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Abstract. To investigate the anti-explosion performance of steel beam-slab pro-

tective door under underwater explosion impact, a three-dimensional numerical 

model for the steel beam-slab protective door under underwater impact load was 

established, and the effects of constraint conditions, height and thickness of the 

flat web in the skeleton beam, width and thickness of the flange plate on its anti-

explosion performance were analyzed. The calculation results demonstrate that 

the frame beam at the edge of the protective door is the most vulnerable compo-

nent in terms of anti-explosion performance. It is susceptible to various failure 

modes, including buckling deformation of local frame beam, overall flexural fail-

ure, compression-bending failure, and warping failure of frame beams on both 

sides; the variation in constraint conditions has a notable influence on the anti-

explosion performance of the structure; increasing the height and thickness of the 

flat web results in a reduction of approximately 20% in the peak displacement of 

the structure. But simply increasing the width and thickness of the flange plate 

has a limited impact on the structural resistance to explosions. 

Keywords: underwater explosion; protective door; anti-explosion performance; 

failure mode. 

1 Introduction 

Underwater explosions release a significant amount of energy within a confined range, 

causing a strong shock wave that poses a serious threat to the safety of hydraulic struc-

tures. [1-3]. Hydraulic structures serve crucial functions in various sectors, including 

power generation, flood control, water supply, and navigation, representing important 

national resources, which are vulnerable to explosions and other attacks. In the midst 

of an explosion, the hydraulic structure is susceptible to the shock wave, with its mouth 

often being the primary target, and once it is destroyed, it will cause damage to the 

inside of the structure. As the most important protective equipment at the mouth, the 

protective door plays a decisive role in the safety of underwater engineering. Therefore, 

it is of great significance to study the anti-explosion performance of underwater pro-

tective doors. 
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The structural form of the steel protective door mainly consists of a beam-slab con-

figuration, that is, the skeleton beam is taken as the main stress component, supple-

mented by panel support [4]. Steel plate or I-beam can be used for skeleton beams. 

When the explosion load acts on the protective door, the skeleton beam can absorb most 

of the explosion energy and effectively improve the anti-explosion performance of the 

protective door. Admittedly, the majority of current studies only focus on the analysis 

of the anti-explosion performance of beam-slab protective doors under explosion load 

in the air [5-7]. However, the beam-slab structure shares similarities with the stiffened 

plate structure. By studying the anti-explosion performance of the stiffened plate, the 

dynamic response characteristics of the underwater explosion to the beam-slab protec-

tive door can be obtained. Jen et al. studied the transient response of stiffened plate 

structures with different sizes to underwater impact load and proposed damage factors 

that can be used to describe the damage degree of stiffened plate structures [8]. Accord-

ing to Hains acoustic approximation method, Jiang et al. put forward a simplified anal-

ysis method for predicting the nonlinear dynamic response of stiffened plates under 

underwater explosion, which can well analyze the rigid-plastic behavior of unidirec-

tional and bidirectional stiffened plates [9]. Gupta et al. obtained the failure modes of 

stiffened and unstiffened plates under underwater explosion load by numerical simula-

tion and analyzed the influence of plate thickness on the failure modes [10]. Elsayed et 

al. conducted a numerical analysis to obtain the dynamic response of a stiffened plate 

subjected to underwater explosion loads. The results of their analysis revealed that con-

sidering the strain rate effect of materials can effectively reduce the displacement of 

stiffened plates [11]. The above research results can lay a theoretical foundation for the 

dynamic response analysis of beam-slab protective doors under underwater explosion. 

This paper aims to delve deeper into the dynamic response characteristics of a steel 

beam-slab protective door when subjected to underwater explosion loads. Numerical 

simulations allow for analyzing the dynamic response and resistance of the steel beam-

slab protective door under such loads. The study takes into account the influences of 

constraint conditions, height and thickness of the flat web in the skeleton beam, as well 

as the width and thickness of the flange plate on the anti-explosion performance of the 

structure. 

2 Analysis of Resistance Performance of Steel Beam-slab 

Protective Doors 

2.1 Finite element modeling 

The door leaf of the beam-slab protective door has a size of 4 × 5.5 × 0. 686 m (length 

× width × height). The inner skeleton beam of the door leaf is composed of I-beams, 

arranged in a grid pattern with 7 beams in the longitudinal direction and 10 beams in 

the transverse direction, and the periphery is connected by steel plates. The thickness 

of the upper and lower panels and the surrounding support panels of the skeleton beam 

is 28 mm, and the skeleton beam is made of 63C I-beams, as outlined in Figure 1. 

Compared with traditional steel, high-strength steel displays notable advantages such 
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as high yield strength and better energy absorption capacity [12], so Q690 high-strength 

steel is selected as the protective door material. Its parameters include an elastic mod-

ulus of 2.06 × 1011 Pa, a density of 7850 kg/m3, and ultimate strength of 770 MPa. 

The finite element model of the steel beam-slab protective door, as depicted in Fig-

ure 2, utilizes a Lagrange mesh for accurate representation, with a division of 193,416 

elements. In the calculation, the general contact algorithm is adopted to consider the 

contact between the explosion-facing and back-explosion surface and the skeleton 

beam and surrounding support panels, respectively. It is important to note that the cur-

rent study focuses solely on the dynamic response of the door body, and thus the influ-

ence of surrounding components, such as the door frame, has been neglected. Addition-

ally, for simplification purposes, the four sides of the door body are assumed to be 

simply supported. 

 
(a) Cross-sectional view of the protective door along the width 

 

(b) Cross-sectional view of the protective door along the length 

Fig. 1. Cross-sectional views of steel beam-slab protective door (dimension unit: mm) 

 

(a) Finite element model drawing of the outer panel of the protective door 
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(b) Finite element model drawing of skeleton beam 

Fig. 2. Finite element model of steel beam-slab protective door 

2.2 Material models 

High-strength steel Q690 will undergo hardening under a high strain rate. The John-

Cook model adopted different strengthening criteria and considered the effects of strain 

hardening, strain rate hardening, and temperature softening, the research under which 

can simulate the response of most metal materials under explosion load [13]. Likewise, 

this paper introduces the dynamic characteristics of high-strength steel materials, de-

fining the yield stress as: 

 ( ) ( )
1

= 1 ln 1
n pp mA B C T
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In this equation, A is the yield stress; B is the strain hardening constant; C is a strain 

rate sensitive parameter; n is the strain hardening exponent; 
p  and p   are plastic 

strain and plastic strain rate; 1   is the reference strain rate; 

( )( )mT T Tr Tm Tr = − −
, where m is the temperature softening index. Specific pa-

rameters are referred to the study conducted by Yang et al. [14], as shown in Table 1.  

Table 1. John-Cook model parameters of high-strength steel 

A/MPa B/MPa n C m 

722 400 0.57 0.021 - 

When the material is under pressure, by employing the Gruneisen equation of state, 

it is possible to describe the water medium, where the explosive impact load propagates: 
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The equation of state in the event of material expansion is: 

 ( )2

0 0 0 Vp C a E   = + +  (3) 

where EV is the initial internal energy per unit volume; a is a constant, which is the 

first-order volume correction coefficient of 0 . Table 2 details the parameters of the 

Grunesien equation of state used in the simulation. 

Table 2. Parameters of Grunesien equation of state 

C/cm· s-1 S1 S2 S3 a 0   /g·cm-3 

0.1647 1.921 -0.096 0 0 0.35 1.0 

Jones-Wilkins-Lee (JWL) equation of state is used to describe the pressure generated 

by chemical energy in the explosion, which defines the pressure as a function of relative 

specific volume V and specific internal energy e of detonation products: 
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where p is the detonation product; V is the relative specific volume of detonation 

products, and 0/V v v=
; A, B, R1, R2 and  are the parameters to be fitted, and the 

related parameters in the JWL equation of state are described in Table 3. 

Table 3. Parameters of JWL equation of state 



/km·m-1 

D 

/m·s-1 
PCJ/GPa A/GPa B/GPa R1 R2   

1630 6717 18.5 373.8 3.75 4.15 0.9 0.35 

2.3 Determination of explosion load 

The protective door is in an underwater environment, where the explosion-facing sur-

face of the protective door faces the water and the back-explosion surface faces the air. 

We selected the explosive equivalents as 200 kg, 300 kg, 400 kg, and 500 kg, the initi-

ation distance as 10 m, and the action time as 30 ms. 

2.4 Dynamic response analysis of protective doors 

To explore the damage process of steel beam-slab protective door under underwater 

explosion impact load, the impact load was applied to the protective door when the 

explosive equivalent was 500 kg and the explosion distance was 10 m. Figure 3 shows 

the equivalent stress of the protective door at different times. When t=4.8 ms, the ex-

plosion impact load began to act on the explosion-facing panel. Then the stress on the 
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panel was transferred to the skeleton beam. When t=5.5 ms, the stress concentrated at 

the flat web of the skeleton beam around, which made the skeleton beam under pres-

sure. At this time, the maximum equivalent stress value was about 820.1 MPa, which 

exceeded the ultimate strength of the material, as shown in Figure 3 (b); as time pro-

gresses, when t=7 ms, the compressive damage at the flat web of the skeleton beam 

developed further, and the stress gradually developed from the periphery of the skeleton 

beam to the central area, as plotted in Figure 3 (c). At this time, the maximum equiva-

lent stress was about 920.6 MPa, and some skeleton beams have been subjected to 

buckling deformation; because the attenuation speed of explosion pressure in water is 

slower than that in air, and the explosion impact load continues to act on the protective 

door, the protective door bears a larger distributed load, which leads to the bending 

deformation of the whole protective door. When t=13 ms, the protective door has ob-

vious buckling deformation. As illustrated in Figure 3 (d), the stress value at the junc-

tion of the flat web in the skeleton beam and upper flange plate was the highest, reach-

ing a maximum value of approximately 1039 MPa. At this point, the protective door 

was already in a plastic deformation state. As the reflected shock wave propagated in 

water, the reflected sparse wave gradually formed, and the structure moved in the op-

posite direction of the shock wave propagation. Under the superposition action of dif-

ferent wave systems, the structure of the protective door was constantly deformed. 

When t=30 ms, the protective door collapsed to the central area, and the skeleton beams 

around it have been buckled and destroyed. From Figure 3 (e), it is evident that the 

resistance of the protective door has become significantly insufficient, leading to plastic 

failure. 

 
(a) 4.8 ms 

 

(b) 5.5 ms 
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(c) 7 ms 

 

(d) 13 ms 

 

(e) 30 ms 

Fig. 3. Mises stress at different times 

Figure 4 depicts the equivalent plastic strain of the protective door at different times. 

The change process of equivalent plastic strain on the door leaf of the protective door 

closely resembles that of equivalent stress. When t=5.5 ms, the equivalent plastic strain 
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on the upper and lower sides of the flat web of the skeleton beam appeared for the first 

time, and its strain value was about 8.427 × 10-3, as shown in Figure 4 (a); under the 

continuous impact load exerted on the structure, the protective door undergoes ongoing 

bending and deformation along the propagation direction of the shock wave. When 

t=26.2 ms, as observed in Figure 4 (b), the maximum plastic strain mainly appeared at 

the flat web of the surrounding skeleton beam and tended to develop towards the central 

area. In the meantime, the protective door reached the maximum displacement, and the 

maximum equivalent plastic strain was about 1.284, suggesting that the door body com-

pletely entered the plastic stage; when t=30 ms, the damage development essentially 

comes to a halt. It is notable from Figure 4 (c) that the flat web in the central region of 

the skeleton beam is the weak part of the whole structure, and the maximum equivalent 

plastic strain is about 1.285. 

 
(a) 5.5 ms 

 

(b) 26.2 ms 
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(c) 30 ms 

Fig. 4. Equivalent plastic strain at different times 

3 Analysis of Influencing Factors of Steel Beam-slab Protective 

Door 

3.1 Influence of constraint conditions on door leaf resistance 

To explore the influence of constraint conditions on the resistance of the protective 

door, the constraint conditions are set as: four-side simply supported constraint and 

three-side simply supported constraint respectively. Among them, the three-side simply 

supported restraint is posed on both sides and the bottom of the protective door. Be-

cause in the vertical closed protective door, when the protective door is closed, there 

are door frames on both sides and bottom to restrain it. The explosive equivalents were 

set as 200 kg, 300 kg, 400 kg, and 500 kg respectively, and the initiation distance as 10 

m, while other structural parameters remained unchanged. 

Figure 5 provides a visual representation of the failure mode and stress distribution 

of the protective door under different constraints. In Figures 5 (a) and (b), which corre-

spond to explosive equivalents of 200 kg to 300 kg, the failure mode of the protective 

door under both constraint configurations exhibited buckling deformation of the local 

skeleton beam, the whole structure was in an elastic state, and the maximum equivalent 

stress values of the protective door were about 579.2 MPa and 765.3 MPa respectively. 

With the increase of explosive equivalent, the impact load of the protective door grad-

ually increases. As observed in Figure 5 (c), in the case of a four-side simply supported 

constraint, the failure mode of the protective door progressed from local buckling de-

formation to full compression buckling deformation of the surrounding skeleton beam, 

and the structure displayed overall bending failure. However, in the case of a three-side 

simply supported constraint, as shown in Figure 5 (d), because there is no constraint at 

the top of the protective door, the failure mainly occurs at the top position. With the 

increase in load, the displacement of the top of the protective door increases 

Study on Anti-explosion Performance of Steel Beam-slab Protective             763



continuously, which makes the skeleton beams on both sides break away from the orig-

inal constraints and produce serious warping deformation. In Figures 5 (c) and (d), the 

maximum equivalent stresses of the protective door were about 987.6 MPa and 1022 

MPa respectively, which have exceeded the ultimate strength of Q690 steel, and the 

protective door has produced large deformation. 

According to the above analysis, the failure modes can be divided into three catego-

ries on account of the failure characteristics of the protective door : (1) When the ex-

plosive equivalent ranges from 200 kg to 300 kg, the failure mode of the protective 

door features buckling deformation of local skeleton beam; (2) When the explosive 

equivalent exceeds 400 kg in the case of four-side simply supported constraint, the 

skeleton beams around the structure are subjected to compression and bending failure, 

while the whole structure undergoes bending failure; (3) When the explosive equivalent 

exceeds 400 kg in the case of three-side simply supported constraint, the skeleton beams 

on both sides experiences compression and bending failure, and serious warping failure 

occurs on both sides of the structure. 

 
(a) Stress distribution diagram under a four-side simply supported constraint when the explo-

sive equivalent is 200 ~ 300 kg 

 

(b) Stress distribution diagram under a three-side simply supported constraint when the explo-

sive equivalent is 200 ~ 300 kg 
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(c) Stress distribution diagram under a four-side simply supported constraint when the explo-

sive equivalent is 400 ~ 500 kg 

 

(d) Stress distribution diagram under a three-side simply supported constraint for the explosive 

equivalent of 400 ~ 500 kg 

Fig. 5. Stress distribution diagrams of the protective door under different constraint conditions 

Figure 6 (a) displays the displacement time history curve of the protective door at 

the center point under different explosive equivalents and two constraints. The results 

demonstrate that when the explosive equivalent was below 400 kg, the peak displace-

ment of the protective door was relatively small under the two constraints. Under the 

condition of the four-side simply supported constraint, the peak displacements were 

34.66 mm and 42.85 mm, respectively. Meanwhile, the peaks of displacement were 

27.78 mm and 40.74 mm respectively under the condition of three-side simply sup-

ported constraint. After the displacement time-history curve reached the peak value, the 

subsequent displacement exhibited noticeable oscillations before eventually settling at 

a relatively fixed value. This finding indicates that after the structure reaches the peak 

value of displacement when it is first subjected to impact load, the stress on the structure 

fails to reach the limit state of the material and the structure consumes the explosion 

energy by its resistance, leaving it in the elastic deformation phase. However, when the 
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explosive equivalent was more than 400 kg, the displacement time history curves under 

the two constraints generally exhibited an upward trend, suggesting that after the first 

peak pressure of the explosion load, the structure reached the maximum bearing capac-

ity and entered the plastic deformation stage. With the continuous application of load, 

the displacement growth rate and peak displacement gradually increase. Figure 6 (b) 

depicts the relationship between the displacement of the center point of the protective 

door and the explosive equivalent under two different constraint conditions. It reveals 

that when the explosive equivalent was less than 300 kg, the displacement difference 

of the center point of the protective door was small under the two constraint conditions. 

When the explosive equivalent reached 400 kg, the peak displacement increased rap-

idly. The peak displacements under the four-side constraint and three-side constraint 

were 648.19 mm and 1045.98 mm, respectively, with a difference of about 61.37%. 

When the explosive equivalent reached 500 kg, the peak displacements under the four-

side constraint and three-side constraint were 771.85 mm and 1161.49 mm, respec-

tively, with a difference of approximately 50.48%. It can be seen from the line chart 

that the peak displacement of the protective door under the condition of three-side con-

straint is much higher than that under the condition of four-side constraint, and the fail-

ure of the protective door under the condition of three-side simply supported constraint 

is more serious. 

 
(a) Displacement time history curve of the center point of the protective door 
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(b) Relationship between constraint conditions and maximum displacement 

Fig. 6. Influence of different constraint conditions on the displacement at the center point 

3.2 Influence of height and thickness of the flat web in the skeleton beam 

To study the influence law of height and thickness of the flat web in the skeleton beam 

on the resistance of the protective door, we took the explosive equivalent as 500 kg and 

the initiation distance as 10 m, with other parameters kept unchanged. The original 

model was retained with the focus being on changing height (H) and thickness (tw) of 

the flat web in the I-steel component, as illustrated in Table 4. 

Table 4. Values of height and thickness of the flat web in the skeleton beam of the protective 

door 

Working condition Web height H (mm) Web thickness tw (mm) 

1 586 16 17 18 19 

2 566 576 586 596 17 

As can be observed from Figures 7 (a) and (b), the change in the web height has little 

influence on the peak displacement at the center point of the protective door. With the 

increase of H, the displacement peaks were 786.28 mm, 776.47 mm, 771.85 mm, and 

771.36 mm, respectively, with a decrease of only 1.9%. The reason is that the height of 

the support panel around the protective door changes with the change of web height, 

which also has a certain influence on the resistance of the protective door. As can be 

noted from Figures 8 (a) and (b), there was a clear trend of decreasing peak displace-

ments of the protective door with the increase of web thickness. The recorded peak 

displacements were 822.12 mm, 771.85 mm, 717.04 mm, and 663.71 mm, respectively, 

reflecting a declining range of approximately 19.27%. These results indicate that in-

creasing the web thickness has a notable influence on enhancing the anti-explosion per-

formance of the protective door. 
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(a) Displacement time history curve of the center point of the protective door 

 
(b) Relation between web height and maximum displacement 

Fig. 7. Influence of different web heights on the displacement at the center point 

 
(a) Displacement time history curve of the center point of the protective door 
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(b) Relation between web thickness and maximum displacement 

Fig. 8. Influence of different web thicknesses on the displacement at the center point 

3.3 Influence of width and thickness of flange plate of the skeleton beam 

To investigate the influence of the width and thickness of the flange plate of the skele-

ton beam on the resistance of the protective door, we kept other parameters unchanged 

and only changed the width W and thickness tf of the flange plate of I-steel based on 

the original model, as detailed in Table 5. 

Table 5. Values of width and thickness of the flange plate of the skeleton beam on the protec-

tive door 

Working condition Flange plate’s width W (mm) Flange plate’s thickness tf (mm) 

3 180 21 22 23 24 

4 160 170 180 190 22 

Based on the observations from Figures 9 (a) and (b) and Figures 10 (a) and (b), the 

change in the width and thickness of the flange plate has little effect on the resistance 

of the protective door. With the increase of flange width and thickness, the peak dis-

placements were 776.85 mm, 770.29 mm, 771.85 mm, 812.27 mm and 783.23 mm, 

771.85 mm, 769.44 mm, 774.99 mm, respectively. By and large, the flange plate only 

plays a role in fixing the upper and lower panels and preventing the flat web buckling 

of the skeleton beam, so it has little influence on the resistance of the protective door. 
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(a) Displacement time history curve of the center point of the protective door 

 

(b) The relationship between the width of the flange plate and the maximum displacement 

Fig. 9. Influence of different widths of the flange plate on the displacement at the center point 

 

(a) Displacement time history curve of the center point of the protective door 
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(b) The relationship between the thickness of the flange plate and the maximum displacement 

Fig. 10. Influence of different thicknesses of the flange plate on the displacement at the center 

point 

4 Conclusions 

(1) The failure modes of steel beam-slab protective door under underwater explosion 

load can be classified into three categories: when the explosive equivalent ranges from 

200 kg to 300 kg, the protective door presents local skeleton beam buckling failure; 

when the explosive equivalent exceeds 400 kg under the four-side simply supported 

constraint, the whole protective door exhibits bending failure, accompanied by com-

pression-bending failure of the surrounding skeleton beams; when the explosive equiv-

alent surpasses 400 kg under the three-side simply supported constraint, the protective 

door displays bending failure of skeleton beams on both sides, and serious warping 

failure occurs on both sides of the structure. 

(2) The change of constraint conditions has a significant impact on the anti-explosion 

performance of the protective door. When the explosive equivalent is in excess of 400 

kg, the failure under the three-side simply supported constraint is more severe com-

pared to other constraint conditions. Consequently, it is advisable to avoid utilizing the 

three-side simply supported constraint in actual design scenarios. 

(3) The height and thickness of the flat web in the skeleton beam have a substantial 

influence on the anti-explosion performance of the protective door. Increasing the 

thickness of the flat web in the skeleton beam can indeed improve the overall perfor-

mance of the structure against the explosion. In contrast, the width and thickness of the 

flange plate have minimal influence on the resistance of the protective door. 
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