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ABSTRACT: In the current research, the plastic behavior of circular plates under dynamic loading
was investigated. In the experimental section, a ballistic pendulum apparatus and aluminum alloy plates
were used. To investigate the deformation profile and the failure pattern of the specimens, dynamic
loads were applied in a wide range from 6.49 to 24.69 Ns. To test the behavior under successive loading,
each experiment was continued up to 5 loadings. Experimental observations indicate a large plastic
deformation of the structure along with the thinning of the test specimens at fully clamped boundaries and

the rupture of some in the same area. The results showed that with increasing the number of explosions  Keywords:

and the ?harge mass, the .max1m.um deflection increases, t?ut the progressive d.eﬂectlon. decre.ases Intense dynamic loading
exponentially. In the modeling section, some closed-form relations were proposed using the dimensional . .
. . . . . Successive loading
analysis approach to predict the maximum permanent deflection plates. In these relations, the effect of
various parameters such as the plate geometry, inertia of the applied load, and strain rate sensitivity of Circular plate

material was considered. Comparing the results of the model with the experimental results showed that ~Mathematical modeling

there is a very good agreement between the experimental results and the predictions of the model.

Dimensional analysis.

1- Introduction

Over the past two decades, many experimental, analytical,
and numerical studies were conducted on the large plastic
deformation and failure mechanism of single- and multi-
layered metallic plates under single uniform and localized
blast loading [1]. However, structural elements such as
beams, plates, and shells which are widely used in vehicle,
marine, and building structures may experience repeated
blast loading during military operations and weapon bombing
attacks. In the general form, the blast energy is dissipated by
large plastic deformation and failure of structures around the
contact zones. During the repeated blast loading, the plastic
deformation can accumulate and the permanent deflections
will be characterized by the number of blasts and the
severity of the loadings. In some cases, moderate repeated
blast loading may engender disastrous consequences and
result in notably severe damages. Hence, the assessment of
dynamic plastic response and failure mode of monolithic
and multi-layered metallic plates subjected to repeated blast
or impulsive loading is a significant topic and of practical
engineering interest. Nevertheless, few fundamental and
pivotal investigations have been presented on this topic,
i.e., under multiple uniformly and locally distributed
blast loadings, and several limited investigations mostly
concentrated on the performance of cylindrical shells, square
tubes, reinforced concrete, composite structures, and rocks.
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To the best of our knowledge and the description
provided, there has been no experimental study and
empirical modeling on the plastic deformation of single- and
multi-layered aluminum plates and also multi-layered mixed
configurations under multiple uniform blast loading so far.
Therefore, the current study brings forward the experimental
results of an investigation into the dynamic plastic response
of circular metallic plates subjected to five consecutive blast
loading. Deformation and failure modes of tested specimens,
as well as a quantitative analysis of experimental results
including the influence of different charge masses, layering
configurations, layering arrangements, layer thicknesses,
stand-off distances, and the number of blasts, are discussed
in detail. Furthermore, an empirical model based on the new
dimensionless numbers is presented to predict permanent
central deflections of single- and multi-layered circular
plates subjected to repeated uniform blast loading

2- Experimental Work

To study the dynamic plastic response and failure
mechanism of single- and multi-layered circular plates
without any gap in-between under repeated uniform
blast loading, a total of 112 single-, double-, and triple-
layered specimens were designed and fabricated. Different
materials, layering thicknesses, and layering arrangements
were considered for this series of experiments. The ballistic
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Fig. 1. Ballistic pendulum

pendulum apparatus designed and manufactured at the
Impact and Blast Laboratory of the University of Guilan
(IBLUG) was used to conduct 112 experimental tests. The
experimental study consists of two distinguished sections:
1) description of the test specimen and its mechanical
properties; 2) experimental setup and loading conditions.

All experiments on single- and multi-layered plates
under repeated uniform blast loading were carried at the
Impact and Blast Laboratory of the University of Guilan
(IBLUG) using a ballistic pendulum, as shown in Fig. 1.
This figure shows that the ballistic pendulum comprised a
steel I-beam suspended on four spring steel cables which
were attached to the beam via four adjustable screws. Also,
four space bars with a radius of 7.5 mm were used to attach
the clamping frames to the front of the ballistic pendulum.
It is assumed that clamping steel frames are rigid bodies due
to their thicknesses, i.c., they do not experience significant
inelastic deformation in comparison to thin test specimens.
Each specimen was bolted and fully clamped between thick
steel frames with seven bolts around a circular region with a
radius of 85 mm. For the reduction of the pressure build-up
at the edge of the plate, clamping frames were chamfered.
Furthermore, to provide a mean for the direction of the blast
wave towards the specimens, two mild steel cylindrical tubes
with the same inner radius of 50 mm, the same outer radius
of 60 mm, and different lengths of 200 mm and 300 mm
were fitted onto the front clamping frame. In all experiments,
the length of the cylindrical tube was defined as the stand-off
distance which is the distance between the nearest face of the
explosive charge and the specimen surface.

To create a blast load, the plastic explosive charge (PE4)
was used and formed into a disc with a radius of 17.5 mm.
The charge was spread onto a polystyrene foam pad with
a thickness of 15 mm and it was centrally located at the
end of the cylindrical tube along its longitudinal axis. An
instantaneous electrical detonator taped to 1 g of explosive
was attached to the center of the charge in a hole cut out
in the polystyrene pad. In this series of experiments, the
charge was detonated at different stand-off distances of
200 mm and 300 mm, and its mass was changed from 1.5
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g to 12.5 g at a constant radius by increasing the height
of the charge in the experiments. During this process, the
influence of the polystyrene foam pad on shock-wave
propagation was ignored. To apply repeated blast loading
on the test specimens, each specimen was again left in the
testing section of the apparatus and was subjected to further
blasts with the same previous loading condition. This
process was repeated for a required number of blasts up to
five times depending on the failure mode of the test plate.
During each blast loading, the amount of the transmitted
impulse was measured and recorded. Based on previous
studies, it was assumed that the distribution of the blast
load is uniform over the entire deformable area of the test
plate because the ratios of the explosive charge diameter to
stand-off distance were assigned to be 0.175 (35/200) and
0.117 (35/300).

3- Results and Discussion

In general form, the post-test inspection of the tested
monolithic and multi-layered plates under repeated blast
loading shows that all specimens exhibited different levels
of large plastic deformation (Mode I failure) with the dome-
like shape on the back, middle, and front layers. This type
of deformation mode is indicative of uniformly distributed
impulsive loading on specimens for different load intensities
as presented by Jacob et al. [1]. Besides, for some of the
tested specimens, the other failure modes such as Mode la
and Ib, i.e., large plastic deformation with necking around
part of the clamped boundary and the entire boundary, and
Mode II* and Mode 11, i.e., large plastic deformation with
partial and complete tearing around the clamped boundary,
were observed. As the plate deformation increases, shear
stresses and membrane actions along with the evidence
of rupture are present. Different types of deformation and
failure modes including large plastic deformation, necking,
thinning, and tearing around the boundary are illustrated
in Fig. 2.

For both monolithic and multi-layered aluminum plates,
large global plastic deformation (Mode I) of specimens is
observed and significant tensile deformation happened at
the center of specimens. As expected, larger permanent
deformations produce by increasing the number of blasts
and charge mass for a given stand-off distance. Since the
plate was secured between two thick supporting frames by
seven bolts, no plastic deformation, crack, and in-plane
slip occurred at the constrained zone of the plate and
bolted holes. Thinning at the clamped boundary occurred
for both monolithic and multi-layered plates subjected to
higher impulsive loads by increasing the charge mass or a
combination of repeated blast loading.

4- Conclusions

The present research study brings insight into the
experimental results on the structural response of monolithic
and multi-layered metallic plates under repeated uniform
impulsive loading. The impulsive load was generated by
the detonation of different quantities of charge mass with a
constant charge radius of 17.5 mm at two different stand-
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Fig. 2. Typical specimens after blast loading
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Fig. 1. Schematic of the ballistic pendulum at the Impact and Blast Laboratory of University of Guilan IBLUG)
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Fig. 5. Flowchart of the mathematical solution method
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Table 2. Experimental results for 2 mm thick single-layered plates

pocs Slywl alold bl zs5 ey o ylout Olrds ooy gl o 5 Kl
(mm) (mm) (N*s) (g) =il =il

tdld Y. 218 VI \ S2R5M1.5B1H300
AN Y. AR VI Y S2R5M1.5B2H300
Ay Y- ZIVA Vo Y I S2R5M1.5B3H300
a/4 Y. £I0Y VIO ¥ S2R5M1.5B4H300
ARYIN Y. £IFA VIO N S2R5M1.5B5SH300
A+ A AIY? Y \ S2R5M2B1H300
Ay A AYY Y Y S2R5M2B2H300
WY Y- AIYY Y Y A S2R5M2B3H300
VYO Y. INAi4 Y ¥ S2R5M2B4H300
Sk A AY Y N S2R5M2B5H300
ARIIN A \ < /AY Y \ S2R2M3B1H300
Sk Y. VWY Y Y ' S2R2M3B2H300
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Table 2. Experimental results for 2 mm thick single-layered plates

s Sl dols bl g e opled Olads slaxs ol a5 e et
(mm) (mm) (N-s) @) Hlxiil Sl
a/- Y- VF/AA b \ S3RSMSB1H300
ARVAY Y. VO Y o Y S3R5SMSB2H300
VY Y- \YAYZ o e 0 S3R5SM5B3H300
\Y/0 RN VE/IAY o ¥ S3R5M5B4H300
VWY Y- 10/ o I S3RSM5B5H300
\YIY Y. ARVARS YIo \ S3R3M7.5B1H300
VO Y- VXY 2 Y Y S3R3M7.5B2H300
Sh v Y4/ vio ¥ S3R3M7.5B3H300
oo ¥ VST Sy Sl (225 S le] i ¥ Jgsa
Table 3. Experimental results for 3 mm thick single-layered plates
pocs Sl alold bl z,5 00> o ylois WGlrdo slows ‘_;Q,Lo)‘i s 5L Sl
(mm) (mm) (N*s) (g) =il il
AIY Yoo \YIYS O \ D33R5M5B1H200
/A ARR \Y/SF O Y D33R5M5B2H200
Al ARR \YIYY O Y I D33R5M5B3H200
VY Yo VYV 0 A D33R5M5B4H200
VYA ARR \Y/OF O b D33R5M5B5H200
VY. ARR IR N \ D33R5M7.5B1H200
AR Yo VFIVO Yio A D33R5M7.5B2H200
V0/4 Yo VFIVA Yio Y 0 D33R5M7.5B3H200
WA Yo 70 Yio A D33R5M7.5B4H200
VAIY Yo AN Yio 0 D33R5M7.5B5H200
VYA Yoo Y.Ive ) ) D33R5M10B1H200
VAN ARR Y/fY \e. Y ’ D33R5M10B2H200
ARYA AR ARIAYA Ve Y D33R5M10B3H200
YO Yoo ARTAR Ve ¥ D33R5M10B4H200
Sk Yoo ARVAR \e. N D33R5M10B5H200
\Y/- ARRS YY/£F YD \ Y D33R5M12.5B1H200
YYNY Yo Y¥/04 VYO A D33R5M12.5B2H200
Sk v ¥V VYO ¥ D33R5M12.5B3H200
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Table 4. Experimental results for 3+3 mm thick double-layered plates

poes Sl adbold Gdlaos]  zyS ey o 3louit Oleds slaxi alag] o5 5 Sl
(mm) (mm) (N's) (g il kil

AIY Y- VYIS N ) D33R5MS5B1H200
a/A Y. \Y/f7 N Y D33R5M5B2H200

AR Y. \YIYY N Y N D33R5M5B3H200
\RIAY Y- \YIYY I t D33R5M5B4H200
VYA Y- VYo N N D33R5M5B5H200
VY[ Y. \EZAN Vi ) D33R5M7.5B1H200
VYA Y. \PIYO Vi Y D33R5M7.5B2H200
AINA Y- \PIYA VIb Y A D33R5M7.5B3H200
VY Y. \P[eY Vi ¥ D33R5M7.5B4H200
VAIY Y- \EZAR N A D33R5M7.5B5H200
\YIA Yoo Y-IY? K \ D33R5M10B1H200
YA/ Y. ARYARY ). Y ’ D33R5M10B2H200
Va4 Y. ARYARN \e Y D33R5M10B3H200
AR Y. ARNAR \e f D33R5M10B4H200
Sk Y. Yo ). N D33R5M10B5H200
\V/. Ve AATARS YO \ Y D33R5M12.5B1H200
YY/IY Yoo Y¥/64 YO Y D33R5M12.5B2H200
SSob Yo Y¥/av VY0 Y D33R5M12.5B3H200
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Table 5. Experimental results for 2+2+2 mm thick triple-layered plates

poes Sl alold bl zs5 ey o ylos Oleds ooy d"..ll.e)‘i - 5 Kol
(mm) (mm) (N-s) (g) =il Hlxssl

q/ Y. VYT ) \ T222R5M5B1H200
ARIIN Yoo \Y/OY I\ Y T222R5M5B2H200
ARTA Yoo \YIYY I\ Y o T222R5M5B3H200
VYA Y. VY5 ) ¥ T222R5M5B4H200
VY8 Y. \Y/EA ) ) T222R5M5B5H200
VY Y. VEIYY vio \ T222R5M7.5B1H200
AR7A) Yoo \PINE AN Y T222R5M7.5B2H200
\idld Yoo \2IfY Y0 Y N T222R5M7.5B3H200
VVIA Y. VEI Vio ¥ T222R5M7.5B4H200
Sk Y. VEIYA Vo ) T222R5M7.5B5H200
VE/E Y. Y¥ Ve \ T222R4M10B1H200
VAIA Y. e Ve Y ' T222R4M10B2H200
\Qie Y. \RIAR Ve ¥ T222R4M10B3H200
Sk v ARACA Ve ¥ T222R4M10B4H200
VAL Y. Y¥/59 VIO \ Y T222R2M12.5B1H200
sk Yoo Y¥/OA VY0 Y T222R2M12.5B2H200




Fodde BY¥VY aan Yo JLM::; b).:s b)u HY 0)92 <):..f)fol ;i:.:&n L{w._\a.p(o 4.1).;:.:

B IS st cogminol] AV 5l Us Lo 1 Gliged 5 JSuid

Fig. 6. A typical deformed shape of a single-layered aluminum specimen
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Fig. 7. A typical deformed shape of a multi-layered aluminum specimen
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Fig. 8. Typical deformed shapes of double-layered aluminum specimens being torn and exposed to necking
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Fig. 9. A typical fractured shape of a triple-layered aluminum specimen
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Fig. 10. Variations of maximum permanent deflection versus charge mass: a) 2 mm thick single-layered plate;
b) 3 mm thick single-layered plate; ¢) 3+3 mm thick double-layered plate; d) 2+2+2 mm thick triple-layered
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Fig. 11. Variations of progressive deflection versus the number of blasts: a) 2 mm and 3 mm thick single-lay-
ered plates; b) 3+3 mm thick double-layered plate; ¢) 2+2+2 mm thick triple-layered plate.
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Table 6. Further experimental results for single- and multi-layered plates
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Fig. 12. The graph of impulse versus charge mass for single-layered specimens at the stand-
off distance of 300 mm
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Fig. 13. The graph of impulse versus charge mass for multi-layered specimens at the standoff
distance of 200 mm
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Fig. 14. The graph of impulse versus the number of blasts for single-layered specimens at the
standoff distance of 300 mm
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Fig. 17. The comparison between the predicted results
by Eq. (37) and corresponding experimental results
for multi-layered plates under repeated blast loading
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Fig. 16. The comparison between the predicted results
by Eq. (36) and corresponding experimental results
for single-layered plates under repeated blast loading
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