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0 Introduction

With the development of anti-ship weapons, the

semi-armor-piercing anti-ship missile has become

the main attack means to destroy the hull structure

of a surface ship. After the warhead has pierced the

planking of a cabin and exploded in the cabin, the

damage power of the weapon increases greatly,

causing not only damage to the ship structure by the

shock wave load due to the explosion, but also fur-

ther damage to the ship cabin structure by the quasi-

static air pressure resulted from explosion of the

warhead. Through comparison between the damage

and deformation of the stiffened plate in the cabin

explosion experiment and those under the aerial ex-

plosion load, it can be seen that the cabin explosion

load is greatly different from the aerial explosion

load in the free field. A study on the combined ef-

fect of the shock wave load due to the cabin explo-

sion and the quasi-static air pressure is of great sig-

nificance for the protection of the warship structure

and damage assessment.

The study on the characteristics of the cabin ex-

plosion load mostly relies on the cabin explosion

experiment and numerical simulation of the cabin

explosion. Sauvan et al. [1] have studied the genera-

tion of the reflected shock wave load in a cabin ex-

plosion by simulating the coupling effect of the re-

flected shock wave resulted from the cabin explo-

sion by providing a grillage structure around the ex-

plosion source. Baker [2] has proposed the well-

known three-shock-wave equivalence method by
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conducting a series of experiments and theoretical

studies based on the features of the explosive shock

wave in the cabin, such as high overpressure peak,

short action time, and multiple times of reflection.

HOU et al. [3] have conducted an experimental

study on the cabin explosion with a typical cabin.

Their study results indicate that, as affected by the

warship structure, besides the shock waves reflect-

ed from the walls, among the shock loads to be

borne by the grillage structure of the cabin under

the cabin explosion, there are convergent shock

waves at the cabin corners of which the intensity is

far bigger than that of the shock waves reflected

from the walls; also, multiple repeated actions of

these shock waves exist. KONG et al. [4] have con-

ducted experimental studies on the explosion in a

cabin with multi-layer protection structure, and

through analysis, the experimental results indicate

that the dynamic response of the inner plates of the

water chamber has a "secondary loading" phenome-

non under the explosion load. FAN et al. [5] have an-

alyzed the propagation characteristics of the cabin

explosion load and proposed that a quasi-static pres-

sure zone has been formed in the cabin due to the

reflection effect of the shock waves by simulating

the typical cabin explosion with the finite element

software ANSYS/LS-DYNA. In LR Rules and Reg-

ulations for Classification of Ships [6], it is pointed

out that the quasi-static air pressure peak is closely

related to the ratio of charging to cabin volume.

ZHANG et al. [7] and JIN et al. [8] have reached the

conclusion that the ratio of charging to cabin vol-

ume has the decisive impact on the quasi-static air

pressure peak through experiments, and fitted out

the empirical formula for calculation of the quasi-

static pressure with the experimental data. With the

above studies, it can be concluded that the cabin ex-

plosion load mainly includes the shock wave load

and quasi-static air pressure load if the fragment

load is not considered.

Also, some scholars have studied the dynamic re-

sponse and damage mode of the stiffened plate un-

der the shock wave as well as quasi-static air pres-

sure. YAN et al. [9] have reached the conclusion that

the contributing factor for damage is the shock

wave from an internal explosion through numerical

simulation of the damage under the internal explo-

sion of the anti-ship missile with bulkheads of dif-

ferent thicknesses. YAO et al. [10] have conducted

experimental studies on the deformation rule of the

steel box type construction under the internal explo-

sion load, of which the results suggest that the inter-

nal explosion in the box type construction can lead

to a more severe damage effect than an aerial explo-

sion, and after the deformation at the wall plate cen-

ter has reached its maximum value, the deformation

of the plate may have a certain amount of oscillato-

ry rebounding. LI et al. [11] have conducted experi-

ments for damage of the cabin explosion on the cab-

in structure with the warhead and analyzed the typi-

cal damage mode of the cabin grillage structure in

the cabin explosion environment, of which the re-

sults suggest that the global deformation of the cab-

in structure under the internal explosion load of the

warhead is mainly due to the damage by the shock

wave. YANG et al. [12] have conducted numerical

simulation of the clamped stiffened plate under

three kinds of rectangular, triangular, and exponen-

tial explosive shock loads, and concluded that pro-

vided that the three kinds of loads have equal inten-

sity, the early dynamic responses of the structures

are nearly the same; as for the global damage on the

structure, the rectangular pulse load causes the big-

gest damage, and the exponential pulse load the

lowest. CHEN et al. [13] have defined the relation-

ship between the deformation of the stiffened plate

and its energy absorption under the effect of the ex-

plosive shock wave with the ratio of the dimension-

less relative rigidity to deflection, and their study re-

sults provide a reference for explosion resistance

and explosion venting of the warship structure.

JIAO et al. [14] have proposed the value ranges of di-

mensionless numbers in different damage modes by

describing the damage mode of the one-way stiff-

ened plate under the shock wave with dimension-

less numbers.

In Chapter "Internal Explosion" of LR Rules and

Regulations for Classification of Ships [6], it is speci-

fied that if a weapon has a sufficient equivalent en-

ergy which may damage a structure with its shock

load, then, the structure may be also damaged in the

dynamic load assessment based on the quasi-static

air pressure level. Also, it is pointed out that, when

an internal explosion is taking place in the warship

cabin, both the shock wave and quasi-static air pres-

sure loads contribute to damage of the structure.

By summarizing the results of the above studies,

we can find that, currently, not too many studies on

the damage of the stiffened plate under the com-

bined effect of the two loads, namely, the shock

wave and quasi-static air pressure due to explosion,

have been conducted. In this paper, the deformation
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characteristics of the clamped one-way stiffened

plate are simulated mainly when the load impulse is

equal and load peak is equal, and the two loads are

separated from each other based on the typical cab-

in explosion load, namely, the combined effect of

the explosive shock wave and quasi-static air pres-

sure loads. Therefore, a simulation study on the de-

formation characteristics of the stiffened plate can

be conducted under the effect of either load and the

combined effect of both loads.

1 Numerical simulation

In order to study the deformation characteristics

of the cabin grillage structure under the typical cab-

in explosion load, we selected the one-way stiff-

ened plate for the typical cabin grillage structure of

the warship, of which the structure is shown in

Fig. 1. Then, numerical simulation calculation is

done with the non-linear dynamic finite element

analysis program LS-DYNA, for which, the target

grillage model is shown in Fig. 2.

Fig. 1 Dimension structure of the stiffened plate

Fig. 2 Model drawing of stiffened plate

A model, l =5 000 mm, d = 2 500 mm, and height

of the stiffeners h = 140 mm, has been built, with

the stiffeners spaced at a = 500 mm, plate thickness

H = 4 mm, and grid size 15 mm × 15 mm.

The bilinear elastic-plastic constitutive model

Plastic_Kinematic is used as the material of both

the face plate and stiffened structure, of which, the

strain rate effect is described with the Cowper-Sy-

monds material model:

（1）

where σd is the dynamic yield strength, σ0 the static

yield strength, E the elastic modulus, Eh the harden-

ing modulus, εp the effective plastic strain, ε̇ the

equivalent plastic strain rate, and D and n are con-

stants, generally, D= 40.4 s-1 and n = 5 for the mild

steel. In this paper, Q235 mild steel, having density

ρ=7 800 kg/m3 and static yield strength σ0 =235 MPa,

is used. The failure criterion for maximum equiva-

lent plastic strain, with failure strain 0.3, is applied

to the material failure model.

2 Experiment validation of the nu-
merical simulation method

In USA Military Standard UFC-3-340-02 [15], the

load in a confined space is equated to two portions,

of which, the 1st portion is the triangular shock

wave pressure pulse without pressure rising time,

and the 2nd portion the quasi-static pressure having

a low peak pressure and a long pulse width. There-

fore, the cabin explosion load can be equated to the

shock wave load and quasi-static air pressure load.

The load mode is shown in Fig. 3.

Fig. 3 The mode of explosion load in the cabin of USA

standard UFC-3-340-02 [15]

The quasi-static air pressure has a smaller peak

and a bigger pulse width than the shock wave, but

from the aspect of the time frame, it is still a trian-

gular shock load. Numerical simulation has been

done for damage of the stiffened plate under the ex-

plosive shock load with the above simulation meth-

od and settings of the material parameters in order

to validate the accuracy of the simulation software

for response calculation of the structure under the

shock wave load and demonstrate the applicability

of the simulation method to the calculation of the

triangular load. Validation has been done in the aeri-

al explosion test as described in Ref. [16], with the

test piece size 500 mm × 500 mm, 400 g TNT col-

umn charge with a size of 131.2 mm × 50.2 mm
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and explosive distance of 148 mm. The model shell

thus established is 5 mm × 5 mm in size; its bound-

ary condition is that it is clamped all around; the flu-

id-structure interaction algorithm is employed and

the simulation explosive is charged at the same

time. The simulation results are compared with the

test results [16] as shown in Fig. 4 and Fig. 5.

(a) Test results (b) Simulation results

Fig. 4 Comparison of test and simulation deformation modes
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Fig. 5 Numerical comparison of deformation profile between

test and simulation center line

The deformation patterns of both the test and sim-

ulation are shown in Fig. 4. It can be seen that glob-

al permanent plastic deformation has taken place on

the test piece, mainly existing at the center of the

square plate, and the displacement distribution re-

sulted from the numerical simulation is in agree-

ment with the test results. Fig. 5 provides the com-

parison between the deformation amount of the nu-

merical simulation and test results. From this fig-

ure, it can be seen that the results of the numerical

simulation are in good agreement with the test re-

sults. The ratio of deflection to thickness at the cen-

ter of the test plate where the maximum deforma-

tion has taken place is 10.58, and that resulted from

the numerical simulation is 9.98, so the error be-

tween these two values is 5.67%, less than 10%.

Therefore, the simulation results meet the require-

ment for engineering accuracy, and it is believed

that the numerical calculation method and material

parameters used in this paper are rational.

3 Characteristics of the geometri-
cal parameters of the shock
wave load

In order to study the effect of the explosive shock

wave load and quasi-static air pressure load on de-

formation of the stiffened plate, we set two kinds of

loads and applied them in the form of uniform dis-

tribution as surface loads of which the parameters

are listed in Table 1 and Table 2. Table 1 provides

the parameters of the initial explosive shock wave

load; in this table, four groups of impulses, namely,

I = 2.0, 2.5, 3.0, 3.5 MPa·ms, are set, and the im-

pulses are kept consistent by varying load action

time t and load peak Pm.

Table 1 Load parameters of initial explosive impact wave

In this paper, the triangular load is used to re-

place the initial explosive shock wave. Fig. 6 shows

the schematic curves of the triangular load applied

when I= 2.0 MPa·ms and load action time t = 0.3-
4 ms. The load curves with other impulses given in

Table 1 are similar with those in Fig. 6.

The quasi-static air pressure loads are listed in Ta-

ble 2. The parameters are divided into four groups,

and each group has the same load peaks Pm, respec-

tively 0.4, 0.5, 0.6, and 0.7 MPa. With the load ac-

tion time as the variable, it is found that the impulse

increases gradually with an increase in the load ac-

tion time.

Fig. 7 shows the schematic curves of the quasi-

static air pressure loads applied. In this figure, the

JIAO L Q, et al. Damage characteristics of stiffened plates in typical cabin explosion load 57



downloaded from www.ship-research.com

CHINESE JOURNAL OF SHIP RESEARCH，VOL.16，NO.2，APR. 2021

load curves with impulse load peak Pm = 0.4 MPa

and load action time t = 0.3-60 ms taken from Ta-

ble 2 are shown. The load curves with other load

peaks are similar to those in Fig. 7.

4 Numerical calculation results
and analysis

4.1 Effect of the load action time on de-

formation of the stiffened plate un-

der the same impulse

The simulation results when I = 2.0 MPa·ms are

shown in Fig. 8. The defined global deflection val-

ue of the stiffened plate is the displacement value at

the central node of the stiffened plate in direction Z.

As shown in Fig. 8, with load action time t = 0.3-

1.0 ms, the deflection value of the stiffened plate

varies between 186.8 and 181.4 mm; with load ac-

tion time t =1.3-30 ms, the global deflection of the

stiffened plate varies between 177.5 and 32.0 mm;

with load action time t = 50.0-100.0 ms, it varies

between 23.5 and 20.0 mm.

Fig. 9 shows the variation of the deflection with

load action time at the central position of the plate

when impulse I = 2.0 MPa·ms. After the calcula-

tion, the first-order natural vibration period of this

stiffened plate in the vertical direction is T = 20 ms.

So it can be seen that when the load action time t ≤
0.05T and t ≥ 2.5T, the deflection of the stiffened

plate varies slowly, and when 0.065T ≤ t ≤ 1.5T,

the deflection of the stiffened plate decreases quick-

ly.

When I = 2.5, 3.0, or 3.5 MPa·ms, the rules for

deformation of the stiffened plate with the load ac-

tion time are nearly the same as those given in

Fig. 8 and Fig. 9. The calculation results of the four

kinds of shock wave loads are compared as shown

in Fig. 10.

As can be seen from Fig. 10, when impulse I =

2.5 MPa·ms, and load action time t ≤ 0.075T or t ≥
2.5T, the deflection of the stiffened plate varies

slowly; when load action time 0.1T ≤ t ≤ 1.5T, the

deflection of the stiffened plate decreases slowly.

When impulse I = 3.0 MPa·ms, and load action

time t ≤ 0.075T or t ≥ 2.5T, the deflection of the

stiffened plate varies slowly; when load action time

0.1T ≤ t ≤ 1.5T, the deflection of the stiffened plate

decreases quickly. When impulse I = 3.5 MPa·ms,

and load action time t ≤ 0.04T or t ≥ 2.5T, the de-

flection of the stiffened plate varies slowly, and

when load action time 0.04T ≤ t ≤ 1.5T, the deflec-

tion of the stiffened plate decreases quickly.

From the results of the above numerical simula-

tion, when the impulses acting on the stiffened plate

Table 2 Parameters of quasi-static air pressure load

Fig. 6 Shock wave load curves (I = 2.0 MPa·ms)

Fig. 7 Quasi-static air pressure load curves (Pm = 0.4 MPa)

58



downloaded from www.ship-research.com

are equal and only a big plastic deformation has tak-

en place, natural vibration period T of the stiffened

plate may be considered; when load action time t <

0.05T, the deflection of the stiffened plate is close

to the maximum value, and the final deflection

tends to be stable with an increase in the load action

time. Therefore, it can be believed that if the im-

pulse is constant in the above situations, and when

load action time t is less than 0.05T, the characteris-

tics are consistent with those of the initial shock

load resulted from the cabin explosion; when load

action time t > 2.5T, the final maximum deflection

of the stiffened plate is close to the minimum de-

flection, and this deflection is the final plastic defor-

mation resulted from the shock wave. In addition,

deflection due to the plastic deformation of the stiff-

ened plate varies no longer with the extension of

the load action time; when load action time t is

0.05T-2.5T, the deflection of the stiffened plate de-

creases gradually and varies greatly with increase in

the load action time.

4.2 Effect of the load peak and load ac-
tion time on deformation of the stiff-
ened plate

Based on the situations given in Table 2, the sim-

ulation results when load peak Pm=0.4 MPa are

shown in Fig. 11.

When Pm=0.4 MPa and load action time t<0.8 ms,

the deformation deflection of the stiffened plate is

less than 1.5 mm, so it can be believed that nearly

no deformation has taken place on the stiffened

plate relative to the size of the model; when load

action time t is between 1.2 and 60.0 ms, the defor-

mation of the stiffened plate increases gradually

with the extension of the load action time, and

Fig. 8 Displacement contours of deformation history under shock wave (I = 2 MPa·ms)

Fig. 9 The logarithmic coordinate curve of the deflection with

the load time t/T

Fig. 10 Deflection calculation results under four kinds of

shock wave loading strength
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range of the deflection deformation is between 8.2

and 208.0 mm; when load action time t is longer

than 70 ms or applied impulse I = 12 MPa·ms, the

deflection of the stiffened plate is 212-220 mm and

deflection of the stiffened plate varies little with ex-

tension of the load action time.

When Pm = 0.5, 0.6, or 0.7 MPa, the characteris-

tics of deformation of the stiffened plate with the

load action time are nearly the same as those when

Pm = 0.4 MPa. The calculation results of the deflec-

tion and time under the four different loading situa-

tions are summarized as shown in Fig. 12.
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Fig. 12 Curves of deflection with time under quasi-static air

pressure load

As can be seen from Fig. 12, when the load peak

is low, if the load action time is long enough, it may

cause a big plastic deformation on the stiffened

plate. With different load peaks, when load action

time t > 60 ms, the deflection of the stiffened plate

reaches its maximum and it nearly varies no longer

with the extension of the load action time.

So, it can be believed that saturated impulse Is ex-

ists on the stiffened plate under different load

peaks, namely, when Pm = 0.4, 0.5, 0.6, and 0.7 MPa,

the saturated impulse is respectively Is = 12, 15, 18,

and 21 MPa·ms.

Therefore, it can be concluded that the load act-

ing on the stiffened plate increases with time, and

before the saturated impulse is reached, what deter-

mining the final deformation of the stiffened plate

is the load action time, but after the saturated im-

pulse is reached, it can be believed that the load ac-

tion time does not affect the final deformation of

the stiffened plate no longer, and what determining

the final deformation of the stiffened plate is the

load peak.

4.3 Characteristics of deformation of the
stiffened plate under the combined
effect of two kinds of loads

For the cabin explosion, the main load form is

the combined effect form of the initial shock wave

load and quasi-static air pressure load. The load

characteristics can be studied with the characteristic

experiment under the cabin explosion load with the

minimum explosive charge. Fig. 13 shows the re-

sults of the shock wave pressure test under the cab-

in explosion [3], where, P is the load.

The model for this experiment is 1.25 m×0.75 m ×

0.625 m in size, and TNT is used, with a charge

mass of 33 g. As shown in Fig. 13, the action time

Displacement in direction Z Displacement in direction Z

Displacement in direction Z Displacement in direction Z

Displacement in direction Z Displacement in direction Z

Fig. 11 Displacement contours of deformation history under quasi-static air pressure load (Pm = 0.4 MPa)
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of the initial shock wave is 0.25 ms and the load

peak is 4.8 MPa. The quasi-static air pressure load

occurs in 0.5-3.0 ms, but its load peak is 0.4 MPa,

which is low. As can be seen from this experiment

situation, the action time of the quasi-static air pres-

sure load is about 10 times that of the shock wave.

As can be seen from the experiment results, the

initial shock wave load nearly has the same charac-

teristics as those under the same impulse with load

action time less than 0.05T described in Section 4.1,

and the quasi-static air pressure load nearly has the

same form as the load curves described in Section

4.2 (low peak and long action time).

In order to analyze the effects of the shock wave

load (peak 4.8 MPa) and quasi-static air pressure

load (peak 0.4 MPa) on the deformation of the stiff-

ened plate, we apply two kinds of loads separately

or together according to the above results and based

on the relation that the action time of the quasi-stat-

ic air pressure load is 10 times of that of the shock

wave load.

The load curves are shown in Fig. 14.

Numerical simulation has been conducted accord-

ing to the above load curves. As Pm is low, in order

to obtain an obvious deformation, we set the plate

thickness to 1.5 mm for the simulation, but the

height of the stiffeners remains unchanged and its

thickness is 2.0 mm. The simulation results are

shown in Fig. 15.

As can be seen from Fig. 15, when the explosive

shock wave is applied to the stiffened plate separate-

ly, the final deformation deflection of the stiffened

plate is 183.6 mm; when the quasi-static air pres-

sure is applied to the stiffened plate separately, the

final deformation deflection of the stiffened plate is

85.2 mm; when the two loads are applied to the

stiffened plate together, the final deformation de-

flection of the stiffened plate is 298.0 mm. So, it

can be seen that under the cabin explosion load,

what mainly contributes to the deformation of the

stiffened grillage structure is the initial explosive

shock load. The final deformation is not a simple su-

perimposition of these two loads, and a combina-

tion of these two loads may aggravate the deforma-

tion of the stiffened grillage structure. In other

words, the combined effect of the two loads can en-

hance the damage effect.

In the cabin explosion, the initial explosive shock

wave has a big peak. Although its action time is

short, the deformation of the stiffened plate mainly

takes place in the phase in which the initial shock

wave acts. After the action of the shock wave, the

quasi-static air pressure continues to act, but it is

lower and has a longer action time than the initial

shock wave load. Thus, it also contributes to the

plastic deformation of the stiffened plate as well.

Fig. 13 Pressure history of explosive shock wave load in the

cabin

(a) Curve for the shock wave load
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(c) Curve for the combined loads

Fig. 14 Schematic diagram of load curves generation under

combined action
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5 Conclusions

Numerical simulation has been conducted in

view of the characteristics of the deformation of the

stiffened plate under varying load action time and

respectively subject to the conditions of the same

impulse and same peak with the non-linear dynamic

finite element analysis software LS-DYNA. The ac-

curacy of the model built in this paper has been vali-

dated, and characteristics of the deformation of the

stiffened plate under the explosive shock load, qua-

si-static air pressure load and combination of these

two loads have been analyzed, with the following

main conclusions achieved:

1) When the impulses acting on the stiffened

plate are equal, only a big plastic deformation has

taken place, and load action time t < 0.05T. This

load has the same characteristics as the initial shock

load in the cabin explosion, and the final deforma-

tion deflection of the stiffened plate is near the max-

imum value and varies little with the extension of

the load action time.

2) With the same load peak, before the saturated

impulse is reached, what determines the final defor-

mation of the stiffened plate is the load action time.

After the saturated impulse is reached, it can be be-

lieved that the load action time does not affect the

final deformation of the stiffened plate no longer,

and what determines the final deformation of the

stiffened plate is the load peak.

3) Under the action of the cabin explosion load,

the final deformation deflection is not a simple su-

perimposition of these two loads, and a combina-

tion of these two loads may aggravate the deforma-

tion of the stiffened grillage structure. In other

words, the combined effect of the two loads can en-

hance the damage effect.
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典型舱内爆炸载荷对加筋板的
毁伤特性
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摘 要：［目的目的］为研究典型舱内爆炸载荷对加筋板的毁伤特性，将舱内爆炸载荷分为初始爆炸冲击波载荷和

准静态气压载荷，利用有限元分析软件 LS-DYNA 开展爆炸载荷下固支单向加筋板毁伤特性的数值模拟。

［方方法法］主要模拟载荷冲量相等和载荷峰值相等时固支单向加筋板的变形特性，以及加筋板分别在初始爆炸冲

击波载荷、准静态气压载荷及 2 种载荷联合作用下的毁伤特性，并分析上述载荷作用下加筋板的变形特点。

［结结果果］ 结果表明：当作用在加筋板上的冲量相等、载荷作用时间小于 0.05 倍垂向一阶自振周期时，加筋板的

最终挠度值处于最大值附近；当载荷峰值相同时，存在饱和冲量值，达到饱和冲量值以后，载荷作用时间不再影

响加筋板的最终变形。［结论结论］在舱内爆炸载荷作用下，加筋板的最终变形不是 2 种载荷作用下的简单叠加，2

种载荷的联合作用会增强毁伤效果。
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