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Abstract 

This article presents a quantitative investigation into the influence of venting areas on the 

dynamic Response of Reinforced Concrete (RC) box-type structures subjected to surface 

blast loading. Blast wave parameters, including reflected pressure Pr and internal pressure 

resulting from blast wave ingress, are determined based on the empirical design charts 

provided in the U.S. Department of Defense Unified Facilities Criteria UFC 3-340-02. 

Numerical simulations were conducted using Nonlinear Time-History Analysis in SAP2000 

to compare two distinct scenarios: a fully enclosed structure and a structure configured with 

functional openings (doors and windows). The results show that the presence of venting areas 

significantly alleviates the pressure acting on the front face and the roof. Simulation results 

indicate that the peak displacement of the roof and side walls decreased by 45% and 22%, 

respectively, compared to the enclosed configuration. However, the openings allow the blast 

wave to penetrate the structure, leading to internal reflections that cause a sudden increase in 

load on the interior surfaces. Specifically, the displacement of the rear wall in the opened 

configuration increased by 58% compared to the enclosed case. The research confirms that 

while openings significantly alter pressure distribution and alleviate direct blast impacts, they 

induce intensified internal reflected pressures. Therefore, localized reinforcement of 

elements facing the blast direction is required, providing a groundwork for designing 

perforated external shells that safeguard a fortified internal core. 
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1. Introduction 

Currently, accidental or terrorist-related explosions causing severe damage to 

infrastructure, assets, and human life have become increasingly prevalent. Consequently, 

the design of structures capable of withstanding extreme loadings, such as blast loads, is 

receiving significant attention. When a high explosive detonates, it releases a massive 

amount of energy over an extremely short period, generating a shock wave that propagates 

immediately through the surrounding area. The interaction of this wave with a structure 

induces peak overpressures that can lead to catastrophic failure if not properly accounted 

for in the structural design. 
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Currently, empirical formulas in Vietnam often focus on external blast loading based 

on Shadovskiy’s research [1]. The influence of leakage, where the blast wave penetrates 

the structure through openings on the front face, is frequently overlooked despite its 

significant impact. Globally, Holm [2] used ANSYS for numerical simulations to measure 

blast pressure on the front wall, side walls, and roof, and compared the results with 

experimental data.  

Koccaz et al. [3] focused on architectural and structural design strategies for blast 

resistance, including the management of openings and internal wave reflections. 

Meanwhile, Eytan et al. [4] utilized UFC 3-340-02 to calculate blast-structure interaction 

and compared these results with Kaplan’s methodology. These research findings emphasize 

the critical need to employ methods to calculate internal blast interaction; such results are 

vital for assessing personnel lethality and potential injuries, as well as damage to equipment 

within the structure. 

Malhotra et al. [5] utilized the research findings from “Accidental explosion and 

effect leakage into structure” which employs simplified calculations for blast wave ingress 

into structures through openings such as windows and doors. This process increases internal 

pressure, which subsequently affects occupants. The resulting peak pressure values are used 

to analyze internal wave reflections and the potential for primary blast injuries, such as lung 

and eardrum damage. 

To simplify the calculation for standard rectangular box-shaped structures subjected 

to single-surface or air-burst loading, UFC 3-340-02 provides a safe and effective 

computational methodology. The UFC 3-340-02 standard is one of the most prestigious and 

widely adopted guidelines worldwide for defining blast-loading parameters and designing 

blast-resistant structures. To accurately evaluate the structural response under such loading 

conditions, it is essential to utilize Finite Element Analysis (FEA) software, such as 

SAP2000, to perform dynamic time-history analysis [2]–[4], [6], [9]–[11]. 

Based on the UFC 3-340-02 standard, the dynamic loading parameters acting on the 

exterior and interior walls of the structure were automatically calculated and compared with 

the results derived from Shadovskiy’s method. These blast load datasets were then used for 

nonlinear analysis in SAP2000. The displacement results of a typical structure, under both 

enclosed and vented configurations, were investigated to evaluate the impact of the loading 

and the overall structural behavior. 
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2. Case studies 

2.1. Input design parameters 

The computational model is defined based on the following specific parameters: 

Standoff distance R: 50 m. 

Structural dimensions: 7 m   10 m   5 m ( L    W    H ). 

Wall thickness: 0.4 m. 

Venting openings: Two openings with dimensions of 1.4 m   1.2 m and 

1.4 m   2 m, respectively. 

Charge weight W: 250 lbs (113 kg) of TNT. 

Design charge weight: Applying a 20% factor of safety, the final charge weight used 

for calculation is W  1.2  113 136  kg. 

The geometric layout of the computational model is shown in (Figs. 1, 2) below: 

 

Fig. 1. Physical layout and geometry. 

 

Fig. 2. Front elevation of the structure with openings. 

2.2. Analysis 

2.2.1. Time history function of blast loadings 

The dynamic loading parameters were automatically calculated in accordance with 

the procedures and empirical data specified in UFC 3-340-02. These values are illustrated 

in the pressure–time history diagrams (Figs. 3, 4) below: 
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Fig. 3. Pressure–time history for the enclosed case. 

 

Fig. 4. Pressure–time history for the configuration with openings. 

2.2.2. Meshing, materials, boundary conditions 

The structure is assumed to be constructed using B30 grade concrete in accordance 

with the Vietnamese standard TCVN 5574:2018. The material properties defined in the 

SAP2000 model are as follows (Fig. 5) [7], [12]: 

 

Fig. 5. Concrete grade B30. 
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a) Structural modeling and boundary conditions 

The structural model was developed by defining the reinforced concrete slabs with a 

specified thickness of 0.4 m. The modeling process and the establishment of boundary 

conditions are summarized as follows: 

Geometric modeling: The structural envelope, including the front, rear, and side 

walls, was modeled using shell elements to accurately capture the out-of-plane bending and 

in-plane stiffness under blast-induced pressures. 

Boundary conditions: To simulate the interaction between the structure and its 

foundation, fixed-base supports were applied to all joints at the base level. This assumption 

of a rigid connection ensures a conservative assessment of the structural response at the 

base-wall interface. 

Mesh discretization: The surfaces were subdivided into a refined mesh to ensure 

convergence and to capture the high-frequency dynamic response characteristic of blast 

loading accurately. The computational model is illustrated in SAP in Fig. 6 below: 

 

Fig. 6. Structural modeling and boundary condition assignment. 

b) Blast load pattern assignment 

To accurately simulate the blast-structure interaction, eight dynamic load patterns 

were defined and assigned to the building's four primary surfaces: the front wall, side 

walls, roof, and rear wall. These patterns account for both external shock wave exposure 

and internal pressure build-up in the following scenarios: 
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Exterior loading (4 patterns): Applied to the external faces of the structure to 

simulate the incident and reflected pressures as the shock wave propagates across the 

building envelope. 

Interior loading (4 patterns): Specifically for the opened configuration, these patterns 

simulate the blast wave ingress and subsequent internal reflections acting on the interior 

faces of the walls and roof. 

Eight dynamic load patterns were defined in Fig. 7 below: 

 

Fig. 7. Blast load patterns. 

c) External blast loading time history functions 

After calculating, the blast loading time history functions will be declared in the 

SAP2000 as shown in Figs. 8–15 below: 

 

Fig. 8. Blast pressure–time history for the front wall. 
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Fig. 9. Blast pressure–time history for the side wall. 

 

Fig. 10. Blast pressure–time history for the roof. 

 

Fig. 11. Blast pressure–time history for the rear wall. 
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d) Internal blast loading time history definition 

 

Fig. 12. Blast pressure–time history for the front wall. 

 

Fig. 13. Blast pressure–time history for the side wall. 

 

Fig. 14. Blast pressure–time history for the roof. 
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Fig. 15. Blast pressure–time history for the rear wall. 

Assigning blast loads to structural faces 

To apply the calculated pressures to the model, the following procedure was 

implemented for each of the eight dynamic load patterns: 

Surface selection: The shell elements corresponding to the four primary faces of the 

building (front wall, side walls, roof, and rear wall) were selected sequentially. 

Load assignment: A uniform area load was assigned to the selected surfaces. A unit 

magnitude of 1.0 was applied to facilitate the scaling of the pressure-time history functions. 

e) Setting up dynamic analysis cases 

To evaluate the structural response, two distinct Load cases were established using 

the Time-History analysis type and Linear Modal solution method: 

Case 1: Enclosed configuration (no openings): This case incorporates four (4) 

external load patterns acting on the exterior surfaces of the structure (front, side, roof, and 

rear walls). The analysis accounts for the interaction of the external shock wave without 

any pressure leakage into the interior. 

Case 2: Opened configuration (with openings): This case integrates a total of eight 

load patterns, comprising the four external loads mentioned above, and four internal load 

patterns. This configuration simulates the combined effect of external pressure and the 

internal reflected pressure resulting from blast wave ingress through the venting areas. 

Two cases were defined in Figs. 16, 17 below: 
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Fig. 16. Case 1 - Enclosed configuration (no openings). 

 

Fig. 17. Case 2 - Opened configuration (with openings). 
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2.2.3. Analysis of displacement results 

The displacement values at the designated target points (nodes) were extracted from 

the simulation results. To evaluate the structural response, displacement-time history curves 

were generated for both the enclosed and opened configurations, as detailed below  

(Figs. 18, 19 and Tabs. 1–3): 

 

Fig. 18. Displacement–time history for the enclosed case. 

Tab. 1. Summary of structural displacements for the enclosed case 

No. 
Structural 

component 

Max displacement 

(mm) 

Min displacement 

(mm) 
Direction 

1 Front wall 0.2217 -0.0512 UX 

2 Roof 0.03326 -0.1516 UZ 

3 Rear wall 0.08935 -0.1046 UX 

4 Side wall (Left) 0.04322 -0.0243 UY 

5 Side wall (Right) 0.02429 -0.0432 UY 

Tab. 2. Summary of structural displacements for the case with openings 

No. 
Structural  

component 

Max displacement 

(mm) 

Min displacement 

(mm) 
Direction 

1 Front wall 0.204 -0.1457 UX 

2 Roof 0.07778 -0.0831 UZ 

3 Rear wall 0.07575 -0.1649 UX 

4 Side wall (Left) 0.0167 -0.03389 UY 

5 Side wall (Right) 0.03389 -0.0167 UY 
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Fig. 19. Displacement–time history for the case with openings. 
 

Tab. 3. Comparative analysis of peak displacements  

between enclosed and opened configurations 

No. 
Structural 

component 

Enclosed case 

(mm) 

Opened case 

(mm) 

Displacement 

variation (%) 

1 Front wall 0.2217 0.2040 -8% 

2 Roof 0.1516 0.0831 -45% 

3 Rear wall 0.1046 0.1649 +58% 

4 Right side wall 0.0432 0.0339 -22% 

5 Left side wall 0.0432 0.0339 -22% 

3. Recommendation 

Based on the numerical simulation and comparative analysis of the structure under 

blast loading, the following conclusions are drawn: 

Influence of openings on pressure mitigation 

The presence of venting openings significantly alters the net pressure distribution 

across the building envelope. By allowing blast wave ingress, the pressure gradient 

between the exterior and interior faces is reduced, resulting in a noticeable decrease in 

peak surface displacements on the blast wave-exposed surfaces (the front wall, roof, and 

side walls). 

Engineering implications for protective design 

The study highlights that while openings can protect the front-facing components 

of a structure by equalizing pressure, they simultaneously increase the vulnerability of 
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the rear internal surfaces. Therefore, in the design of blast-resistant structures (following 

UFC 3-340-02), the internal reflected impulses must be rigorously accounted for to 

prevent localized failure of rear structural members. Furthermore, protective design must 

minimize the total opening area to mitigate internal pressure hazards, thereby ensuring 

the survivability of personnel and equipment inside the structure. 

Validation of numerical approach 

The integrated modeling approach, combining UFC 3-340-02 empirical data with 

SAP2000 linear modal time-history analysis, provides a robust and efficient framework 

for assessing the vulnerability of reinforced concrete structures. This methodology 

provides a reliable basis for preliminary protective design and for optimizing venting 

configurations in hazardous environments. 

4. Conclusion 

4.1. Summary of findings 

The study successfully implemented UFC 3-340-02 to determine blast parameters 

and used SAP2000 for a comparative dynamic response analysis of a reinforced concrete 

structure. The key findings are summarized as follows:  

Pressure relief efficiency: The integration of venting openings results in a 

significant reduction in dynamic demand on the building envelope. Quantitatively, the 

peak displacement was mitigated by 45% for the roof and 22% for the side walls.  

Adverse effects of internal reflection: While openings protect the front-facing 

surfaces, they also induce a negative impact through blast-wave ingress. This leads to 

internal reflected waves, resulting in a 58% increase in rear wall displacement.  

Design recommendation: The research confirms that the presence of openings 

fundamentally alters the internal pressure distribution. Therefore, protective design must 

include localized reinforcement of structural components on the opposite side of the blast 

source to withstand extreme impulsive loads. 

Despite the complex interaction, the overall maximum displacement remained 

minimal at 0.22 mm. This result is mechanically consistent with the high flexural stiffness 

of the 0.4 m-thick RC box-type configuration under a 113 kg TNT charge at a 50 m 

standoff distance. 

4.2. Research limitations and future outlook 

While the current analysis provides a robust baseline for safety checks in 

accordance with UFC 3-340-02 standards, it is subject to a limitation: the linear elastic 

behavior. The study currently focuses on the linear elastic stage using the Linear Modal 
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Time-History method, which is suitable for far-field explosions where structural integrity 

is maintained. In reality, extreme blast loads often push materials into the nonlinear plastic 

regime. To achieve a more comprehensive understanding, future research should employ 

Single Degree of Freedom methodologies or high-fidelity numerical platforms such as 

LS-DYNA or Abaqus. 
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ĐÁNH GIÁ ỨNG XỬ ĐỘNG LỰC HỌC CỦA KẾT CẤU  

CHỊU TẢI TRỌNG NỔ KHI CÓ VÀ KHÔNG CÓ LỖ THOÁNG  

DỰA TRÊN TIÊU CHUẨN UFC 3-340-02 

Bùi Văn Tường1, Nguyễn Vũ Hùng1, Vũ Đức Hiếu1 

1Viện Kỹ thuật công trình đặc biệt, Trường Đại học Kỹ thuật Lê Quý Đôn 

Tóm tắt: Bài báo trình bày nghiên cứu về ảnh hưởng của việc bố trí lỗ thoáng đối với ứng 

xử động lực học của kết cấu công trình bê tông cốt thép dạng hình hộp chịu tải trọng nổ trên mặt 

đất. Tải trọng sóng nổ được xác định dựa trên các hướng dẫn và biểu đồ của tiêu chuẩn quân sự 

Hoa Kỳ UFC 3-340-02 “Structures to Resist the Effects of Accidental Explosions”. Mô hình kết 

cấu được xây dựng và phân tích động lực học phi tuyến theo thời gian (Nonlinear time-history 

analysis) sử dụng phần mềm SAP2000 để so sánh 2 kịch bản: có và không có lỗ thoáng. Kết quả 

cho thấy việc tồn tại các diện tích thông áp giúp giảm đáng kể áp lực tác động lên mặt trước và 

mái của công trình: Chuyển vị đỉnh của mái và tường bên giảm lần lượt là 45% và 22% so với 

cấu hình kín. Tuy nhiên, các lỗ thoáng cho phép sóng nổ xâm nhập vào bên trong kết cấu, dẫn 

đến hiện tượng phản xạ nội bộ, gây ra sự gia tăng tải trọng đột ngột lên các bề mặt bên trong.  

Cụ thể, chuyển vị của tường sau trong trường hợp có lỗ thoáng tăng 58% so với trường hợp kín. 

Kết quả mô phỏng cho thấy sự khác biệt rõ rệt về các thông số phản ứng của kết cấu như chuyển 

vị và vận tốc giữa hai trường hợp có lỗ thoáng và không có lỗ thoáng. Nghiên cứu khẳng định lỗ 

thoáng làm thay đổi đáng kể phân bố áp lực lên các cấu kiện công trình; tuy nhiên, cần gia cường 

cục bộ các cấu kiện đối diện hướng nổ để chống lại áp lực phản xạ nội bộ gia tăng. Đây là cơ sở 

để phát triển hệ kết cấu vỏ bọc đục lỗ tiêu áp phía ngoài nhằm giảm sóng nổ trực diện, bảo vệ lõi 

công trình kiên cố bên trong. 

Từ khóa: UFC 3-340-02; tải trọng nổ; phân tích động lực học; kháng nổ. 
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