interaction effects that affect the244

subsequent pressure field.245

Given that the saturated deflection was reached at t = 0.58 ms, it is reasonable to postulate246

that the primary blast wave was responsible for the plates’ maximum response and the247

subsequent loading was unable to cause any additional central deflection. Between t =248

0− 0.65 ms, the contour of the overpressure acting on the exposed area of the target plate249

was shown in Fig. 8. It is interesting to notice that the pressure, upon arrival, was first250

concentrated at the four corners of the plate’s exposed area (t = 0.0 ms) before spreading to251

the rest of the plate in a uniform fashion from t = 0.05− 0.1 ms, and gradually disappeared252

with the passage of time from t = 0.15− 0.65 ms. After the saturation time of 0.58 ms, the253

intensity of the loading drops significantly. Evident is the non-uniform characteristic of the254
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Figure 8: Evolution of overpressure distribution acting on the aluminum plate.

Figure 9: Comparison of the numerical predictions of average interface overpressure on the exposed surface
for the deformable aluminum plate pDef

Int (— red solid line) and the rigid plate pRigid
Int (- - - red dotted line).

The selected time instants in Fig. 8 are marked in the magnified region. The predicted transient deflection
of the deformable plate (— black solid line) is also superimposed in this figure.

loading distribution during the structural deformation up to its maximum response.255
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To quantify the internal blast loading experienced by the plate, the interface overpressure256

off the deformable plate was extracted from the FE simulation results. The time-history257

of the average interface overpressure on the deformable plate was shown in Fig. 9. The258

predicted transient deflection is also plotted here to indicate the significance of the saturation259

phenomenon. It is clear that the the saturation time (tSat =0.58 ms) is much smaller260

compared to the loading duration. The curve of the average interface overpressure resembles261

the characteristics of a typical internal blast loading, viz. a primary blast wave following by262

multiple spikes with decreasing amplitude. To achieve a quick estimation of the consequence263

of a blast loading, the complex interaction between the blast wave and the structure are264

often neglected by blast protection designer to permit a decoupled analysis where a given265

pulse-pressure (with a certain pulse-profile) is directly applied to the target structure. In266

light of this, a separate simulation was carried out with identical numerical settings apart267

from substituting the aluminum plate with a rigid plate. The prediction of the average268

interface overpressure off the rigid plate was plotted in Fig. 9 (in dotted line) for comparison.269

Comparing the interface overpressure from a deformable plate pDef
Int and from a rigid plate270

pRigid
Int is also a common practice to reveal the significance of the FSI effect [26–28], and the271

case of pRigid
Int represents the extreme case of non-FSI effect (or the theoretical upper bound of272

pDef
Int ). It can be seen that the two curves are almost indiscernible at initial stage (t = 0− 6)273

ms, but start to have notable discrepancy in later stage (t = 0.65− 10 ms); and pRigid
Int is also274

always marginally greater than pDef
Int , as expected, indicating the extent of overprediction if275

ignoring FSI.276

To investigate whether the above averaged interface overpressures (pDef
Int and pRigid

Int ) can be277

served as accurate representations of the actual internal blast loading for the target plate,278

those loadings were applied directed to the target plate as uniformly distributed pressure, in279

two separate numerical simulations. In those simulations, the air domain and the explosives280

were omitted and ALE algorithm was not used. The predictions are compared with the281

original fluid-coupled prediction (from Fig. 5). It can be seen that both the fluid-uncoupled282

predictions by pDef
Int and pRigid

Int have reasonable agreements with the fluid-coupled one be-283

fore the maximum deflection was attained. Table 6 also tabulates the predicted saturated284

deflection and the correspond saturation time. In the elastic rebound, there are notable285

discrepancies between the three curves. Nevertheless for the analysis that focused on the286

maximum instead of the entire elasto-plastic response (like the present study), the uncoupled287

loading approach by using either the averaged interface overpressures (pDef
Int and pRigid

Int ) can288

yield reasonable prediction of transverse central deflection up to the maximum elasto-plastic289

response. For simplicity, the loading off the rigid plate, pRigid
Int , suffices to be served as the290

loading condition in the subsequent analytical analysis.291

4. Analytical model292

The dynamic response of the clamped square aluminum plate subjected to a uniformly293

distributed pulse-pressure (extracted from the preceding FE simulation) will be investigated294

analytically in this section. For this purpose, the analytical model developed by Yuan and295

Tan [20] will be modified and used here. The original model in [20] is sufficiently general296
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Figure 10: Comparison between the numerical predictions of the aluminum plate’s transverse central dis-
placement under different idealised loading conditions. Red line — corresponds to the original numerical
prediction in Fig. 5; dotted lines -.-.- (black) and - - - (blue) refer to the uncoupled predictions of w0 under
uniformly distributed pressure of pRigid

Int and pDef
Int respectively.

to deal with deformation and failure of ductile plates to blast loading, which adopts an297

energy density failure criterion to delineate the various inelastic failure modes (mode I -298

large inelastic deformation, mode II∗ - partial tearing, mode II - complete tearing and mode299

III - transverse shear at the supports); employs the constitutive framework of limit analysis300

for simplicity; accounts for the simultaneous influence of bending, membrane stretch and301

transverse shear through an interaction yield criterion; and, include the effects of strain rate302

on the material flow stress through the Cowper-Symonds relation.303

For the current problem that is only concerned with large inelastic deformation, the failure304

criterion can be omitted for simplification. The effect of transverse shear on interactive yield305

criterion can also be neglected, since it was shown in [20] that the plastic work absorbed306

through transverse shear account for less than 5% of the total one in mode I deforma-307

tion. Despite the aforesaid simplifications, the modified model considers an interactive yield308

criterion (bending and membrane stretch), travelling plastic hinge lines, the strain-rate sen-309

sitivity, and the arbitrary pulse-shape. Notice that only a succinct summary of the modified310

model will be presented here to avoid considerable overlap to the reference mentioned above.311

The accuracy of the modified model will be assessed by comparing its predictions against312

numerical and experimental results.313
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Table 6: Summary of the numerical simulation results under different loading conditions.

Loading condition FSI (Y/N) Saturation time (ms) Saturated deflection (mm)

8701 Detonation Y 0.58 21.16
Uniform pDef

Int N 0.60 21.23
Uniform pRigid

Int N 0.60 20.28
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Figure 11: Schematic of a fully clamped square plate (in third-angle projection). Reflectional symmetry
exists on two planes: viz. (x = 0, −h/2 ≤ z ≤ h/2) and (y = 0, −h/2 ≤ z ≤ h/2).

4.1. Problem statement314

Consider a fully-clamped square plate of total length 2a and thickness h under a uniformly-315

distributed pulse-pressure pInt(t) that acts transversely to the x-y plane, as depicted in316

Fig. 11. Symmetry dictates that only one-quarter of the full plate needs to be modelled.317

Rigid, perfectly-plastic material (with density ρ and static yield strength σ0) is used for318

the current calculation, while elastic deformations are assumed to be negligible for class of319

problems which is examined in this article. The mean dynamic flow stress of the plate can320

be estimated according to the Cowper-Symonds constitutive equation [23] as follows321

σd = σ0[1 + (ε̇m/ε̇0)1/q] (2)

where σ0 is the static yield strength; ε̇m is the mean uniaxial strain rate; and, ε̇0 and q are322

material constants.323

4.2. Interactive fully plastic stress condition324

An interactive fully plastic stress condition combining the bending moment M and mem-325

brane force N326

|M |
Md

+ N2

N2
d

− 1 = 0 (3)

16



is employed to describe the plastic yielding in the plate, where Md = σdH
2/4 and N0 = σdH327

are the dynamic fully plastic bending moment and in-plane membrane force, respectively.328

It is convenient to express Eq. 3 in non-dimensional form as follows:329

|M̄ |+ N̄2 − 1 = 0 (4)

where M̄ = M/Md and N̄ = N/Nd are the non-dimensional fully plastic generalised stresses.330

4.3. Equation of motion331

ξ
ξ

x

y

ξ
ξ 1

2

3

A C

D
H

EF

G

(a) 0 < t ≤ t1

x

y
a

a

1

2

A C

E D

(b) t1 < t ≤ t2

Figure 12: Deformation mechanism for a quarter of the square plate: (a) Phase I and (b) Phase II.

For a rigid, perfectly plastic plate, travelling plastic hinge lines develop along the principal
stress-moment directions. Depending on the position of the travelling hinge line, there are
two stages of deformation for a plate (see Fig. 12): (1) plastic hinge lines travel towards the
plate’s centre; and (2) the plastic hinge lines reach and coalesce at the centre, leading to a
final (and stationary) collapse configuration. For the deformation mechanism in Fig. 12a,
the transverse velocity profiles in zone 1 , 2 and 3 for one-quarter of the square plate are

ẇ1(x, y, t) = ẇ0(t)(a− x)/[a− ξ(t)], Zone 1 (5a)
ẇ2(x, y, t) = ẇ0(t)(a− y)/[a− ξ(t)], Zone 2 (5b)

ẇ3(x, y, t) = ẇ0(t), Zone 3 . (5c)

When the travelling plastic hinge line reaches the plate center, i.e. x = 0 and y = 0, the the
transverse velocity profiles for Fig. 12b becomes

ẇ1(x, y, t) = ẇ0(t)(a− x)/a, Zone 1 (6a)
ẇ2(x, y, t) = ẇ0(t)(a− y)/a, Zone 2 . (6b)
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For both deformation mechanisms, the quarter of the plate’s total kinetic energy and strain
energy are given, respectively, by

T = 1
2ρH

[ ∫ a

ξ(t)

∫ ξ(t)

0
ẇ2

1(x, y, t)dxdy +
∫ a

ξ(t)

∫ x

ξ(t)
ẇ2

1(x, y, t)dxdy

+
∫ a

ξ(t)

∫ a

x
ẇ2

2(x, y, t)dxdy +
∫ ξ(t)

0

∫ a

ξ(t)
ẇ2

2(x, y, t)dxdy +
∫ ξ(t)

0

∫ ξ(t)

0
ẇ2

3(x, y, t)dxdy
]

(7)

and

Π = 2ξ(t)
[
MSθ1 +Nw0θ1

]
+ 2

∫ a

ξ(t)
(MS +Nw1)θ1

+
√

2
∫ a

ξ(t)
[MS +Nw1]θ3dx+ ξ(t)(2θ1 + 2θ2)(MP +Nw3) (8)

where θ1 = θ2 = w0(t)/[a − ξ(t)] are relative rotations along the outer boundaries (fully332

clamped) of plastic zone 1 and 2 respectively; and θ3 =
√

2θ1 is the change in rotation333

across the inclined plastic hinges that lie at the intersections of plastic zone 1 and 2 . Note334

that the sum of the first two terms in Eq. 8 corresponds to the strain energy dissipated335

along its support, whereas the last term relates to the strain energy absorbed at the plate336

interior.337

The parameters MS, QS, N , MP and ξ(t) in Eqs. 7 and 8 are unknowns. Recasting them in338

non-dimensional form, viz. M̄S, Q̄S, N̄ , M̄P and ξ̄ = ξ(t)/a, they are calculated as described339

below.340

The non-dimensional position of the travelling plastic hinge line is341

ξ̄ =
∫ t

0
˙̄ξdt (9)

and ˙̄ξ is the non-dimensional velocity of the travelling plastic hinge line given by342

˙̄ξ =
(σd/ρa2)

[
12(M̄S + M̄P ) + 24N̄∆w̄0(1 + ξ̄)

]
(ξ̄ − 1)(1 + 3ξ̄)Ī

(10)

where w̄0 = w0(t)/h and Ī =
∫ t

0 p(t)/(ρh2)dt. When the travelling plastic hinge lines EF343

and EH reach the centre of the plate, they coalesce with the plastic hinge line CE into a344

single plastic hinge line so that in the subsequent motion,345

˙̄ξ = 0 and ξ̄ = 0. (11)

The generalised strain rates associated with bending θ̇S and membrane ˙̄∆ are given by

θ̇S =
˙̄w0

η(1− ξ̄)
(12a)

˙̄∆ = ∆̇
h

= w̄0 ˙̄w0

η(1− ξ̄)
(12b)
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where η = a/h. Normality requirements dictate that [23]346

˙̄∆
θ̇S

= 1
2N̄ (13)

Substituting Eqs. 12 into 13, and re-arranging, gives347

N̄ = 2w̄0 (14)

if M̄S > 0, and348

N̄ = 1 (15)

if M̄S = 0.349

Since the Lagrangian of the quarter plate is350

L = T + Π, (16)

the differential equation governing w0 is obtained by substituting Eqs. 16, 7 and 8 into the351

well-known Lagrange equation of the 2nd kind352

d
dt

(
∂L
∂ẇ0

)
+ ∂L
∂w0

= Q0 (17)

where the generalised force Q0 is expressed as353

Q0 = pInt(t)
∫ a

0

∫ a

0
w(x, y)/w0dxdy. (18)

The temporal evolution of w0 is obtained by solving the aforementioned equations using354

the 4th order Runge-Kutta method with the initial conditions of w̄0 = ˙̄w0 = 0. Plate355

deformation ends at time t = tSat if the motion of the plate ceases, i.e.356

˙̄w0 = 0. (19)

To incorporate the strain rate sensitivity effect, the mean strain rate ε̇m and dynamic yield357

strength σd (in Eq. 2) need to be obtained based on a first round of prediction (after solving358

Eq. 17 with the static yield strength, σd = σ0) without the strain-rate effect. The strain359

rate for a square plate can be estimated as [23, 29]360

ε̇ = w̄0 ˙̄w0

4η2 . (20)

The mean strain rate ε̇m is obtained by averaging the strain rate ε̇ during the entire response361

0 ≤ t ≤ t = tSat. The equation of motion (Eq. 17) is then solved again using the dynamic362

yield strength σd.363
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The saturated impulse is obtained by integrating the interface pressure with time up to the364

saturation time given by:365

ISat =
∫ tSat

0
pInt(t)dt. (21)

The saturated deflection is the plastic deformation of the plate at time t = tSat as follows:366

wSat = w0(t = tSat). (22)

367

4.4. Validations368

Figure 13 compares the analytical prediction, numerical prediction and DIC measurements369

of the aluminum plate’s transverse central deflection under the confined blast loading. The370

time-history of the pulse pressure in the analytical model, viz. pRigid
Int , is also plotted in Fig.371

13. There are reasonable agreements between the analytical predictions and the experimental372

results. The predicted saturated deflection and saturation time are in excellent agreement373

with the experimental counterparts (as seen in Table 1).374
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Figure 13: Comparison of the analytical temporal central deflection (—) with numerical (-.-) and experi-
mental data (- - -). Red line — refers to the average interface overpressure off the rigid plate pRigid

Int (FE).

5. Parametric studies375

The current experiment only investigated a specific problem of a square metal plate under376

an internal blast loading. The standoff distance and the confinement geometry can have377

huge impacts on the blast response of the metal structure, and in turn the outcomes of378

the saturation phenomenon. The validated analytical model will be used in this section to379
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carry out parametric studies to elucidate the effect of standoff distance and the confinement380

geometry upon the saturated deflection, saturation time and saturated impulse for square381

steel plates. In the parametric studies, material properties, charge type and mass remain382

the same as those investigated in the previous sections. The pulse pressure is idealised383

by an equivalent uniformly distributed pulse pressure from the rigid plate’s surface. The384

transverse central deflections of the aluminum plate subjected to the pulse pressure are385

then predicted by the current analytical model, and will be compared against numerical386

predictions considering the effect of FSI.387

5.1. The effect of standoff distance388

Table 7: Simulation plan of the first parametric study.

Test no. Half width L Thickness H L/H Plate mass Standoff distance Charge mass
(mm) (mm) (kg) (mm) (g)

1 150 2 75 0.49 100 10
2 150 2 75 0.49 200 10
3 150 2 75 0.49 300 10
4 150 2 75 0.49 500 10
5 150 2 75 0.49 600 10
6 150 2 75 0.49 700 10

The details of the simulation plan for the first parametric study are shown in Table. 7.389

Figure 14 compares the analytical and FE predictions of the transient central deflection390

at different standoff distance R. The case of R = 400 mm was omitted since it has been391

shown previously in Fig. 13. Notice that in the FE predictions, the fluid was coupled392

with the structural response, and the ALE algorithm was used. The time history of the393

uncoupled average interface overpressure pRigid
Int is also inserted in the figure. It can be seen394

that detonating the explosive at various locations would yield pulse pressure with a wide395

range of pulse-shapes and peak overpressure. Despite these complex loading conditions,396

the analytical predictions of w0 agree well with the numerical counterparts, showcasing the397

efficacy of the current methodology in assessing the consequence of internal blast upon the398

ductile plate in different loading scenarios.399

Figures 15a - 15d focus on the key response quantities, viz. saturated deflection wSat,400

saturation time tSat, peak overpressure pmInt and saturated impulse ISat from the results in401

Figs. 14. It is evident that the current analytical model slightly overpredicts the wSat402

compared to the numerical ones. As mentioned earlier, this is because the analytical model403

neglected the effect of linear hardening in its constitutive behaviour. As a consequence,404

the analytical prediction of tSat is also greater than the numerical counterparts (since the405

time for plate motion to cease is longer for the more severely deformed plate predicted406

by the analytical model). The analytical model successfully predicts the trend of wSat407

with increasing R, which increases monotonically with R despite the notable case of R =408
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(a) R = 100 mm
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(b) R = 500 mm
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(c) R = 200 mm
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(d) R = 600 mm
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(e) R = 300 mm
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(f) R = 700 mm

Figure 14: Predictions of central deflection w0 (FE -.-.- and analytical —) and average interface overpressure
off the rigid plate pRigid

Int (FE) — at different standoff distance R.
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Figure 15: Summaries of the key physical quantities (associated with loading, impulse and deflection) in the
parametric study for different standoff distances R: (a) saturated deflection, wSat, (b) saturation time tSat,
(c) maximum average interface overpressure pm

Int and (d) saturated impulse ISat.

500 mm. The explanation for the effect of standoff distance in internal blast loading was409

comprehensive in [15] and will not be duplicated here.410

Figure 15 show that although tSat is not sensitive to R, the peak overpressure pmInt and the411

saturated impulse ISat is strongly influence by it. It is surprising to note that the saturated412

deflection wSat is not strictly proportional to the saturated impulse ISat when comparing413

the case of R = 600 and R = 700 mm. This contradicts to the findings in the saturation414

analysis of [19] where a rectangular pulse was used as loading condition. The former case,415

though under greater saturated impulse, displays less deformation. This can be explained416

by revisiting the transient predictions in Figs. 14d and 14f. Although the case of R = 600417

mm has greater ISat, a large proportion of it (after the second peak of interface overpressure)418

is transmitted after the plate has developed considerable deflection. Due to the membrane419

effect, the structure has been strengthened and is less prone to deflect in the ensuing loading.420
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In this case, the saturated impulse for R = 600 mm is somehow offset by the enhanced421

structural resistance from the membrane effect. Unlike the pulse shape for R = 600 mm,422

the average interface overpressure of R = 700 mm decays monotonically with time. In this423

case, the majority of the impulse was imparted to the plate before the development of large424

deflection. In light of the above, both the complex pulse shape and saturated impulse need425

to be considered when assessing the plate’s maximum response to internal blast loadings.426

5.2. The effect of confinement geometry427

Table 8: Simulation plan of the second parametric study.

Test no. Half width L Thickness H L/H Plate mass Standoff distance Charge mass
(mm) (mm) (mm) (kg) (mm) (g)

1 100 4.50 22.2 0.49 400 10
2 125 2.88 43.1 0.49 400 10
3 175 1.47 119.0 0.49 400 10
4 200 1.13 177.0 0.49 400 10

In the second parametric study, the effect of the confinement geometry of the blast chamber428

was investigated. The opening area was varied while the length of the blast chamber re-429

mained the same as the test rig in the current experiment. In such a case, the exposed area430

of the plate needs to change in accordance with the opening area of the blast chamber. The431

thickness of the target plate was adjusted such that the plate’s mass remained the same for432

each variation. The details of this parametric study were tabulated in Table 8.433

Figures 16a-16d plot the analytical and numerical predictions of transient central deflection434

for half-width to thickness ratio L/H ranging from 22.2 to 177, where reasonable agreements435

can be seen. The summary of the four simulations is plotted in Figs. 17a-17d, including436

maximum deflection, saturation time, peak overpressure, and saturated impulse. It can be437

seen that the current analytical model successfully predicted the trend of L/H with saturated438

deflection wSat and saturation time tSat when compared to the numerical predictions. Again,439

both the analytical predictions of wSat and tSat are higher than the numerical one. Figures440

17c and 17d also indicate that the peak average interface overpressure and saturated impulse441

reduce monotonically with L/H. This may be due to the fact that the loading area increases442

considerably with L/H leading to a significant drop of the average interface pressure and443

impulse under the blast loading resulting from the detonation of the same charge mass.444

6. Conclusion445

A combined experimental, numerical and analytical investigation was carried out to study446

the impulse saturation phenomenon in internal blast loaded ductile plates. The transient447

central deflection was measured in the experiment, which validates the numerical and analyt-448

ical predictions. A methodology was put forward to idealise the spatial internal blast loading449
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(b) L/H = 43.1
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(c) L/H = 119
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(d) L/H = 177

Figure 16: Predictions of central deflection w0 (FE -.-.- and analytical —) and average interface overpressure
off rigid plate pRigid

Int (FE) — for different L/H.

as a uniformly distributed pulse pressure with conserved total impulse. An analytical model450

was developed to quickly predict fully-clamped square ductile plate under pulse-pressure451

with arbitrary pulse shape and significant pulse duration with reasonable fidelity.452

The analytical model was then employed to investigate the effect of standoff distance and453

confinement geometry upon the saturation time, saturated impulse and deflection of square454

metal plates through parametric studies. It was found that (1) both peak average interface455

overpressure and saturated impulse do not increase monotonically with standoff distance,456

(2) the maximum deflection may not be proportional to the saturated impulse; and (3) the457

maximum deflection and saturated impulse respectively have positive and negative correla-458

tions with the confinement opening width. While finding (1) agree with the finding in the459

authors’ recent study [15], finding (2) contradicts with the findings from existing saturation460

analysis for unconfined air blasts [19]. The contradiction with the existing findings may be461

due to the difference in pulse shape, i.e. a rectangular pulse was used in [19]. This highlights462
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Figure 17: Summaries of the key physical quantities (associated with loading, impulse and deflection) in the
parametric study for different L/H: (a) saturated deflection, wSat, (b) saturation time tSat, (c) maximum
average interface overpressure pm

Int and (d) saturated impulse ISat.

the complex nature of the structural response under internal blast loadings and the impor-463

tance to consider both the saturated impulse and pulse shape to estimate the structural464

response.465

The parametric studies in the current work only dealt with the effect of standoff distance466

and confinement opening geometry, but did not explore the other important aspects, e.g. the467

target’s material properties, confinement length, the extent of venting, explosive mass, to468

name a few. Notwithstanding, the proposed models lay an important theoretical framework469

to investigate how can the aforesaid in part, or in combination, affect the impulse saturation470

of internal blast loaded metal structures in future studies.471
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