Journal of Science and Technique - ISSN 1859-0209

EVALUATING STRUCTURAL DYNAMICS BEHAVIOR
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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 P, 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.

Keywords: UFC 3-340-02; blast load; dynamic responses; blast resistance.

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: 7m x 10m x5m (L x W x H).

Wall thickness: 0.4 m.

Venting openings: Two openings with dimensions of 1.4 m x 1.2 m and
1.4 m x 2 m, respectively.

Charge weight W: 250 Ibs (~113 kg) of TNT.

Design charge weight: Applying a 20% factor of safety, the final charge weight used
for calculation is W = 1.2 x 113~136 kg.

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

169



Section on Special Construction Engineering - Vol. 9, No. 1 (Jun. 2026)

—e— Exterior pressure on the front wall

30
—=#- - Exterior pressure on the side wall
25
= = = = Exterior pressure on the roof
-5
=20

++eeenens Exterior pressure on the back wall

_ Pregsure
(=1 i

w

Time (ms)

Fig. 3. Pressure—time history for the enclosed case.
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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]:

General Data

Material Name and Display Color B30 .
Material Type: Concrete
Material Grade B30
Material Notes Modify/Show Motes...
Weight and Mass Units
Weight per Unit Volume 24525 KN, m, C ~
Mass per Unit Volume 25
Isotropic Property Data
Modulus OF Elesticty, E
Poisson, U
Coefficient Of Thermal Expansion, A
Shear Modulus, G 13541667,

Other Properties For Concrete Materials

Specified Concrete Compressive Strength, fc 22000.
Expected Concrete Compressive Strength 22000.|

Fig. 5. Concrete grade B30.
170



Journal of Science and Technique - ISSN 1859-0209

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:

E Define Load Patterns

Load Patterns

Self Weight Aute Lateral
Load Pattern Name Type Muttiplier Load Pattern
TRUOC (TRONG) Live 0
DEAD Dead 1
[
SAL (TRONG) Live 0
BEN (TRONG) Live 0
NOC (TRONG) Live 0
NOC (NGDAI) Live 0
SAU (NGDAI Live 0
BEN (NGOAI) Live 0
TRUQC (NGODAI) Live 0

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:
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Time (ms)

Fig. 8. Blast pressure—time history for the front wall.
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Fig. 9. Blast pressure—time history for the side wall.
12

10.34

Pressure (kPa)

0 10 20 30 40
Time (ms) SR ARG

Fig. 10. Blast pressure—time history for the roof.
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Fig. 11. Blast pressure—time history for the rear wall.
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d) Internal blast loading time history definition

Define Function
20 17.97 = oy
o o_____| s
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Fig. 12. Blast pressure—time history for the front wall.
Define Function
Time _ Vaue
Add
8 i ~ 748 6.0806-03 0 Medfy
7 660E03 748
- 00159 743 Delete
ﬁ 6 0.055 0
o
B4
5 Function Graph
]
Y2 TE
) T
0 —4
0 2 4 60 80 feras sepaes
Time (ms) e
Fig. 13. Blast pressure—time history for the side wall.
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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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Load Case Name Notes Load Case Type
lKHONG LO THOANG | SetDefName | Modify/Show... Time History v Design...
Initial Conditions Analysis Type Solution Type
@ Zero Initial Conditions - Start from Unstressed State @ Linear ® Modal
Continue from State at End of Modal History ' O Nonlinear O Direct Integration
Important Note: Loads from this previous case are included in the current case History Type O Frequency Domain
@® Transient
Modal Load Case O Periodi
eriodic
Use Modes from Case MODAL ¥
Loads Applied Mass Source
Load Type LoadName  Function Scale Factor Previous (MSSSRC1)
Load Pattern | BEN - NGOA | BEN (NGOAI v
BEN - NGOAI _||BEN (NGOAI) ~ Add
Load Pattern NOC - NGOAI |NOC (NGOAI) |1.
Load Pattern SAU - NGOAI |SAU (NGOAI) |1. f - |
Load Pattern | TRC - NG KHON| TRUOC (KHONG| 1. Modify |
v Delete |

[] Show Advanced Load Parameters

Time Step Data

Number of Output Time Steps 300

QOutput Time Step Size 1.000E-03

Fig. 16. Case 1 - Enclosed configuration (no openings).

Load Case Name Notes Load Case Type
[co Lo THoANG | | setDefName | | Modify/Show... Time History «|| Design...
Initial Conditions Analysis Type Solution Type
(® Zero Initial Conditions - Start from Unstressed State ® Linear ® Modal
ie from State at End of Modal Histo = O Nonlinear O Direct Integration
Loads from this previous case are included in the current case History Type OFrequencyDomain
® Transient
Modal Load Case - s
Use Modes from Case MODAL v @

Loads Applied Mass Source

LondTypeLoot Name __Funcon . Scole Fartr | P SSROY
Load Pattern | BEN - NGOA v | BEN (NGOAI v [1.

BEN - NGOAI || BEN (NGOAI)
Load Pattern | NOC - NGOAI | NOC (NGOAI) |1
Load Pattern | SAU-NGOAI |SAU (NGOAl) |1. e
Load Pattern | TRC - NG CO LT| TRUOC (CO LO {1. Modify
1
1

Add

Load Pattern BEN - TRONG | BEN (TRONG)

Load Pattern | NOC - TRONG | NOC (TRONG) v | Delete

[[] show Advanced Load Parameters

Time Step Data

Number of Output Time Steps 300
Output Time Step Size
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):

——FRONT ==--- TOP BACK -+ RIGHT = = =LEFT
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0.0001 A
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-0.0001 1

-0.0002 -

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

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

No. csc;[rrnu;;:grigilt Max di(ﬂ]o:ﬁ;:ement Min di(smplrf]():ement 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 Max displacement | Min displacement Direction
component (mm) (mm)
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

177



Section on Special Construction Engineering - Vol. 9, No. 1 (Jun. 2026)

——FRONT =----- TOP BACK -+« RIGHT = = =LEFT

0.0002 A

0.0001 A

0.0000 A

Displacement (m)

-0.0001

-0.0002 -

Time (ms)

Fig. 19. Displacement-time history for the case with openings.

Tab. 3. Comparative analysis of peak displacements
between enclosed and opened configurations

N Structural Enclosed case Opened case Displacement
0. e
component (mm) (mm) variation (%o)
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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DANH GIA UNG XU PONG LUC HOC CUA KET CAU
CHIU TAI TRONG NO KHI CO VA KHONG CO LO THOANG

DUA TREN TIEU CHUAN UFC 3-340-02
Bui Vin Tudng?, Nguyén Vii Hing', Vit Bic Hiéu!
YWién Ky thudt céng trinh ddc biét, Truong Pai hoc Ky thudt Lé Quy Pén
Tom tit: Bai bao trinh bay nghién ctru vé& anh hudng cta viée bd tri 16 thoang dbi véi tng
xtr dong luc hoc ciia két cAu cong trinh bé tong cdt thép dang hinh hdp chiu tai trong nd trén mit
dat. Tai trong song nd duge xac dinh dua trén cac huéng dan va biéu dd cua tiéu chuin quan sy
Hoa Ky UFC 3-340-02 “Structures to Resist the Effects of Accidental Explosions”. M6 hinh két
ciu duoc xdy dung va phan tich dong luc hoc phi tuyén theo thoi gian (Nonlinear time-history
analysis) sir dung phan mém SAP2000 dé so sanh 2 kich ban: c6 va khong c6 15 thoang. Két qua
cho thiy viéc ton tai cac dién tich thong ap gitip giam déng ké ap luc tac dong 1én mat trudc va
méi ctia cong trinh: Chuyén vi dinh ctia mai va tuong bén giam lan luogt 1a 45% va 22% so véi
cAu hinh kin. Tuy nhién, cac 15 thoang cho phép song nd xam nhap vao bén trong két ciu, dan
dén hién tuong phan xa ndi by, gy ra sy gia ting tai trong dot ngodt 1én cac bé mit bén trong.
Cu thé, chuyén vi cua tudng sau trong truong hop c6 18 thoang ting 58% so véi trudng hop kin.
Két qua mo phong cho thay su khac biét 1 rét vé cac thong s6 phan tng cta két cau nhu chuyén
vi va van tdc gitra hai truong hop c6 15 thoang va khong c6 16 thoang. Nghién ctru khang dinh 15
thoang 1am thay d6i dang ké phan b ap luc 1én cac cau kién cong trinh; tuy nhién, can gia cuong
cuc bd cac ciu kién d6i dién hudng nd dé chdng lai ap luc phan xa ndi bo gia ting. Pay 1a co so
dé phat trién hé két cau vo boc duc 15 tiéu 4p phia ngoai nham giam séng nd truc dién, bao vé 13i

cong trinh kién co bén trong.

Tir khéa: UFC 3-340-02; tdi trong né, phdn tich dong liec hoc; khdng né.
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