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Abstract: The objective of this work was to investigate the effect of stiffener strength on the failure
mode of an outer-stiffened plate subjected to confined blast loading. A relatively rigid box with one
open side was designed, to provide a confined space, and the stiffened plate was fixed onto the open
side. Various field blast experiments of stiffened plates with different dimensions were conducted.
Transducers were placed on typical points to record the overpressure history. The post-explosion
deformation was drawn utilizing the 3D scanner technique, and the failure modes of the stiffened
plates were examined in detail. The effect of plate thickness, stiffener thickness, stiffener height, and
stand-off distance on the failure mode of the stiffened plate is discussed. It was shown that two
typical failure modes were observed in the stiffened plates, namely uniform global dome deformation
and nonuniform dome deformation, with local lattice along the stiffeners. The transformation of
these two deformation modes originated from the relative strength of the stiffener compared to the
plate, hence a relative strength factor was proposed to clarify the division.

Keywords: confined explosion; stiffened plate; failure mode; relative strength factor

1. Introduction

Deformation and failure of a ship structure under blast loading is a vital research topic
and widely studied across the world. Shell plate is inevitably one of the most fundamental
elements in the marine industry, so the dynamic response of shell plate under blast loading
has been deeply investigated in the past decades. It was pointed out that the load on
target plates changed from a local impulsive load to uniform impulsive load [1] with the
increase of stand-off distance under an open explosion. Accordingly, the failure mode
of target plates also changes under different conditions. For example, capping [2,3] and
petalling [4,5] failure modes are widely observed in the target plate when the stand-off
distance is relatively small. When the stand-off distance increases, the explosion load is
almost distributed uniformly. Large plastic deformation [6–8], edge tearing, and edge shear
failure [9,10] will appear on the target plates under this condition.

Apart from the shell plate, stiffened plates with good bending resistance and lighter
weight are also common in ship structures. Research on the dynamic response and failure
of stiffened plates has also drawn much attention recently. For example, Nurick et al. [11]
conducted an experimental and numerical study on the failure of a stiffened plate under
blast loading. Large plastic deformation and tearing along the boundary were observed in
their work, and the numerical simulation fit well with the experimental results, when the
non-linear geometry and material effects, as well as strain rate sensitivity, were incorporated.
The dynamic response of plain and stiffened plates subjected to an underwater explosion
was presented and the difference discussed in [12]. Chung Kim Yuen and Nurick [13]
studied the dynamic response of quadrangular plates with different stiffener configurations
subjected to uniform blast loading. The targets included unstiffened, single stiffened,
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double stiffened, cross stiffened, and double cross stiffened plate. Their experimental
results showed that the stiffener configurations have a great effect on the failure modes
of the target plates. As an extension of the work in [13], Langdon et al. [14] reported a
series of experiments with plates with different stiffeners, under localized blast loading.
The stiffener configurations were identical to those in [13], with the blast loading being
localized. They analyzed the different failure patterns in detail, from inelastic deformation
to necking and tearing along the stiffener. The failure mode of stiffened plate was related
to stiffener configuration and impulse load. Bonorchis and Nurick [15] studied the effect of
the stiffener height and weld configuration on the failure mode of stiffened plates. They
pointed out that plates with greater stiffener heights produced lower stiffener deflections,
while this did not affect the bulge mode. The weld configuration affected the tearing
thresholds greatly, so the choice of weld configuration required careful consideration in the
design phase.

The investigations above all focused on an open-air explosion, while Edri et al. [16]
pointed out that a confined explosion might occur in various scenarios which would cause
more severe damage to ship structures. When an explosion occurred in an enclosed envi-
ronment, multiple reflections and superpositions of the explosion shock waves could cause
great damage to structures, which were more serious compared to open explosions [17].
The typical overpressure curve under open-air explosion shows a very sharp increase to
peak pressure, followed by a quick decrease and convergence to zero. However, under
a confined explosion, the pressure curve is much more complicated. The overpressure
curve always has a long duration, with many after-peaks. Hence, a simplified dynamic
pressure defined by three peaks was proposed and recommended in [18,19]. Francisco C.
Salvado et al. [20] also proposed that the structures would experience different loading
and deform differently, depending on the confinement degree of the surrounding space
under an identically scaled stand-off distance. To fully understand the structural response
under different scenarios, it is quite important to study the damage of structures with an
enclosed explosion.

Hou et al. [21] investigated the failure modes of typical cabin structures under confined
explosions and compared the overpressure and impulse characteristics in the plate center
and around the corner. They found that the overpressure and impulse in the corner was
much higher, which was also proposed in [18]. Consequently, the corners of a cabin
were more likely to be torn. C. Geretto et al. [22] experimentally presented the dynamic
response of square steel plates under three different blast cases: free air blast, fully vented,
and fully confined blast. Plates with three different thicknesses were adopted, and the
midpoint deformation was measured. They found that the deformation of the steel plates
was inversely proportional to the plate thickness, and formulas for predicting midpoint
deformation under the three scenarios were presented. Yao et al. [23–26] conducted a
series of tests to study the dynamic response of box-shaped structures subjected to internal
blast loading. A dimensionless parameter for predicting plate deformation was concluded
in [23], a scaling law which considered both the size effect and the scale distance (strain-
rate effect) was presented in [24], and failure modes [25] and overpressure and impulse
characteristics [26] were also discussed. X.D. Li et al. [27] studied the deformation and
failure modes of a fully clamped square steel plate under enclosed explosion and discussed
the effect of stand-off distance. Li et al. [28] extended the internal blast loading into
a liquid cabin and discussed the effect of cabin wall thickness and liquid level on the
response characteristics.

The targeted structure under internal blast loading was either a plate or box in
the studies above; while research on the dynamic response of stiffened plate was rare.
Zhao et al. [29] conducted experimental research on this aspect. The damage features
of both inner-stiffened and outer-stiffened plates were initially discussed in their work.
Obviously, the affecting factors in the failure modes were very complicated. Kong et al. [30]
presented the experimental and numerical results of unstiffened and stiffened steel plates
under confined blast loading, where the effect of stiffener location and vent hole dimen-
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sion was discussed. All the stiffened plates deformed into a large plastic dome, with the
maximum deflection at the center of the plate, for the relative strength of stiffeners to
plate was weak in this study. The objective of this work was to investigate the effect of
stiffener strength on the failure mode of outer-stiffened plate subjected to confined blast
loading. This investigation originates from the requirement to protect important parts
from a confined explosion by using a weak structure around the core part, to release the
quasi-static air pressure. In this way, the loading is released and the important part is
protected, with the weak structure damaged. In the traditional method, all structures
are enhanced to resist the explosion loading. However, in some practical engineering
applications, only the important apartments/cabins need protection from being destroyed.
From this point, one option is to enhance the important structure, and another option is to
reduce the confined explosion loading. Hence, weaker stiffened plates (stiff stiffener with
thin plate, or weak stiffener with thin plate) are introduced in the anti-explosion structures,
to protect the important structure. In present study, a relatively rigid box with one opening
side was designed to provide a confined space and the stiffened plate was fixed onto the
opening side. Several field blast experiments of stiffened plates with different dimensions
were conducted. Transducers were placed at typical points to record the overpressure
and impulse characteristics. The post-explosion deformation was drawn utilizing the 3D
scanner technique, and the failure mode of the stiffened plate was examined in detail.
The effect of plate thickness, stiffener thickness, stiffener height, and stand-off distance on
the failure modes of stiffened plate was discussed. The numerical analysis and transient
response of the stiffened plates under confined explosion will be addressed in a separate
paper. This study contributes to the integrity of the failure mapping of stiffened plate under
a confined explosion. By designing different stiffened plates, an important part can be
protected, with the affiliated structures sacrificed under a confined explosion, which might
be an important application of the present study.

2. Experimental Setup
2.1. Confined Cabin Explosion

In the present study, stiffened plates with three ribs were subjected to confined blast
loading. In order to perform the confined explosion test, a specific cabin was designed
to provide a confined space, as shown in Figure 1. The test cabin was a relatively rigid
chamber with one open side. The inner space was about 640 mm × 480 mm × 320 mm in
dimension. To ensure that it would not undergo large plastic deformation with multiple
tests, the chamber was designed with thick plates and the side walls were also strengthened
using stiffeners. The thickness of the side wall and attached stiffener was 10 mm and
12 mm, respectively.
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On the uncovered face, the flange was extended outside, for installation of the stiffened
plate. The outer dimension of the flange was 700 mm × 540 mm, with the inner cut-off
being the open side of the cabin. Therefore, the total size of the stiffened plate was also
700 mm × 540 mm, as shown in Figure 2, which was identical to the outer dimension of
the flange. The part inside the dashed frame is the real deformation area and the outside
part is the boundary area, where the stiffened plate was clamped and compressed. Three
stiffeners, which extended to the outer edge, were welded onto the plate. For the part on
the boundary areas, the stiffener height was higher, and screw holes were set on the ribs to
facilitate bolt connection, as shown in Figure 3.
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The stiffened plate was clamped onto the support frame on the opening side, utilizing
bolt connection. It should be noted that both the plate and the stiffeners were clamped in
the present study, which is different from the setting in other studies, where only the plate
was clamped onto the support structure with the stiffeners welded to the clamped plate.
To provide boundary restriction for the plates, and stiffeners as well, a set of clamping
fixtures was specially manufactured for this work, which is a called a zigzag fixture. Apart
from the screw holes to fit with those on the flange end, screw holes were also set to fit
well with those on the ribs of the stiffened plate. This set of fixtures could, not only limit
the movement of the stiffened panel, but also impose a restriction on the stiffeners. The
fixed stiffened plate in the present article is shown in Figure 4. The test cabin, fixtures, and
stiffened plates were all made of Q235 material. The bare charge used in the present study
was 110 g or 200 g cylindrical explosive TNT. The explosive was supported by a mounting
bracket, which was made of thin paper, and placed in the center of the chamber in height
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and width directions. The stand-off distance D is the displacement from the cylindrical
explosive TNT to the stiffened plate, as shown in Figure 5.
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2.2. Stiffened Plate and Material Property

As mentioned above, the overall size of the stiffened plate was 700 × 540 mm, while
the area exposed to the explosion after clamping was 480 × 320 mm. Three unidirectional
stiffeners were arranged at equal intervals in the width direction, with the spacing being
120 mm. Table 1 lists the dimensions of the stiffened plates and loading condition. Where
T, h1, and h2 are the thickness of the plate, the height of the stiffener, and the thickness of
the stiffener, respectively.

Table 1. Dimensions of the stiffened plates and loading condition.

Test No.
Plate

Thickness
T/mm

Stiffener
Height
h1/mm

Stiffener
Thickness

h2/mm

Stand-Off
Distance

D/mm

TNT Mass
m/g

1 1.92 20 1.90 200 110
2 2.02 40 7.80 200 110
3 2.02 40 1.88 200 110
4 1.88 20 7.70 200 110
5 1.98 50 7.70 200 110
6 2.00 50 4.65 200 110
7 2.00 50 4.00 320 110
8 1.50 50 4.00 320 110
9 3.40 20 2.00 320 200
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All the plate and the stiffeners adopted in present study were made of Q235 mild steel.
A quasi-static tensile test was conducted to measure the material properties. All the Q235
tensile test specimens were cut from the same plate from which the stiffened plates were
fabricated. Five tensile test specimens were tested for each thickness. The dimensions of the
tensile test specimens are shown in Figure 6. The quasi-static tensile tests were performed
on a tensile test machine, INSTRON 3369, in accordance with standard procedures [31]. The
tensile tests were conducted at a rate of 1.0 mm/min, until material failure. The recorded
force-displacement data were converted into an engineering stress–strain curve, which is
plotted in Figure 7. The mechanical properties of the mild steel for different thickness are
summarized in Table 2.
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Table 2. Mechanical properties of Q235.

Property Units 1.5 mm 2 mm 4.0 mm 4.65 mm

Density Kg/m3 7800 7800 7800 7800
Young’s modulus GPa 205 205 205 205

Poisson’s ratio - 0.32 0.32 0.32 0.32
Yield stress MPa 210 280 280 305

Ultimate tensile stress MPa 325 358 453 437
Fracture strain - 0.28 0.28 0.26 0.25
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3. Experimental Results
3.1. Shock Wave Pressure

Pressure to time history curves were recorded for all the tests, to measure the loading
characteristics under a confined explosion. The transducer was located in the corner of
the chamber, posted on the bulkhead opposite to the fixed stiffened plate, as illustrated in
Figure 1a. Figure 8 displays the experimental pressure histories recorded by transducer P1
in Tests No. 1,8,9. It is shown that, after the first pressure peak, which was always recorded
in the open explosion, several after-peaks were also observed, with long duration. This
originates from the multiple reflections and superpositions of the explosion shock waves
with reflected waves. In addition, in the present confined space, the static overpressure
caused by the explosive products (which is called the quasi-static air pressure) converged
to zero with time. Namely, in the case of a confined explosion, the initial shock wave is
stronger, but the duration is short. While the quasi-static air pressure shows the opposite
characteristics, which is a weak shock with a long duration. Accordingly, the loading
characteristic in the confined cabin can be regarded as the joint effect of the initial shock
wave and quasi-static air pressure. By comparing overpressure history curves, it was found
that the overall loading characteristic was similar, namely a first pressure peak, with several
after-peaks. When the stand-off distance or explosive mass was varied, the overpressure
magnitude was different.

Metals 2022, 12, x FOR PEER REVIEW 7 of 23 
 

 

3. Experimental Results 
3.1. Shock Wave Pressure 

Pressure to time history curves were recorded for all the tests, to measure the loading 
characteristics under a confined explosion. The transducer was located in the corner of the 
chamber, posted on the bulkhead opposite to the fixed stiffened plate, as illustrated in 
Figure 1a. Figure 8 displays the experimental pressure histories recorded by transducer 
P1 in Tests No. 1,8,9. It is shown that, after the first pressure peak, which was always 
recorded in the open explosion, several after-peaks were also observed, with long 
duration. This originates from the multiple reflections and superpositions of the explosion 
shock waves with reflected waves. In addition, in the present confined space, the static 
overpressure caused by the explosive products (which is called the quasi-static air 
pressure) converged to zero with time. Namely, in the case of a confined explosion, the 
initial shock wave is stronger, but the duration is short. While the quasi-static air pressure 
shows the opposite characteristics, which is a weak shock with a long duration. 
Accordingly, the loading characteristic in the confined cabin can be regarded as the joint 
effect of the initial shock wave and quasi-static air pressure. By comparing overpressure 
history curves, it was found that the overall loading characteristic was similar, namely a 
first pressure peak, with several after-peaks. When the stand-off distance or explosive 
mass was varied, the overpressure magnitude was different. 

 
Figure 8. Pressure history under different cases. 

3.2. Failure Modes of Stiffened Plates 
The typical failure modes of the stiffened plates after a confined explosion are shown 

in Figure 9. From the deformation of the stiffened plate under different cases, it was found 
that the plates within the boundary area showed no obvious vertical deformation under 
the compression of the flange and the fixture plate. However, along the four inner edges 
of the flange and the fixture, obvious plastic hinges were formed at the boundary of the 
flange clamping. The bending and stretching deformations were concentrated in the 480 
mm × 320 mm area enclosed by the plastic hinge. In addition, from the corners towards 
the center of the plate at an angle of 45°, clear yield lines were also observed along the 
diagonals of the stiffened plate. 

Figure 8. Pressure history under different cases.

3.2. Failure Modes of Stiffened Plates

The typical failure modes of the stiffened plates after a confined explosion are shown
in Figure 9. From the deformation of the stiffened plate under different cases, it was found
that the plates within the boundary area showed no obvious vertical deformation under the
compression of the flange and the fixture plate. However, along the four inner edges of the flange
and the fixture, obvious plastic hinges were formed at the boundary of the flange clamping. The
bending and stretching deformations were concentrated in the 480 mm × 320 mm area enclosed
by the plastic hinge. In addition, from the corners towards the center of the plate at an
angle of 45◦, clear yield lines were also observed along the diagonals of the stiffened plate.
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As shown in Figure 9, under confined explosion, all the stiffeners and the panels
underwent different degrees of deformation. In order to examine the failure pattern of
the stiffened plates in detail, the whole post-explosion deformation of stiffened plates was
drawn utilizing the 3D scanner technique. All the scanned stiffened plates were stored as
STL files, which can be provided upon request. The typical scanned images are shown in
Figure 10, which were edited in the PolyWorks MS 2018 program. The color bar signifies the
Z displacement of the stiffened plates, where the reference plane is the inner face in contact
with the flange. The displacement nephogram confirms that the large deformation focused
on the central 480 mm × 320 mm part enclosed by the fixture frame. In Figure 10a, the
maximum displacement of the plate is located in the center of the plate, while in Figure 10b,
the maximum deformation is located between the center of the two stiffeners.

Two cross-sections are selected to illustrate the deformation characteristics clearly,
namely the H-H Section in the horizontal plane and the V-V Section in the vertical plane,
as shown in Figure 1b. Three H-H cross-section profiles of all the stiffened plates in the
different cases after explosion are illustrated in Figure 11, where the 0 mm, 80 mm, and
160 mm cross-sections are the edge cross-section, the quarter cross-section, and the central
cross-section, respectively.

It is clearly found that two typical cross-section profiles are observed, which may corre-
late with two typical failure modes. The first type of cross-section profile is characterized by
a uniform global dome, with the maximum deflection at the center of the plate, which was
observed in Test No. 1, 3, and 4. This typical deformation was widely observed in [13,30],
which may be termed as Mode I failure (permanent plastic deformation). This plastic
deformation is different from other failure modes of structures, which may be called Mode



Metals 2022, 12, 859 9 of 22

II (tensile failure in the center, tensile failure along the clamp edge, shear failure along the
clamp edge, petalling failure in the center, and so on) [6–10]. However, in the present study,
this is named as Mode Ia deformation mode, for another permanent plastic deformation
mode was also observed. The second type of cross-section profile was characterized by
nonuniform dome deformation, with local lattice along the stiffeners, which looks like a
“double M” shape when three stiffeners were included in the present study. The maximum
deflection was almost at the center of the two stiffeners. This new observation is called the
Mode Ib deformation mode, and was observed in Test No. 2, and 5–8. It seems to confirm
the numerical prediction in [30], where two stiffeners were set in finite element models.
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Figure 12 shows the V-V cross-section deformation profiles at different distances from
the edge of the stiffened plates in Test No. 1 and No. 2. The X = 350 section profile is almost
the central section, and the X = 410 mm section profile is the central section between the
two stiffeners. The black dashed line is the outline of the stiffener. It was found that in
Test No. 1, where the stiffened failed in Mode Ia, the two section profiles showed similar
deformation mode, with a smoothing curve. While in Test No. 2, where the stiffened
plate failed in Mode Ib, the section profile along the stiffeners was identical to that in Test
No. 1, and the X = 410 mm section profile appeared a little different, with the curvature in
the central part extruded. Another point that needs to be noted, is that the deformation in
the X = 410 section profile was larger than that in the central (X = 350) section. This means
that in deformation mode Ia, the stiffened plate responses as a whole with the plate and
stiffeners behaved similarly, and the maximum displacement was located in the central
point of the entire stiffened plate. While in deformation mode Ib, the plate response and
the stiffener response were relatively different due to the rigidity difference between them.
The deformation of stiff stiffeners is small, which also restricts the displacement of the plate
in the corresponding location. Namely the three stiff stiffeners divide the whole plate into
four individual parts, with a quadruple specific ratio. The local responses of the individual
parts with higher specific ratio is slightly different from the global response in Test No. 1.
The response is more local, so the deformation and curvature in the central part is more
obvious. The maximum displacement is located in the central point of the individual part,
in the middle of the whole plate.



Metals 2022, 12, 859 10 of 22

Metals 2022, 12, x FOR PEER REVIEW 9 of 23 
 

 

  
(a) (b) 

Figure 10. Displacement nephogram using the 3D scanner technique: (a) Test No. 1, (b) Test No. 5. 

 
Figure 11. H-H cross-section profile in different cases.

Metals 2022, 12, x FOR PEER REVIEW 10 of 23 
 

 

Figure 11. H-H cross-section profile in different cases. 

It is clearly found that two typical cross-section profiles are observed, which may 
correlate with two typical failure modes. The first type of cross-section profile is 
characterized by a uniform global dome, with the maximum deflection at the center of the 
plate, which was observed in Test No. 1, 3, and 4. This typical deformation was widely 
observed in [13,30], which may be termed as Mode I failure (permanent plastic 
deformation). This plastic deformation is different from other failure modes of structures, 
which may be called Mode II (tensile failure in the center, tensile failure along the clamp 
edge, shear failure along the clamp edge, petalling failure in the center, and so on) [6–10]. 
However, in the present study, this is named as Mode Ia deformation mode, for another 
permanent plastic deformation mode was also observed. The second type of cross-section 
profile was characterized by nonuniform dome deformation, with local lattice along the 
stiffeners, which looks like a “double M” shape when three stiffeners were included in the 
present study. The maximum deflection was almost at the center of the two stiffeners. This 
new observation is called the Mode Ib deformation mode, and was observed in Test No. 
2, and 5–8. It seems to confirm the numerical prediction in [30], where two stiffeners were 
set in finite element models. 

Figure 12 shows the V-V cross-section deformation profiles at different distances 
from the edge of the stiffened plates in Test No. 1 and No. 2. The X = 350 section profile is 
almost the central section, and the X = 410 mm section profile is the central section between 
the two stiffeners. The black dashed line is the outline of the stiffener. It was found that in 
Test No. 1, where the stiffened failed in Mode Ia, the two section profiles showed similar 
deformation mode, with a smoothing curve. While in Test No. 2, where the stiffened plate 
failed in Mode Ib, the section profile along the stiffeners was identical to that in Test No. 
1, and the X = 410 mm section profile appeared a little different, with the curvature in the 
central part extruded. Another point that needs to be noted, is that the deformation in the 
X = 410 section profile was larger than that in the central (X = 350) section. This means that 
in deformation mode Ia, the stiffened plate responses as a whole with the plate and 
stiffeners behaved similarly, and the maximum displacement was located in the central 
point of the entire stiffened plate. While in deformation mode Ib, the plate response and 
the stiffener response were relatively different due to the rigidity difference between 
them. The deformation of stiff stiffeners is small, which also restricts the displacement of 
the plate in the corresponding location. Namely the three stiff stiffeners divide the whole 
plate into four individual parts, with a quadruple specific ratio. The local responses of the 
individual parts with higher specific ratio is slightly different from the global response in 
Test No. 1. The response is more local, so the deformation and curvature in the central 
part is more obvious. The maximum displacement is located in the central point of the 
individual part, in the middle of the whole plate. 

 
Figure 12. V-V cross-section profile of Tests No. 1 and 2. Figure 12. V-V cross-section profile of Tests No. 1 and 2.

Plate thinning around the boundary edge is the typical characteristic under failure
Mode I (plastic deformation), which is displayed in detail in [14,15]. The central H-H cross-
section profile of the stiffened plate after explosion in Test No. 1 and Test No. 5 is shown in
Figure 13. It should be noted that the Z displacement in Figure 13 was enlarged compared
to the X coordinate, hence the plate thinning at typical points (A, B, C, and D noted in
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Figure 13) is specifically shown in Figure 14. In Figure 14, the dashed line is the section
profile, and the solid circle is the imaginary plate thickness. When the point in the section
profile is distributed in the circle, this means that the plate thickness in this specific point
decreased; namely, plate thinning occurred. Figures 13 and 14 show that when stiffened
plate deforms in Mode Ia, plate thinning just appears at the boundary. While thinning of the
plate was not only observed at the boundary, but also around the two sides of the stiffeners
when the stiffened plate deformed in Mode Ib. A similar phenomenon was also presented
in the double stiffened plate in the work of [13], where stiffened plate was subjected to open-
air explosion. However, they stressed that thinning occurred only at the side of the stiffener
closest to the boundary, which is different from our experimental observation in Test No. 5.
It is inferred that the strong restriction on the stiff stiffeners increased the supporting effect
of the stiffeners to the plate. Namely, the stiffeners performed as boundary supports for the
small plates. Hence, all the “small” plates divided by the stiffeners deformed greatly and
thinning around all the “boundaries” was observed.

Metals 2022, 12, x FOR PEER REVIEW 11 of 23 
 

 

Plate thinning around the boundary edge is the typical characteristic under failure 
Mode I (plastic deformation), which is displayed in detail in [14,15]. The central H-H 
cross-section profile of the stiffened plate after explosion in Test No. 1 and Test No. 5 is 
shown in Figure 13. It should be noted that the Z displacement in Figure 13 was enlarged 
compared to the X coordinate, hence the plate thinning at typical points (A, B, C, and D 
noted in Figure 13) is specifically shown in Figure 14. In Figure 14, the dashed line is the 
section profile, and the solid circle is the imaginary plate thickness. When the point in the 
section profile is distributed in the circle, this means that the plate thickness in this specific 
point decreased; namely, plate thinning occurred. Figures 13 and 14 show that when 
stiffened plate deforms in Mode Ia, plate thinning just appears at the boundary. While 
thinning of the plate was not only observed at the boundary, but also around the two sides 
of the stiffeners when the stiffened plate deformed in Mode Ib. A similar phenomenon 
was also presented in the double stiffened plate in the work of [13], where stiffened plate 
was subjected to open-air explosion. However, they stressed that thinning occurred only 
at the side of the stiffener closest to the boundary, which is different from our 
experimental observation in Test No. 5. It is inferred that the strong restriction on the stiff 
stiffeners increased the supporting effect of the stiffeners to the plate. Namely, the 
stiffeners performed as boundary supports for the small plates. Hence, all the “small” 
plates divided by the stiffeners deformed greatly and thinning around all the 
“boundaries” was observed. 

In present study, the stiffened plates were clamped onto the blast chamber through 
clamping frames and bolt connections. Although no vertical deformation was observed 
within the boundary area, there must have been in-plane displacement, as large 
deformation was generated in the central part, and the upper and lower edges of the 
stiffened plate shrink inward, which is clearly displayed in Figure 15. This is also shown 
by the deformation of the perimeter of the bolt holes in the plate, as shown in Figure 15. 
Figure 16 displays the extended bolt hole for the 2-mm thick stiffened plate, with the 
stiffener thickness and height being 2 mm and 20 mm, respectively (Test No. 1). It was 
found that the bolt holes along the left and right sides showed no obvious deformation, 
while the bolt holes on the upper and lower sides of the stiffened plate experienced large 
extension. This shows that the bolt clamping on the upper and lower sides was not strong 
enough to provide fully restriction to the stiffened plate. The boundary area of the 
stiffened plate slipped a little when subjected to the confined blast loading. Further 
slipping was partially prevented by the bolt connection when the bolt hole came into a 
tight contact with the bolts. 

 
Figure 13. Plate thinning in Tests No. 1 and 5. Figure 13. Plate thinning in Tests No. 1 and 5.

In present study, the stiffened plates were clamped onto the blast chamber through
clamping frames and bolt connections. Although no vertical deformation was observed
within the boundary area, there must have been in-plane displacement, as large deformation
was generated in the central part, and the upper and lower edges of the stiffened plate shrink
inward, which is clearly displayed in Figure 15. This is also shown by the deformation
of the perimeter of the bolt holes in the plate, as shown in Figure 15. Figure 16 displays
the extended bolt hole for the 2-mm thick stiffened plate, with the stiffener thickness and
height being 2 mm and 20 mm, respectively (Test No. 1). It was found that the bolt holes
along the left and right sides showed no obvious deformation, while the bolt holes on the
upper and lower sides of the stiffened plate experienced large extension. This shows that
the bolt clamping on the upper and lower sides was not strong enough to provide fully
restriction to the stiffened plate. The boundary area of the stiffened plate slipped a little
when subjected to the confined blast loading. Further slipping was partially prevented by
the bolt connection when the bolt hole came into a tight contact with the bolts.
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Figure 16. Bolt extension and direction in Test No. 1.

By precisely checking the hole extension direction along the upper and lower sides, it
was found that the bolt holes extended in the direction from the hole center to the plate
center, as shown in Figure 16. This shows that under shockwave loading the main tension in
the plate pointed to the center of the stiffened plate. This interesting phenomenon provides
another clue for imposing boundary restriction in the numerical model. In the work of R.
Villavicencio [32], to study the impact response of rectangular and square stiffened plates
under low velocity impact loading, a bolt nut was truncated so they pointed out and an
axial displacement existed at the supports, which was thought to be quite important in the
dynamic response of the beams or plate in [33,34]. Hence, in their numerical model, the
axial restraint at the supports was represented by two conditions, namely the prescribed
nodal axial forces at the bolt locations and friction force defined by “automatic surface to
surface” contact [35] during the entire simulation. This special setting guaranteed the good
agreement between experimental observation and numerical results, in terms of contact
force and energy absorption. In terms of the experimental conditions in the present study, a
traditional method is to model all the bolts and define a contact algorithm in the numerical
simulation. However, from the bolt hole extension direction observed in present study, the
prescribed nodal axial forces at the bolt locations, together with the friction force defined by
the contact, is also another option to simulate the boundary setting. This method is likely
to save time in bolt modeling and avoid mesh distortion around the bolt hole, which will
be discussed in detail in the subsequent paper.

4. Discussion
4.1. Effect of Stiffener Restriction

In the present study, the clamping fixture not only limited the movement of the panel,
but also imposed a restriction on the stiffeners. Kong [30] presented the failure mode
of stiffened panel with only the panel clamped. To illustrate the effect of the boundary
condition of the stiffener on the failure modes of stiffeners, the typical failure pattern of
Specimen No. 7 in their work is cited here for comparison. The dimension and loading
conditions of Specimen No. 7 and Test No. 3 in the present article are given in Table 3.

Table 3. Dimensions and loading condition of typical specimens.

Plate Case Plate Thickness
T/mm

Stiffener Height
h1/mm

Stiffener Thickness
h2/mm

Stand-Off Distance
D/mm

TNT Mass
M/g

Test No. 3 2.02 40 1.88 200 110
Specimen No. 7 2.30 40 2.30 400 110
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It was found that the initial condition was almost the same between Test No. 3 and
Specimen No. 7 in their work, except for the difference of stiffener restriction condition
and stand-off distance. Figure 17 shows the typical uniform global dome deformation of
the stiffened plate (Test No. 3 in the present article). It was shown that the global dome
deformation seemed to be identical. However, wrinkles were observed at the stiffeners
in Test No. 3 by checking the failure of the stiffeners on the boundary edges in detail.
This looks like the instability failure of the panel under axil loading, while this special
phenomenon was not shown in Specimen No. 7 in [30]. This is explained by that when the
stiffeners are clamped, the bolts limit the axil and vertical movement of the stiffeners. Axil
force is generated in the deformation process under a confined explosion. When the axil
force reaches the critical force of stiffeners, instability is observed in the stiffeners. However,
if the stiffeners are stiff enough, instability is hard to produce and wrinkles will not be
observed, as was the case in Tests No 5, 6, 7, and 8.
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It should be noted that wrinkles were located next to the clamping edge, which is
different from static instability, where wrinkles appear at the center of stiffeners. Under a
confined explosion, the loading or unloading rate is higher, so the dynamic instability of
the stiffeners leads to wrinkles on the edge. The subsequent numerical simulation shows
that wrinkles appear in the rebounding process, not the initial expanding process under a
confined explosion, which needs to be examined and discussed in detail in the following
separate paper on the numerical study.

4.2. Effect of Scaled Distance

X.D. Li et al. [27] presented the effect of stand-off distance on damage to clamped
square steel plates under an enclosed explosion. They pointed out four failure modes were
observed, which were related to the scaled distance parameter. This means that scaled
distance is a vital parameter in dividing failure mode maps. The scaled distance is related to
the explosive equivalent and stand-off distance, which is obtained by dimensional analysis
and experimental data [18,36]. In Tests No. 6 and 7, the stand-off distance was different
from in other conditions, such as the plate thickness and stiffener height being identical,
which are listed to illustrate the effect of stand-off distance. From the final failure mode
of tests No. 6 and 7, a similar nonuniform dome deformation with local lattice along
the stiffeners (Mode Ib) was observed, although the maximum central displacement was
different, as shown in Figure 18. This might show that the effect of stand-off distance was
negligible in dividing the two type of deformation modes in the present study. The effect
of explosive equivalent adopts the experimental results in [30]. Three different TNT charge
masses were set in their work, but a uniform global dome with the maximum deflection at
the center of the plate (Mode Ia) was observed in all the cases, irrespective of charge mass
and venting size. Although the magnitude of global dome deformation is different when
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the charge mass was varied, the global failure mode could be regarded as identical. From
the above analysis, the effect of stand-off distance or charge mass seems to be minor when
dividing the different plastic deformation modes, without tearing or shearing failure in the
stiffened plate.
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In the study of X.D. Li et al. [27], four failure modes were observed when material
failures such as tearing and shearing were considered. When the plate material failed in
different positions or in different forms, different failure modes appeared in the square
plate. Hence, the effect of scaled distance was obvious. However, in the present work,
plastic deformation is the research point and the dominant response, and no material failure
was included, so the scale distance would affect the magnitude but not the deformation
mode. When the charge mass is higher or the stand-off distance is smaller, a new failure
mode with material failure is bound to be observed. For example, when the explosive
equivalent increased to 200 g, as in the case in Test No. 9, tearing failure around the edge
was observed, as shown in Figure 19. However, this is not the research point in present
article, as the present study is trying to reveal two typical plastic deformation modes and
investigate the possible affecting factors. Obviously, the scaled distance seems to be a weak
factor herein, but it greatly affects the magnitude of deformation. It should be noted that
this conclusion is based on the premise that the stand-off distance is large enough, as the
stand-off distance is equal to the plate dimension in the present study or in [30]. In other
words, the stiffened plate was subjected to an almost uniform blast loading. Other possible
deformation modes may exist when the explosive is located next to the plate, namely
localized blast loading is imposed, which is discussed in detail in [14]. When the stand-off
changes from 200 mm to about 10 mm, local deformation, only around the central stiffener
or central plate, is likely to be observed, which could include Figures 5b and 6a in [14],
where the typical local deformation modes of single stiffened and double stiffened plates
under localized blast loading are presented.
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4.3. Effect of Stiffener Thickness

The influence of stiffener thickness on the dynamic response of stiffened plates sub-
jected to confined explosion is examined here. According to the single variable principle,
three groups of stiffened plates were selected to illustrate the effect of stiffener thickness,
where only the stiffener thickness was different in each group. Figure 20 displays the
central H-H cross-section profile of the stiffened plate of Test No. 1 and Test No. 4 after
the explosion. It was found that when the stiffener thickness changed from 1.9 mm to
7.7 mm, with the stiffener height being 20 mm, the deformation mode of the stiffened plate
was almost the same, namely a uniform global dome deformation of plate and stiffeners
together (Mode Ia). The maximum displacement of the stiffened plate in Test No. 4 is
slightly less than that of Test No. 1. This shows that with an increase in stiffener thickness,
the bending stiffness of whole structure increased and the overall deformation decreased,
under a similar confined explosion loading.
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Figure 21 displays the central H-H cross-section profile of the stiffened plate of Test No. 2
and Test No. 3 after explosion. It was found that when the stiffener thickness changed
from 1.88 mm to 7.8 mm, with the stiffener height being 40 mm, the deformation mode of the
stiffened plate changed, from the uniform global dome deformation (Mode Ia) in Test No. 3,
to the nonuniform dome deformation with local lattice along the stiffeners (Mode Ib) in
Test No. 2. In addition, the maximum displacement of the stiffened plates in Test No. 2 was
slightly less than that in Test No. 3. This shows that the stiffener thickness may change the
deformation mode of a stiffened plate under certain conditions when subject to a confined
explosion. Of course, the maximum displacement results also showed that the increased
stiffener thickness enhanced the bending stiffness of the stiffened plate and led to lower
deformation under similar loading conditions.
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Figure 22 displays the central H-H cross-section profile of the stiffened plate in Tests
No. 5 and 6 after explosion. In this group, the plate thickness and stiffener height were
2 mm and 50 mm, respectively, while the stiffener thickness changed from 4 mm to
4.65 mm. It was found that the deformation mode of the stiffened plate was also sim-
ilar in this group, but the deformation mode was the nonuniform dome deformation with
local lattice along the stiffeners (Mode Ib). The maximum displacement of the stiffened
plate also decrease when the stiffener thickness increased.
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From the analysis above, stiffener thickness affected the rigidity of the stiffened plate
and will have an effect on the displacement and deformation mode of a stiffened plate. In
the first group, the stiffener height was 20 mm, and an increase of stiffener thickness from
1.9 mm to 7.7 mm did not change the deformation pattern (both deformed in Mode Ia).
However, in the second group, when the stiffener height was 40 mm, an increase of stiffener
thickness from 1.88 mm to 7.8 mm changed the deformation mode (from Mode Ia to Mode
Ib). In the last group, when the stiffener height was 50 mm, the lower thickness was 4 mm.
This weaker panel also showed nonuniform dome deformation with local lattice along the
stiffeners (Mode Ib); therefore, the increase of stiffener thickness no longer changed the
deformation pattern. It is concluded that stiffener thickness may affect the deformation
pattern of a stiffened plate under a confined explosion, which is also dependent on the
stiffener height. Hence, it is inferred that the transformation of deformation pattern is
related to both the stiffener thickness and height.

4.4. Effect of Stiffener Height

As found in Section 4.3, the stiffener height also has an effect on the deformation
mode. Two groups of stiffened plates were selected to illustrate the effect of stiffener height,
where only stiffener height was varied in each group. Figure 23 displays the central H-H
cross-section profile of the stiffened plate in Test No. 1 and Test No. 3 after explosion. It
was found that when the stiffener height changed from 20 mm to 40 mm, with the stiffener
thickness being about 2 mm, the deformation mode of stiffened plate was almost the same,
namely a uniform global dome deformation (Mode Ia). The maximum displacement of the
stiffened plate in Test No. 3 was slightly less than that of Test No. 1. This shows that with
the stiffener height being increased, the bending stiffness of the whole structure increased,
and the overall deformation decreased under a similar confined explosion loading.
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Figure 24 displays the central H-H cross-section profile of the stiffened plate of Test
No. 2, 4, and 5 after explosion. It was found that when the stiffener height changed from
20 mm to 40 mm and to 50 mm, with the stiffener thickness being about 7.7 mm, the defor-
mation mode of the stiffened plate changed from the uniform global dome deformation
(Mode Ia) in Test No. 4, to the nonuniform dome deformation with local lattice along the
stiffeners (Mode Ib) in Tests No. 2 and 5. In addition, the maximum displacement of the
stiffened plate in Test No. 4 was higher than that of Test No. 2 and slightly higher than that
of Test No. 5. This shows that the stiffener height may change the deformation pattern
under certain conditions. Of course, the maximum displacement results also show that the
increased stiffener height enhanced the bending stiffness of the stiffened plate and led to
lower deformation under the same loading conditions.
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From the analysis above, stiffener height affected the rigidity of the stiffened plate
and had an effect on the deformation degree of the stiffened plate. In the first group, the
stiffener thickness was 2 mm, and the increase of stiffener height from 20 mm to 40 mm
did not change the deformation pattern. However, in the second group, when the stiffener
thickness was 7.7 mm, the increase of stiffener height from 20 mm to 40 mm changed the
deformation pattern. It is concluded that stiffener height affects the deformation pattern
of a stiffened plate under a confined explosion, which is also dependent on the stiffener
thickness. Hence, the consolidates the inference that the transformation of deformation
pattern is related to both the stiffener height and thickness.
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4.5. Effect of Plate Thickness

The present study also examines the influence of plate thickness on the dynamic
response of a stiffened plate under confined blast loading. Under a single variable prin-
ciple, only one group of stiffened plates is selected to illustrate the effect of plate thick-
ness. Figure 25 displays the central H-H cross-section profile of the stiffened plate in Test
No. 7 and Test No. 8 after explosion. It was found that when the plate thickness changed
from 1.5 mm to 2 mm, with the stiffener height and thickness being 50 mm and 4 mm,
respectively, the deformation mode of the stiffened plate was almost the same, namely
a nonuniform dome deformation with local lattice along the stiffeners (Mode Ib). The
maximum displacement of the stiffened plate in Test No. 8 was higher than that of Test
No. 7. This shows that with a plate thickness increase, the bending stiffness of the whole
structure increases and the global deformation decreases under similar loading. As the
stiffener height and thickness were 50 mm and 4 mm, respectively, in this group, and the
stiffeners were stiff enough, the increase of plate thickness from 1.5 mm to 2 mm did not
cause a change of deformation mode.
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4.6. Relative Strength Factor

From the analysis of affecting factors above, it is concluded that two types of deforma-
tion mode are observed when no material failure, such as tearing or shearing, is included.
The deformation Mode Ia is the uniform global dome deformation of plate and stiffeners
together, and deformation Mode Ib is the nonuniform dome deformation, with local lattice
along the stiffeners. In the work in [30], Kong proposed the concept of the mass ratio of
stiffener to plate, to represent the appearance of deformation mode Ib in their numerical
simulation. However, in the author’s understanding, the relative strength of the stiffener to
plate seems to be more important in explaining the division of the two deformation modes.
Hence, a relative strength factor K is proposed to clarify the division. The relative strength
factor K is defined as:

K = (MSB/MP(n + 1)) (1)

where B is the stiffened plate width, and n is the stiffener number, Ms and MP are defined
as follows:

MS = σsth2/4 (2)

MP = σpT2/4 (3)

where σs, t, h, σp, and T are yield strength of stiffener material, thickness of stiffener, height
of stiffener, yield strength of plate material, and plate thickness, respectively. Table 4 lists
the related parameters and final deformation mode of the different tests.
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Table 4. Relative factors and final deformation mode.

B n T h t K Mode

Specimen 26 800 2 4.8 30 3.7 0.54 Ia
Specimen 9 800 2 3.7 30 2.7 0.67 Ia

Specimen 28 800 2 4.8 30 4.8 0.70 Ia
Specimen 30 800 3 4.8 30 3.7 0.72 Ia
Specimen 2 800 2 1.8 20 1.8 0.83 Ia

Specimen 11 800 3 3.7 30 2.7 0.89 Ia
Specimen 27 800 2 4.8 40 3.7 0.96 Ia
Specimen 3 800 2 1.8 20 2.3 1.06 Ia

Specimen 23 800 2 2.7 30 2.3 1.06 Ia
Specimen 10 800 2 3.7 40 2.7 1.18 Ia
Specimen 29 800 2 4.8 40 4.8 1.25 Ia
Specimen 4 800 2 1.8 25 1.8 1.30 Ia

Specimen 14 800 2 2.3 30 2.3 1.47 Ia
Specimen 19 800 2 2.3 30 2.3 1.47 Ia

Simulation SP1 800 2 3.5 25 8 1.53 Ia
Specimen 12 800 3 3.7 40 2.7 1.58 Ia
Specimen 5 800 2 1.8 25 2.3 1.66 Ia

Specimen 24 800 2 2.7 40 2.3 1.89 Ia
Specimen 16 800 3 2.3 30 2.3 1.96 Ia
Specimen 21 800 3 2.3 30 2.3 1.96 Ia

Test 1 320 3 1.92 20 1.9 2.58 Ia
Specimen 15 800 2 2.3 40 2.3 2.61 Ia
Specimen 20 800 2 2.3 40 2.3 2.61 Ia
Specimen 7 800 3 2.3 40 2.3 3.48 Ia

Specimen 17 800 3 2.3 40 2.3 3.48 Ia
Simulation SP2 800 2 3 50 8 8.33 Ia

Test 3 320 3 2.02 40 1.88 9.21 Ia
Test 4 320 3 1.88 20 7.7 10.89 Ia

Simulation SP3 800 2 2.5 75 8 27.00 Ib
Test 7 320 3 2 50 4 31.25 Ib
Test 6 320 3 2 50 4.65 36.33 Ib
Test 2 320 3 2.02 40 7.8 38.23 Ib
Test 8 320 3 1.5 50 4 55.56 Ib
Test 5 320 3 1.98 50 7.7 61.38 Ib

The Tests No. 1–8 are the experimental cases in the present study. The Specimens
2–30 are cited from the experimental results of [30] and Simulations SP1–3 are the extended
numerical simulation in their work. Table 3 shows that when the relative strength factor
is less than 10.9, all the stiffened plates deform in Mode Ia. When the factor increases
to 27 and above, the Mode Ib deformation is observed. This trend proves that relative
strength factor is a reasonable parameter to define the deformation pattern of stiffened plate
subjected to confined explosion. When the relative strength factor is small, the stiffened
plate will deform in mode Ia. When this parameter is large, the stiffened plate will deform
in mode Ib under a confined explosion. Due to the lack of samples, a specific critical value
is not drawn from this experimental observation, which will be discussed in detail in the
subsequent paper on numerical and theoretical analysis.

5. Conclusions

In present study, the dynamic response of outer-stiffened plate subjected to confined
blast loading was investigated experimentally. A relatively rigid box with one open side
was designed, to provide a confined space, and the stiffened plate was fixed onto the
opening side using bolt connections. Several field blast experiments of stiffened plates with
different arrangements were conducted.

The pressure history under a confined explosion was measured using a transducer
posted in the corner of the relatively rigid box. It was found that the pressure time history is
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much more complicated under a confined explosion. Apart from the initial shock wave, the
pressure history always shows many after-peaks with a long duration. The post-explosion
deformation of stiffened plates was measured utilizing the 3D scanner technique, and the
section profiles were examined in detail. Two typical deformation modes were observed in
the stiffened plates; namely, deformation Mode Ia (uniform global dome deformation of
plate and stiffeners together), and the deformation Mode Ib (nonuniform dome deformation
with local lattice along the stiffeners).

The effect of stiffener restriction, scaled distance, stiffener thickness, stiffener height,
and plate thickness on the response of the stiffened plate was discussed. By comparison
with the failure mode of a stiffened plate without restriction on the stiffeners, it was found
that wrinkles were observed at the edge of stiffeners when the stiffeners were clamped,
which seems like dynamic instability of the panel under axil loading. In the present
work, plastic deformation was the research objective, so the scaled distance will affect the
magnitude but not the deformation mode. When the charge mass is higher or the stand-off
distance is small, a new failure mode with material failure is bound to be observed. The
present study intended to reveal two typical plastic deformation modes and investigate the
possible affecting factors. Hence, the scaled distance seems to be a weak factor herein.

The effect of stiffener height, stiffener thickness, and plate thickness on the dynamic
response of a stiffened plate are obvious. Increase of stiffener thickness or height or plate
thickness enhances the bending stiffness of stiffened plate and reduces the permanent
deflections of the stiffened plate under the same enclosed blast loading. The deformation
mode of a stiffened plate under a confined explosion is related to the relative strength
of the stiffeners to the plate; hence, a relative strength factor is proposed to clarify the
division, which is presented in Equation (1). When the relative strength factor is small (less
than 10.9), the stiffened plate deforms in mode Ia. If this parameter is large (27 and above),
the stiffened plate deforms in mode Ib. This clear tendency confirms that the relative
strength factor is an appropriate criterion to distinguish the two types of deformation mode.
As the sample size was small in present article, a specific critical value was not drawn from
this experimental observation, and this will be discussed in detail in the subsequent paper
on numerical and theoretical analysis.
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