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This study employed numerical simulation to investigate the dynamic response characteristics of open-
web girders subjected to proximity blast loading and to compare these characteristics with those of 
solid-web girders. The research utilized the Coupled Eulerian–Lagrangian (CEL) method for simulation, 
effectively combining the advantages of both Eulerian and Lagrangian approaches. This method 
mitigated issues related to mesh distortion while accurately modeling the damage inflicted by blast 
loads on the structures.The primary objective of this study was to elucidate the response differences 
between open-web and solid-web girders under blast loading, thereby providing a reference for 
relevant engineering design. Researchers used Abaqus finite element software to create three-
dimensional solid models of both structural types and conducted numerical simulations to achieve 
these objectives.Results indicated that, although open-web girders and solid-web girders exhibited 
similar dynamic responses under blast loading, the nodes of open-web girders were more vulnerable 
to damage. Further analysis revealed that the local moments at the top rib, bottom rib, and shear key 
of open-web girders were critical to the overall displacement response, particularly when the shear key 
width was narrow. Increasing the shear key width could align the reaction of open-web girders more 
closely with that of solid-web girders.Significant differences were observed in reinforcement stresses 
between open-web and solid-web girders with identical longitudinal reinforcement configurations. 
These findings can enhance the understanding of the response behavior of open-web girders under 
blast loading and provide valuable insights for engineering designs.
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After more than 30  years of continuous development, open-web sandwich plates, as shown in Fig.  1, have 
become widely used in practical engineering and have yielded significant economic benefits1,2. Due to their 
excellent three-dimensional mechanical properties, they are highly favored for long-span structures. In recent 
years, several researchers have conducted extensive studies on the static and dynamic characteristics of open-
web sandwich plates and their components. For instance, Dingyuan Liu et al.3 proposed the quasi-sandwich 
plate variational method of open-web sandwich plates bending theory based on the variational method. Fang Yu 
et al.4 conducted a comprehensive experimental study on an open-web sandwich plate bridge to verify its static 
load-carrying capacity. Kejian Ma et al.5 investigated the application of reinforced concrete open-web sandwich 
plates and determined an economically reasonable span. Additionally, Lan Jiang et al.6 analyzed the acceleration 
factors that affect the steel–concrete composite open-web sandwich plate and conducted experiments to verify 
certain parameters. Duodong Wu et al.7 employed numerical simulation methods to analyze the natural vibration 
characteristics of an open-web sandwich plate floor structure and the vibration acceleration response of the 
floor structure under various loads. Tong Xiao et al.8 utilized MIDAS/Gen finite element software to investigate 
the structural dynamic characteristics and seismic performance of a steel–concrete composite space grid box 
structure, comparing it with the traditional frame structure.

With the widespread application of open-web sandwich plates in large-span public buildings and industrial 
factories, researchers have primarily focused on conducting in-depth research on the response of open-web 
sandwich plates under static and dynamic loads. However, there has been limited attention given to the dynamic 
response and associated damage of open-web sandwich plates under explosive loads. In recent years, there have 
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been several explosion accidents reported worldwide. For instance, on October 24, 2021, an explosion accident 
occurred in the Materials Laboratory of the School of Materials Science and Technology at Nanjing University of 
Aeronautics and Astronautics. Similarly, on May 24, 2022, a residential building in Wujin District, Changzhou 
City, exploded due to a leak of bottled liquefied gas, resulting in the collapse of the building. Additionally, on July 
19, 2022, a gas explosion occurred in a residential building in Beichen District, Tianjin. Another example is the 
store explosion in Gaomi City, Weifang, Shandong, on August 13, 2023, where natural gas was the cause. These 
explosion accidents not only resulted in casualties but also caused significant damage to the building structures. 
Considering that the open-web sandwich plate structure may be exposed to potential risks of explosion hazards 
such as canned gas, dust, and natural gas, it is imperative to conduct comprehensive research on the anti-
explosion performance of the open-web sandwich plate structure and its components. The open-web girder9, 
as the primary load-bearing element of the open-web sandwich plate, plays a vital role. Therefore, it is crucial 
to investigate the dynamic response of open-web girders under explosive loads. This analysis will contribute to 
a better understanding of the anti-explosion performance of open-web sandwich plates and can offer valuable 
insights for future research on enhancing their anti-explosion capabilities.

The explosion is a highly complex physical and chemical process, and finding a simple and effective 
formula to accurately describe the damage caused by explosion loads to structures has not yet been achieved10. 
Additionally, conducting large-scale explosion tests is challenging due to the harsh experimental conditions. 
However, in recent years, the advancement of finite element software and computer computing capabilities has 
enabled researchers to increasingly utilize numerical simulation methods for simulating the intricate process of 
explosion tests. For example, Yanchao Shi et al.11 utilized finite element analysis to investigate the progressive 
collapse process of reinforced concrete frames subjected to explosive loads with non-zero initial conditions. Jing 
Wang et al.12 conducted local failure tests on concrete slabs under close-range explosion loads and thoroughly 
examined the failure patterns of reinforced concrete slabs in such scenarios, and numerical simulation analysis 
was performed using the finite element software ANSYS/LS-DYNA. Jun Li et al.13 conducted a comparative 
study on ultra-high performance concrete slabs and ordinary strength concrete slabs under contact explosion 
and carried out numerical simulation analysis of the experiment using finite element software ANSYS/LS-
DYNA. Vaishnavi et al.14 employed numerical simulation to analyze the detonation pressure waves generated 
under explosive loads and further developed the floor pressure pulse curve using MATLAB software. Bo Yan et 
al.15 utilized the ANSYS/LS-DYNA software to examine the damage modes of reinforced concrete components 
when subjected to close-range explosion loads and compared them with experimental data. D. Rajkumar et 
al.16 employed the finite element software ANSYS/LS-DYNA to simulate the response of reinforced concrete 
columns under various explosive load parameters. Similarly, Sherong Zhang et al.17 utilized numerical analysis 
to simulate the failure mode of concrete gravity dams under explosive loads. Additionally, Chahmi Oucif et al.18 
conducted detailed numerical simulations to study the process of high-speed impact penetrating reinforced 
concrete panels. Finally, Jie Luo et al.19 employed numerical simulation methods to analyze the dynamic response 
of steel open-web sandwich plates and extensively investigated the corresponding stress transfer modes. Given 
the extensive range and significance of open-web sandwich plate structures in practical engineering applications, 
particularly their complex behavior under explosive loads, a comprehensive study of their dynamic response 
characteristics is essential. This research will focus on the open-web girder, a critical component of the open-web 
sandwich plate, and aims to investigate the dynamic response of the structure subjected to blast loads through 
numerical simulation methods. Specifically, the CEL finite element method will be employed, as it effectively 
simulates the large deformations induced by blast loads while mitigating issues related to mesh distortion. By 
comparing the displacement and stress responses of the open-web girder to those of the solid-web girder under 
explosive loading, this study will enhance our understanding of the open-web girder’s response behavior in 
such conditions. Furthermore, it will provide valuable insights for engineering design and establish a theoretical 
foundation for implementing effective explosion prevention measures, thereby significantly contributing to 
enhancing structural safety in extreme environments.

Description of the coupled method
Various methods are available for simulating the dynamic response of structures under explosive loads, including 
the CEL method, SPH method, and FEM-SPH method20,21. In this study, the CEL finite element method is 
selected. The CEL method is a coupled finite element algorithm that combines the Euler finite element method 
with the Lagrangian finite element method. By utilizing the Euler region, we can analyze the large deformation 
flow problem that occurs after an explosive explosion and prevent grid distortion. On the other hand, the 

Fig. 1.  Axonometric drawing of the open-web sandwich plate.
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Lagrangian method is employed to calculate the deformation of spatial grid box structures. The coupling 
between the Euler and Lagrangian regions is achieved through penalty functions. This method proves to be 
effective in accurately simulating the significant damage caused to structures by explosive loads.

Material model
Material model for concrete
The selection of an appropriate constitutive model is crucial for accurate numerical simulation results, 
due to significant differences in the mechanical properties of materials under high strain rates compared to 
static loads22,23. In this study, the material constitutive model of JH-218,24 is used to describe the constitutive 
relationship of concrete. The model comprises three parts: strength model, damage model, and state equation, 
which can effectively describe the failure process of materials caused by large deformation, high strain rate, and 
high pressure.

Strength model
According to the damage factor D, the strength model can be divided into three states: intact state, damage state, 
or fracture state. According to Fig. 2a, these are expressed as the normalized equivalent stress versus normalized 
hydrostatic pressure.

a. intact state: D = 0

	 σ∗
i = A(P ∗ + T ∗)N (1 + Clnε̇∗) ≤ σmax

i � (1)

b. damage state: 0 < D < 1

	 σ∗ = σ∗
i − D(σ∗

i − σ∗
f )� (2)

c. fracture state: D = 1

	 σ∗
f = B(P ∗)M (1 + Clnε̇∗) ≤ σmax

f � (3)

Fig. 2.  JH-2 model18,24. (a). Strength model. (b). Damage model. (c). State equation.
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where σ is the actual Von-Mises equivalent stress, σ∗ is the normalized equivalent stress, σ∗
i  is the normalized 

intact equivalent stress, σ∗
f  is the normalized fractured equivalent stress, σHEL is the equivalent stress at the 

Hugoniot elastic limit (HEL), P ∗ is the normalized pressure, P  is the actual pressure, PHEL is the pressure at the 
HEL, T ∗ is the normalized maximum tensile hydrostatic pressure, T  is the maximum tensile pressure that the 
material can withstand, ε̇∗ is the dimensionless strain rate has the general form ε̇∗ = ε/ε0, ε is the actual strain 
rate, ε0 is the reference strain rate(ε0=1.0 s−1), σmax

i  and σmax
f  are the optional limits for the strengths and A

, B, C, M, and N are the material parameters.

Damage model
As is shown in Fig. 2b, the cumulative calculation formula for fracture damage is:

	
D =

∑
∆εp/εp

f � (4)

	 εp
f = D1(P ∗ + T ∗)D2 � (5)

where ∆εp is the increment in equivalent plastic strain, εp
f  is the equivalent plastic strain to fracture under 

constant pressure, D1 and D2 are material parameters.

State equation
The equation of state is used to describe the relationship between the hydrostatic pressure and volumetric strain 
of materials, as shown in Fig. 2c.

a. When the material is undamaged (D = 0), the equation of state can be expressed as:

	 P = K1µ + K2µ2 + K3µ3If µ > 0� (6)

	 P = K1µIf µ < 0� (7)

b. After the accumulation of damage begins (D > 0), an additional pressure term ∆P is added, and the equation 
is expressed as:

	 P = K1µ + K2µ2 + K3µ3 + ∆P � (8)

The pressure increment is determined from energy considerations as

	 ∆P t+∆t = −K1 · µt+∆t +
√

(K1·µt+∆t + ∆P t)2 + 2 · β·K1 · ∆U � (9)

where β is the fraction of the elastic energy loss converted to potential hydrostatic energy (0 < β < 1).

The constitutive parameters of the concrete In this study are calculated using the values fitted in the literature25, 
as shown in Table 1. The control parameters not provided in the literature were calibrated using numerical 
simulation methods to reproduce the existing explosion tests in the literature26, as shown in Table 2.

Material model for steel
In explosion and impact research, the Johnson–Cook constitutive model27 is commonly used to describe 
materials subjected to high pressures and strain rates. The yield stress is expressed as Eq. 10. This article adopts 

σmax
i σmax

f β ϵpl
f, max ϵpl

f, min FS IDamage
1.2 0.26 1 1 0.001 0.75 0

Table 2.  Jh-2 constitutive control parameters.

 

ρ(kg/m3) G(GPa) A B C N m ε̇0 T (MPa)
2400 12.5 0.6304 0.2101 0.006 0.8437 0.8437 1 3.4

D1 D2 HEL(GPa) PHEL(GPa) K1(GPa) K2(GPa) K3(GPa)
0.6 0.1 1.481 0.811 16.667 73.19  − 236.2

Table 1.  C30 concrete JH-2 constitutive parameters.
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two types of steel bars, with yield strengths of 420 MPa and 267 MPa, respectively. The specific parameters are 
shown in Tables 3, 4.

	
σ̄ =

[
A + B

(
εpl

)n] [
1 + Cln

(
ε̇pl

ε̇0

)]
(1 − θ̂m)� (10)

where εpl is the effective plastic strain,ε̇pl is the equivalent plastic strain rate, θ̂m is the nondimensional 
temperature, A is the initial yield stress, B is the hardening constant, C is the strain rate constant and ε̇0 are 
material parameters measured, n is the hardening exponent and m is the thermal softening exponent.

Material model for explosive
To model the explosive (TNT), the Jones-Wilkins-Lee (JWL) equation of state29 is used. This equation reproduces 
the phenomenon of gas expansion following detonation:

	
P = A

(
1 − ωρ

R1ρ0

)
e

−R1
ρ

ρ0 + B

(
1 − ωρ

R2ρ0
e

−R1
ρ

ρ0

)
+ ωEmρ� (11)

where P  is the detonation pressure, ρ0 is the explosive density, ρ is the density of detonation products, 
A, B, R1, R2, ω are the Fixed parameters for explosives and Em is the Initial internal energy per unit volume. 
The specific parameters are shown in Table 5.

Material model for air
Using the EOS31 for the ideal gas, we can write the equation of state for a gas as follows:

	 p + pA = ρR(θ − θz)� (12)

This equation consists of pA being the ambient pressure, R being the gas constant, θ being the current 
temperature, and θz  being the absolute zero. The specific parameters are shown in Table 6.

Validation of the validity of the parameter
Using numerical analysis to simulate the experiments in Ref.26 and compare the test results, this study verifies 
the validity of the test methods and parameters. Comparing and analyzing the displacement and damage of a 
concrete beam under the explosive load of 8 kg (TNT) with 0.6 m spacing, the scaled distance was 0.3 m/kg1/3. 

ρ0(kg/m3) R(J/kg·K) pA(N/m 2) Specific heat(J/kg·K) Viscosity(N·s·m-2)

1.293 287 101,325 717.5 1.7894 × 10–5 (at 288 K)

Table 6.  Constitutive parameters of Air30.

 

ρ0(kg/m3) A(GPa) B(GPa) ω R1 R2 Em(J/kg) Detonation wave speed (m/s)

1630 373.8 3.347 792 510 0.014 3,680,000 6930

Table 5.  Constitutive parameters of TNT30.

 

ρ(kg/m3) E(GPa) ν A(MPa) B(MPa) n m C ε̇0
7830 209 0.28 267.4 365 0.6413 1.762 0.0545 0.0001

Table 4.  Constitutive parameters of steel bars II28.

 

ρ(kg/m3) E(GPa) ν A(MPa) B(MPa) n m C ε̇0
7830 209.48 0.28 420 510 0.26 1.03 0.014 1

Table 3.  Constitutive parameters of steel bars I26.
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Figures 3, 4 show that the dimensions of the concrete slab match those described in the literature. Concrete is 
graded as C30, while steel bars are graded as 420 MPa. The constitutive laws and parameters of concrete, steel 
bars, explosives, and air have been explained above.

This study employed ABAQUS finite element software for modeling, utilizing the explicit dynamics algorithm 
to address a transient nonlinear dynamics problem, specifically explosion loading. Concrete elements were 
modeled using solid units, whereas steel bars were represented by beam units. The Euler region incorporated two 
distinct materials: air and explosives. The explosives were configured as a cylindrical object, with the initiation 
center positioned at the geometric center of the explosive surface. The distance from the explosive’s center point 
to the reinforced concrete beam was 0.6 m. To account for the influence of material mesh, the concrete and 
steel mesh sizes were both set to 10 mm, while the mesh size in the Euler region was established at 15 mm. The 
concrete and steel bars were interconnected using the embedded region method. For the interaction between the 
blast wave and the structure, both normal and tangential contact types were configured. Fixed constraints were 
applied at the bottom of both ends of the concrete beam. Furthermore, the simulation results also considered 
the effects of ground reflection.

By comparing and analyzing the numerical simulation results shown in Fig. 5 with the experimental results, 
it can be observed that there is good consistency in the location of structural damage and the depth of external 
erosion. Additionally, the overall bending deformation of the beam exhibits a similar trend. The vertical 
displacement of the structure, as depicted in Fig. 6, demonstrates that the numerical simulation results align 
with the overall trend of the experimental results. Specifically, at position 872 mm, the vertical displacement of 
the experimental and numerical simulation results is 21 and 28.2 mm, respectively. The difference between the 
two is 7.25 mm, resulting in a relative error of 34.5%. At position 1540 mm, the vertical displacements of the 
experimental and numerical simulation results were 67.3 and 71.9 mm, respectively, with a relative error of only 
4.6 mm and an error of just 6.8%. Therefore, it can be concluded that the methods and parameters employed 
have demonstrated their effectiveness in numerical simulation, allowing for the accurate reproduction of the 
experimental results.

Structural dynamic response analysis
Description of the analysis model
The study focuses on the open-web girder structure and compares the displacement and stress responses of three 
different structural models: open-web girder I, open-web girder II, and Equivalent beam (solid-web girder) 
under explosive loads. The specific structural parameters are depicted in Figs. 7, 8. The dimensions of the top 
ribs, bottom ribs, and shear keys of the open-web girder are determined according to the technical specification9, 
while the dimensions of the Equivalent beam are based on the open-web girder. The open-web girder II model is 
based on the open-web girder I by adding a 300 mm wide shear key, aiming to study the effect of increasing the 

Fig. 4.  Member geometry and reinforcement characteristics.

 

Fig. 3.  Experimental setup.
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shear key width on structural response. The size of the Equivalent beam is determined based on the equivalent 
calculation size9 of open-web girder I and both have the same cross-sectional moment of inertia to analyze the 
influence of equivalent calculation on the structural stress characteristics.

To ensure uniform explosive pressure and load on three types of structures, a layer of reinforced concrete 
slabs with equal quantity and strength is installed on the upper part of the three structures and uses the same 
number and strength of longitudinal steel bars, as well as stirrups with the same strength and spacing, while the 
remaining steel reinforcement is configured according to the structural requirements. The concrete strength 
used in this study is C30, the yield strength of longitudinal steel bars is 420 MPa, and the yield strength of all steel 
bars in reinforced concrete slabs and stirrups is 267 MPa. The explosive load chosen is a 20 kg cubic explosive, 
positioned 0.8 m above the structure and 3.175 m from the end of the structure. The equivalent distance is 
calculated as 0.295 m/kg1/3.

The constitutive model parameters of this material were selected based on the data provided in Chapter 3. 
To eliminate errors caused by grid effects, we used the same type of units and grid size for all three models. 

Fig. 6.  Vertical displacement results of beam.

 

Fig. 5.  Damage results of concrete. (a) Results of the experiment. (b) Results of numerical simulation.
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Specifically, solid elements with a mesh size of 15  mm were used for concrete, while beam elements with a 
grid size of 25 mm were used for reinforcement. In the numerical simulation process, we took into account 
the influence of air viscosity. Therefore, we specify two materials, explosive and air, in the Euler region, using a 
20 mm grid size for this region.

Fig. 8.  Member geometry and reinforcement characteristics. (a) Open-web girder I. (b) Open-web girder II. 
(c) Equivalent beam.

 

Fig. 7.  Spatial schematic diagram of open-web girder I.
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Damage analysis
Figure 9 illustrates the concrete damage cloud maps for three different types of structures. The primary areas of 
damage for the three structures are concentrated on the concrete slab nearest to the center of the explosion. The 
severely damaged areas share similar appearances and sizes, and none of the three structures have completely 
lost their load-bearing capacity. In terms of surface damage, open-web girder I exhibits slightly more severe 
damage compared to the other two structures. Specifically, there are varying degrees of damage observed at the 
connection points of the top ribs, bottom ribs, and shear keys of both open-web girder I and open-web girder 

Fig. 9.  Damage results of concrete. (a) Open-web girder I. (b) Open-web girder II. (c) Equivalent beam.
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II. In open-web girder I, significant damage is observed on both sides of the shear key closest to the explosion 
center point, accompanied by a noticeable increase in vertical displacement. The structure also displays evident 
bending and shear failure in terms of damage morphology, with localized shear failure marks present on the 
upper and bottom ribs. Overall, the damage level of open-web girder I is relatively severe, followed by open-
web girder II, while the damage level of the Equivalent beam is the least severe. These results serve as a solid 
foundation for further analysis and discussion.

Displacement analysis
To visually observe the vertical displacement of the three structures, this study analyzed the vertical displacement 
data of the bottom rib points of the structures at two time points: 25 ms and 40 ms. Figure 10 demonstrates that 
during the numerical simulation, open-web girder I exhibited the largest vertical displacement, followed by 
open-web girder II, and finally Equivalent beam with the smallest displacement. The maximum displacement for 
all three structures occurred at the bottom of the structure closest to the center of the explosion.

At 25 ms, the maximum vertical displacement for open-web girder I, open-web girder II, and Equivalent 
beam were 56.4, 39.1, and 30.9 mm, respectively, with a maximum difference of 25.5 mm or 45.2%. At 40 ms, 
the maximum vertical displacement for open-web girder I, open-web girder II, and Equivalent beam were 54.2, 
28.7, and 19.3 mm, respectively. The maximum difference between them was 34.9 mm, indicating a difference 
of 64.4%. According to the figure, the displacement response of the open-web girder is greatly influenced by 
the width of the shear key when subjected to explosive load. This suggests that increasing the width of the shear 
key can effectively reduce the displacement response of the structure. Comparing it with the Equivalent beam, 
both show similar trends in displacement response, but there are notable differences in the values. The author 
speculates that the open-web girder not only exhibits vertical displacement caused by the bending and shear 
deformation of solid-web girder but also the vertical displacement caused by local bending moments on the top 
and lower ribs, which is the main reason for the difference.

To better analyze the displacement patterns, we extracted displacement time history curves for three 
iconic positions (I, II, and III) of three different structures in Figs. 7, 8, respectively. Figure 11 illustrates the 
displacement time history curves for these three selected points. Overall, open-web girder I exhibits the highest 
maximum displacement, followed by open-web girder II, and the Equivalent beam shows the lowest maximum 
displacement. The vertical displacement trends of these three structures are generally similar, but there is a slight 
delay in the occurrence of maximum displacement for open-web girder I and open-web girder II compared to 
the Equivalent beam. This delay can be attributed to the separate stress characteristics of the upper and bottom 
ribs of the beam.

In Fig. 11-I the maximum displacement difference between the open-web girder I and the Equivalent beam 
is 26.4 mm, which accounts for 46% of the displacement. In Fig. 11-II the maximum displacement difference 
between the two is 27.7  mm, representing a difference of 48.4%. In Fig.  11-III the maximum displacement 
difference between the two is 11.2 mm, indicating a difference of 34.5%. These results highlight that while the 
open-web girder shares bending and shear characteristics with solid-web girders, the disparity between them 
should not be overlooked.

To deeply examine the impact of this variation on the structure, we extracted the horizontal displacement 
data of the cross-section plane at three positions (I, II, III) of three structures. This allowed us to analyze 
the torsion angle of the structure in the Z-axis direction and the alterations in the neutral axis position after 
structural damage. Figure 12 shows the horizontal displacement diagram of open-web girder I, with point I 
located at the geometric center of the shear key. Notably, the figure reveals substantial disparities in horizontal 
displacement at different points within the cross-section, indicating similarities to short columns experiencing 
shear and bending deformation. On the plane section at point II, the horizontal displacement of the top rib 
and concrete slab section conforms to the assumption of the section plane. However, the neutral axis position 
is not obvious, while the bottom rib section does not fully meet the assumption of the section plane. There 
is a significant horizontal slip between the top rib and the bottom rib. On the plane section at point III, the 

Fig. 10.  Vertical displacement of structures at different times. (a) 25ms. (b) 40ms.
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deformation of the top rib conforms to the assumption of the section plane, with the neutral axis position visible, 
and the deformation of the bottom rib also basically conforms to the assumption of the section plane. Although 
the neutral axis position is not obvious, there is still a significant sliding phenomenon between the top rib and 
the bottom rib.

Figure 13 shows the horizontal displacement diagram of open-web girder II, the displacement of the upper 
points in the plane section of point I is relatively discrete, which is due to severe concrete damage here. The 
displacement of the bottom rib points conforms to the assumption of the plane section, and it can be preliminarily 
observed that the neutral layer is located at the position of the bottom rib, with no significant slip between the 
top and bottom ribs. The displacement of each point on the plane section of the top rib at point II conforms 
to the assumption of the plane section, but the displacement of the bottom rib points of the section does not 
fully conform to the assumption of the plane section, and there is a significant slip between the top and bottom 
ribs. In the plane section at point III, the displacement of each point conforms to the assumption of the plane 
section, but there is a slight slip between the top and bottom ribs, and the neutral layer is located at the position 
of the top rib. By comparing Figs. 12, 13, it can be found that increasing the width of the shear key can effectively 
reduce the shear deformation of the shear key, making the deformation of the overall open-web girder more 
inclined towards the stress characteristics of the solid-web girder. Compared with Fig. 13-I and Fig.  13-III it is 
shown that the neutral layer of the section near the damaged area of the structure under impact load has shifted 
downwards, located at the position of the bottom rib. At the same time, compared with Fig. 13-II and Fig. 13-III, 
the comparison shows that the slip of the top and bottom ribs is more obvious in the severely damaged area of 
the structure and is more affected by local bending moments.

Figure  14 shows the horizontal displacement diagram of the Equivalent beam, through a comprehensive 
comparison and analysis of the horizontal displacement curves of the flat sections in Figs. 12, 13, 14, it can be 
further confirmed that the width of the shear key significantly influences the displacement response of the open-
web girder under explosive loads. When the shear key is narrow, the top ribs, bottom ribs, and shear keys in the 
open-web girder experience substantial bending moments and shear forces. This is evident in the significant 
slip between the top and bottom ribs, resulting in a much larger vertical displacement of the open-web girder 
structure compared to the solid-web girder. However, as the width of the shear key increases, the local bending 

Fig. 11.  Vertical displacement of structures at different positions.
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moments of the top rib, bottom rib, and shear key gradually decrease, leading to a corresponding reduction in 
vertical displacement difference. Consequently, the stress characteristics of the open-web girder gradually align 
with the response observed in the solid-web girder.

Stress analysis
To analyze the stress situation of the top and bottom ribs, the horizontal stress components of the steel bars on 
sections I, II, and III of the open-web girder I, open-web girder II, and Equivalent beam were extracted (the steel 
bars were positive in tension and negative in compression). For example, a-2 represents the reinforcement at the 
intersection of horizontal axis a and vertical axis 2 in Fig. 8, similar to others.

As shown in Figs. 15, 16, 17, a-2 represents the lower reinforcement of the bottom rib, b-2 represents the 
upper reinforcement of the bottom rib, c-2 represents the lower reinforcement of the top rib, and d-2 represents 
the upper reinforcement of the top rib. In Fig. 15-I, reinforcement a-2 is in a tensile state throughout the entire 
process, with a maximum tensile stress of 434 MPa; The steel bar b-2 is under compression during the 0–14 ms, 
with a maximum compressive stress of 428 MPa. During the period of 14–50 ms, the steel bars experienced a 
tensile state with a maximum tensile stress of 140 MPa. In Fig. 17-I both reinforcement a-2 and b-2 are subjected 
to tension throughout the entire process, with a maximum tensile stress of 428 MPa. These results indicate that 
under the action of explosive impact load, the bottom rib on the cross-section I of open-web girder I first exhibit 
the characteristics of a beam, bearing bending moments, causing the lower reinforcement of the bottom rib to 
be tensioned and the upper reinforcement of the bottom rib to be compressed.

As the vertical displacement of the structure increases, the local bending moment on the bottom rib 
gradually decreases, and the upper reinforcement of the bottom rib gradually begins to be tensioned, with a 
maximum tensile stress of 140 MPa, which is 32.3% of the maximum tensile stress of the lower reinforcement of 
the bottom rib. In Fig. 15-I, the steel bars c-2 and d-2 are in a tensile stress state throughout the entire process, 
with maximum tensile stresses of 428 MPa and 406 MPa, respectively. However, there is a significant difference 
in the stress characteristics of steel bars c-2 and d-2 compared to Fig. 17-I. In Fig. 17-I, reinforcement c-2 first 
experiences tensile stress, with a maximum value of 308 MPa; Subsequently, the tensile stress rapidly decreased 
and remained below 80 MPa until the end of the simulation. On the contrary, reinforcement d-2 first bears 
compressive stress, with a maximum value of 429 MPa; Subsequently, it rapidly transformed into tensile stress, 
with a maximum value of 426 MPa, and continued to be subjected to compressive stress until the end of the 
simulation.

Fig. 12.  Horizontal displacement curve of open-web girder I.
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After the above analysis, it can be observed that in the open-web girder I structure, there is a significant 
difference in the overall trend of the stress on the steel bars at the section position (X = 3175) compared to the 
stress trend on the steel bars at the same section position in the equivalent beam. In the process of explosion 
simulation, the open-web girder I is mainly subjected to tensile force by the a-2 steel bars, while the equivalent 
beam structure is jointly subjected to tensile force by the a-2 and b-2 steel bars. When the explosion wave acts 
on the initial section I of the open-web girder I, b-2 bears pressure, but then quickly releases. In equivalent beam 
structures, d-2 steel bars are mainly subjected to pressure. In general, in the case of narrow shear keys, there is a 
noticeable difference in the stress state of the steel bars in the open-web girder structure compared to the solid-
web girder. Specifically, the steel bars in the upper of the top ribs and lower layers of the bottom ribs experience 
higher levels of stress in the open-web girder structure. However, as the width of the shear keys increases, the 
stress characteristics of the steel bars gradually approach those of the solid-web girder structure.

Conclusions
This study conducted a simulation of the explosion test described in the literature and compared the numerical 
simulation results with experimental data. The results demonstrated a strong consistency between the two, 
confirming the reliability of the numerical simulation method and material constitutive parameters utilized. 
Subsequently, the same method was used to analyze the dynamic response of three structures under an explosion 
load equivalent to a scaled distance of 0.5 m /kg1/3, leading to the following conclusions:

Under the same explosive load, both the open-web girder and the solid-web girder show similar damage. 
However, the connection points of the top ribs, bottom ribs, and shear keys of the open-web girder are more 
vulnerable to impact loads. In particular, the tensile area of the bottom rib may develop premature tensile 
fracture cracks. Furthermore, the main failure mode of the structure is the tensile failure of the bottom ribs of 
the open-web girder.

The overall characteristics of vertical displacement between open-web girders and solid-web girders are 
similar. In general, solid-web girders experience smaller vertical displacements compared to open-web girders 
when subjected to equivalent treatment. By increasing the width of the shear key, it is possible to effectively 
reduce the vertical displacement of the structure without the additional structural reinforcement. When 
calculating the vertical displacement of an open-web girder, it is recommended to consider two components: the 

Fig. 13.  Horizontal displacement curve of open-web girder II.
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overall bending deformation and the deformation caused by the local bending moment of the top ribs, bottom 
ribs, and shear key.

When designing narrow shear keys, the top ribs, bottom ribs, and shear keys of the open-web girders will 
exhibit significant bending and shear deformation, and there may be significant slippage between the top and 
bottom ribs. Based on this, in practical engineering, shear keys with sufficient width should be designed.

The tensile stress in the lower layer of the bottom ribs is significantly higher than that in the upper layer. 
Similarly, the compressive stress in the upper layer of the top ribs is significantly higher than that in the lower 
layer. Therefore, In the design of structural reinforcement, it is recommended to arrange a maximum number 
of steel bars in the upper part of the top ribs and the lower layers of the bottom ribs. This arrangement aims 
to optimize the performance of the steel bars. The ultimate bearing capacity of the structure is reached when 
the steel bars in the lower layer of the bottom ribs reach their yield strength. Hence, it is important to consider 
appropriate safety reserves when calculating the reinforcement of the lower layer of the ribs. Additionally, it is 
important to place structural bars at the connection points between the shear key and the upper and bottom ribs. 
This helps to resist local bending moments at the nodes and prevent premature failure.

Fig. 14.  Horizontal displacement curve of Equivalent beam.
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Fig. 15.  Stress time history curve of open-web girder I.
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Fig. 16.  Stress time history curve of open-web girder II.
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