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Abstract

Designing blast-resistant structures with openings presents a significant challenge due to the
complex propagation and interaction of shock waves with internal structural components.
While international design codes have been established to address this issue, engineering
practice in Vietnam primarily relies on empirical methods for assessing external blast loads
on simple rectangular geometries, often neglecting internal pressure effects due to a lack of
experimental data. As an alternative to computationally intensive CFD simulations, this
article presents a comprehensive approach utilizing UFC 3-340-02 to determine blast loads
acting on both exterior and interior structural surfaces. An automated calculation method is
introduced to estimate the determination of these loads and rapidly generate a robust loading
database. This study provides Viethamese engineers with a practical blast loading assessment
tool and a new approach to accurately analyze structural components, thereby enhancing the
survivability and resilience of structures against explosive events.
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1. Introduction

Designing structures to resist blast loading is a specialized field of engineering that
requires a deep understanding of blast loading, impact loading, and the behavior of
structures under the effect of high-rate strains. When a high explosive detonates, it
releases a tremendous amount of energy rapidly, creating a shock wave that propagates
through the surrounding area. The interaction of this wave with a structure imposes
extreme loads that can cause catastrophic failure if not adequately accounted for in the
design. Openings, such as windows and doors, on a structure's facade fundamentally alter
this interaction, creating a complex loading that includes both external and subsequent
internal pressures. Thus, for the engineering design of structures to resist blast loading
from terrorist attacks and accidental events, numerous analytical and empirical methods
and design codes are employed internationally [1]-[8]. In Vietnam, experimental curves
are mainly used to predict a structure's external blast load from a ground explosion,
specifically for rectangular-shaped buildings [2]. However, due to a lack of experimental
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data, analytical blast loading neglects the phenomenon of blast waves propagating into
and interacting with the structure's interiors.

To assess internal blast loadings, some authors have focused on calculating them to
estimate the level of human damage. A. Malhotra et al. [9] calculated "Accidental
explosion and effect leakage into structures” and showed that blast waves penetrate
buildings through openings such as windows and doors, causing increased internal
pressure and affecting people. The maximum pressure results are used to analyse the
reflection of waves inside and the potential for damage to the lungs, eardrums, etc.

K. B. Holm employed numerical simulation methods on the ANSYS platform to
calculate the blast pressure on the structure and assess the impact of the blast pressure on
the injury level of people inside the structure [10]. During the calculation process, the
author conducted experiments to measure the blast pressure waves inside the front walls,
side walls, and ceiling, and compared the results with those from the simulation.

Z. Koccaz et al. [11] focus on architectural and structural design to withstand
explosive loads, including internal wave reflections within the structure. A. Eytan
et al. [12] calculated the interactive blast loads on structures using UFC 3-340-02 and
compared them with Kaplan's method. The results of this study emphasize the importance
of using techniques to calculate the internal blast loads. These results can be used to assess
damage and injury to people and equipment inside structures in some detailed scenarios.

In addition to addressing the problems above, the solution utilizes CFD and ALE
simulations on platforms such as Autodyn and LS-DYNA, which have been continually
developed and refined over time. C. Neto et al. [13], enable the investigation of complex
propagation and interaction processes. However, calculations based on CFD simulation
platforms are very time-consuming, require significant software investment, and are only
suitable for overall problem verification, rather than for researching general design
calculation processes. To simplify calculations for standard rectangular structures
subjected to single explosions on the ground or in the air, UFC 3-340-02 provides a safe
and effective method for experimental calculations. Despite widespread use of UFC
3-340-02 worldwide, research and application of UFC 3-340-02 in calculating blast-
resistant structures and civil defense systems in Vietham remain scarce. Therefore, to
address the gap, this article aims to provide an overview of utilizing UFC 3-340-02 in
predicting blast loads on the exterior and interior walls and ceilings of structures.
Furthermore, the method for automatically calculating these loads is also described. The
program generated a blast loading database to analyze the safety and survival of windows,
doors, internal curtains, and the entire structure subjected to blast loadings, as well as
external blast loadings on above-ground rectangular structures with openings.
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2. Overview of blast loads propagation into structures
2.1. General

Calculations of blast loads acting on structures often neglect the pressure of shock
waves propagating into the structures. Although structures with openings are shielded or
protected on the external surfaces, blast waves can destroy the openings, penetrate and
cause injury to people inside the structure, or blast pressure can affect the internal walls
and roof.

The most common case is when openings only appear on the front of the structure,
while the other surfaces have no openings. This is the most likely scenario because
internal partitions and walls will limit the flow of blast waves into the structure. The
internal blast load increases due to the reflection of the blast wave on internal components.
Another case, including holes appearing in the structure's front, rear, or side walls, is not
considered, as it is less dangerous.

The pressure will be amplified rapidly when an incident wave impacts the front wall.
Windows and doors may be destroyed almost immediately (within a millisecond) unless
they are designed to withstand the loads. As a result, the blast pressure will pour into the
structure's interior through these openings. The sudden release of high pressure will form
an internal shock wave inside each opening. Each shock wave will propagate and combine
into a single shock wave, which will then continue to propagate throughout the interior
of the structure.
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Fig. 1. Idealised structure configuration for interior blast loads [8].
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In Fig. 1, when the shock wave hits the structure's front wall, the pressure is Ps, and
the wavelength is Lw. As the shock wave sweeps through the structure, the blast pressure
enters the building through the opening in the front wall with an area of A.. The areas of
multiple openings are summed to form a single hypothetical opening located at the center
of the front wall. The blast pressure entering the building first impacts the inner surface
of the front wall, then interacts with the inner surfaces of the side walls, the roof, and the
rear wall. The idealized time-dependent load diagrams for these surfaces are presented in
Fig. 2.
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Fig. 2. Idealized interior blast loads [8], [14].

Blast loads acting on the structure's exterior, except for the front wall, are calculated as
if there were no openings and have also been calculated and introduced in UFC 3-340-02.

For simplicity and safety, UFC 3-340-02 only considers the most hazardous case,
where the shock wave is perpendicular to the front wall and causes the most severe
internal shock wave effects [12], [15].

The load calculation results are used to determine the maximum outward
displacement of the wall. The calculated load values for interior walls are also used to
design partition and wave-absorbing walls, as well as to assess the safety level and the
impact of blast waves on personnel.

2.2. Exterior front wall loads

Due to the clearing time effect, blast wave clearing significantly reduces the
maximum pressure acting on the wall. Depending on the overall size of the wall and the
openings, the clearing time of the reflected pressure can be significantly reduced.

The pressure-time relationship of the blast load acting on the front wall of a
structure with openings is like that of a solid front wall, except that the clearing time is
shortened. The value S’ is incorporated into the calculation to evaluate this time clearing
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[8], [16]. This value is the weighted average distance the expansion wave must travel to
cover the entire wall if the arrival shock wave can enter the structure immediately. If
fragile shielding panels (such as windows, doors,...) are not destroyed immediately, the
clearing time will not be shortened.

To calculate this load, UFC 3-340-02 proposes dividing the front elevation into
elements with area on based on the boundary and the location of the vent.

- For each cell, determine the cell type (1, 2, 3, 4), then assess on.

Tab. 1. Table for determining the value of o,

Area On Number of clearing sides
1 1.0 Two adjacent sides
2 0.5 Two opposite sides
3 1.0 One side
4 1.0 None

The weighted average clearing distance S' is expressed as:
, o,h
S — Z n nA} <s (1)
Af
where S' is the weighted average clearing distance with openings, on is clearing factor,
hn is average clearing distance for individual areas as follows:
Area 1 - width or height of the area, whichever is smaller;
Area 2 - distance between opposite sides where clearing occurs;
Area 3 - distance between the side where clearing occurs and the opposite side;
Area 4 - same as Area 1.
An is the area of individual wall subdivision, As is the area of the wall excluding openings
The clearing time t', = A5
(1+R)C,

The parameters of the incident wave pressure include the peak average pressure

Pmax, the peak positive reflected pressure Py, fictitious duration of the reflected pressure

tif, fictitious positive phase duration tor, and clearing time tc will be calculated based on

the database to determine the wave pressure on the front wall, similar to a closed structure
on the ground.
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The pressure-time relationship is shown in Fig. 3 where P; is peak reflected pressure,
Pso IS peak incident overpressure, Ir is reflected impulse, Cp is drag coefficient, Ps is
stagnation pressure, to is positive phase duration, ti is reflected time.
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Fig. 3. Pressure diagram on the exterior of the front wall [8].

2.3. Interior blast loadings
2.3.1. Pressure-time blast load on interior front wall

The blast load time history acting on the interior face of the front wall is shown in
Fig. 4. The time when the shock wave reaches the exterior surface of the front wall is
taken as zero (T, = 0). The blast load acting on the inner front wall begins at T1. This time
represents the time required for the shock wave to enter the structure through the opening
of Ao. The pressure increases linearly from time T1 to the maximum pressure Pmax at time
T and then decreases linearly to zero at time Ts.

The peak average pressure, Pmax, acting on the inner surface of the front wall varies
as a function of the incident pressure, pso, and the corresponding wavelength, Lw, for that
pressure, as well as the shape of the wall.

PRESSURE
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Fig. 4. Pressure diagram on the front wall (inside) [8].
The maximum average pressure value Pmax IS shown in the dplot data of
Fig. 2-203 to Fig. 2-206 in UFC 3-340-02, corresponding to the width-to-height ratio w
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and height W/H, respectively equal to 3/4, 3/2, 3, and 6 [8], [15]. Other values must be
assessed using 2D interpolation.

The idealized times Ti1, T2, and T3 are also taken from the database, and the
following instruction:

T1 value (ms) is determined based on the values of Ps,, W/H, and Ao/Aw by
interpolating the data in Tables 2-207 and 2-208 of UFC 3-340-02.

T2-T1 (ms) is determined based on the values of Pso, W/H, and Lw/H by interpolating
the data in Tables 2-209 and 2-210 of UFC 3-340-02.

T3-T1 (ms) is determined based on the values of Pso, W/H, and Lw/H by interpolating
the data in Tables 2-211 and 2-212 of UFC 3-340-02.
2.3.2. Pressure-time blast load on interior side wall

The blast pressure entering the building through the gaps in the front wall must
travel along the interior of the front wall before reaching the side wall. The incident

pressure reaching the side wall is increased due to reflection from the wall itself. The
front wave expands and travels across the side wall until it reaches the rear wall.

The length of the side wall affected by this reflected wave is a function of the
wavelength Lw. The time-dependent blast load, idealized as pressure, acting on the inner
surface of the side wall is shown in Fig. 5.
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Fig. 5. Pressure-time diagram on the inner face of the side wall [8].

The time at which the shock wave reaches the exterior face of the front wall is
considered zero (To = 0). The time T represents the time it takes for the shock wave to
travel from the openings to the inner side wall. The pressure increases linearly from time
T1 to the maximum pressure Pmax at time T, remains constant until time T3, and decreases
linearly to zero at time Ta4. This idealized curve applies to both side walls and roofs. The
peak pressure and time point can be calculated by:
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The peak pressure P, = % (psi).

T: and T2 (ms) values are determined based on the values of Ps,, W/H by
interpolating the data in Tables 2-213 of UFC 3-340-02.

Tz and T4 (ms) value is determined based on the values of Pso, W/H, L/H, Lw/L by
interpolating the data in Tables 2-214 to Table 2-229 of UFC 3-340-02.
2.3.3. Pressure-time blast load on interior roof

The calculation process for the roof is similar to that for the side wall, except that
the initial parameter values are swapped between W and H for calculation and showed in
Fig. 6.
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Fig. 6. Pressure-time diagram on the interior face of the roof [8].
2.3.4. Pressure-time blast load to interior back wall

The pressure reaching the rear wall is essentially uniform across the whole wall.
This pressure immediately increased to the normal reflected pressure when it hits the back
wall. The idealized pressure-time acting on the inner face of the back wall is shown in
Fig. 7.
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Fig. 7. Pressure diagram on the rear wall (inside) [8].

The time at which the shock wave reaches the exterior of the front wall is taken to
zero (T, = 0). Time Ty represents the time required for the front face of the shock wave to
travel from the gap to the back wall. The pressure increases instantaneously to Pris due to
the normal reflection of the shock wave's front face and then decreases to zero at time To.
The values of peak pressure and time points are calculated according to the following cycle:
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Pris/Pso (psi) is determined based on the values of Pso, L/H, Ao/Aw by interpolating
the data in Tables 2-230 and Table 2-231. The peak pressure Pmax = (Prig/Pso)Pso (pSi).

T1 (ms) is determined based on the values of Pso, W/H, and Ao/Aw by interpolating
the data in Tables 2-232 and 2-233 of UFC 3-340-02.

T>-T1 (ms) is determined based on the values of Ps, and Ao/Aw by interpolating the
data in Tables 2-234.
2.4. Calculation procedure

Although UFC 3-340-02 introduces a method to calculate all types of blast and
structural behavior under blast loading, the routine is tough and inconvenient for users.
To simplify the process and create an automatic method for estimating blast loadings, the
mini tool has been developed with a diagram of the calculation steps in Fig. 8:

Using Python to automate exporting data from dplot
to CSV files

Input data: Wy, Rg, W, L, H

Evaluate incident wave parameters:
Z, Pr,Pso, i, i, ty, t,, Ly, U

Opening facade geometry data: h,, h',, W,

Conducting data: S', t',, A,, Aw

Calculating blast loading on internal and external
face of structure

Export dan display loading graphs

Fig. 8. Blast-loading calculator diagram.

3. Scenario surveillance

In this section, two case studies are introduced to test and calculate blast loads in
the structure.
3.1. 250 Ibs of blast loading impact on a structure

Determining the blast load parameters subject to a structure with the location and
dimensions in Fig. 9 and Fig. 10:
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Input parameters:

Distance from the explosion to the front face R = 50 m (164 ft)

The structure has dimensions: 7 m x 10 m x 5 m (23 ft x 33 ft x 16.4 ft)
The explosive charge has a mass W = 250 Ibs of TNT;

Safety factor 20%.
164
1 l
TNT = 250lbs E]
TN N L PNEE T XNE T8 PSRET PN P 7N 8 7R i /%\i\/ ‘
164
1 |
TNT = 250lbs J
33

Fig. 9. Plan and elevation of the structure (unit ft).

9,8
9,8

16,4

2,7,3,9
6,6
#

Fig. 10. The front wall of the structure is subjected to blast waves (unit ft).

3.1.1. Determine the incident pressure and reflected pressure parameters

The incident pressure and reflected pressure parameters acting on the front wall of
the structure are also calculated automatically based on the same procedure. The results

are shown in Tab. 2.

Tab. 2. Incident and reflected pressure parameters

Weight Z Pr Pso tA U tO LW is Cra
(Ibs) | (ft/IbY3) | (psi) | (psi) | (ms) | (f/ms) | (ms) | (ft) | (psi-ms) (ft)
250 24.5 477 | 2.23 | 107.31 1.19 24.37 | 24.23 | 23.76 211

Pra Cr S G tc tof qO CD Pmax trf
(psi) | (ft/s) | (f) | (f) | (ms) (ms) | (psi) (psi) (ms)
471 1.15 11.48 | 16.40 | 23.49 21.31 0.12 1 2.35 16.06
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3.1.2. Determine exterior blast load on front wall
Determine Xdnh'nAn by dividing the front wall and openings into small sections.

e

DO D D
S X|D %
DD
[_ A Ai:,()_f 38|46 |

N7 £
I

~ Cell number
o}
= Cell type

s

Front wall partition table with ventilation holes
No. Panel 5 h'n hn Wi An onh'nAn
Type " (ft) (ft) (ft?) (ft?) (ftd)
1 3 1 4 2.7 4 10.8 43.2
2 2 0.5 4 3.9 4 15.6 31.2
3 1 1 4 9.8 4 39.2 156.8
4 3 1 2.7 2.7 4.6 12.42 33,534
5 2 0.5 94 9.8 4.6 45.08 211,876
6 3 1 38 2.7 3.8 10.26 38,988
7 2 0.5 3.8 3.9 3.8 14.82 28,158
8 3 1 94 9.8 3.8 37.24 350,056
9 2 0.5 94 9.8 4.6 45.08 211,876
10 2 0.5 6 6.6 6 39.6 118.8
11 1 1 6 9.8 6 58.8 352.8
TOTAL 1,577.29

Then, the parameters of the shock wave impact on the exterior front wave were
determined and illustrated in Fig. 11:
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Fig. 11. Pressure — time diagram on the exterior front wall.

3.1.3. Interior pressure — time blast loads

Using the calculation procedure and the database of UFC 3-340-02, the pressure — time
relationship for blast loading acting on the internal wall and roof is introduced in Fig. 12:

—e— Pressure on the internal of front wall
- &— Pressure on the internal side wall
= o = Pressure on the internal of the roof

- Pressure on the internal of the back wall

Pressure (ps1)

Time (ms)

Fig. 12. Pressure — time diagram on the internal faces.
3.2. The relationship between maximum average pressures vs charge weights

Surveying in the case of a ratio between the length and the width that is approximate,
it can be observed that the peak pressure on the inner face of the side walls, roof, and back
wall is similar (Fig. 13). However, the pressure on the exterior and interior of the front wall
is significantly higher. These pressure effects cannot be neglected in structural calculations.
They are fully capable of causing harm to individuals inside the structure and generating
sufficient force to blow off the roof or side walls under a large explosive load.
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The maximum pressure on the external wall and internal wall
vs charge of weight
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Fig. 13. The maximum pressure on the exterior face of walls and the interior roof
vs equivalent charge weights.
These load values must be estimated and incorporated into structural design
calculations, including strength checks for the building, doors, and windows, as well as
assessments of potential damage to the structure.

Although the dynamic of blast loadings on the structure pressure is affected by the
opening scale, the maximum pressures also likely follow the Hopkinson-Cranz Scaling
Law — the explosive charge scales with equivalent distance.

4. Conclusion

The article presents a comprehensive methodology for calculating both external and
internal blast loads on structures with openings, as outlined in UFC 3-340-02. Our
analysis addresses a significant deficiency in current Vietnamese engineering practices,
which often neglect the critical effects of internal pressure propagation, potentially
leading to underestimations of total structural loads and catastrophic failures.

The results clearly illustrate that for structures with facade openings, the internal
blast pressures are substantial and cannot be disregarded. While the exterior front wall
experiences the highest peak pressure, the pressures generated on the interior surfaces,
including the front, side, back walls, and roof, are significant enough to cause severe
damage to non-load-bearing components, equipment, and personnel within the structure.
This finding underscores the necessity of incorporating internal load calculations into the
standard design process for blast-resistant structures.
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While advanced computational methods, such as CFD, offer detailed simulations,
they are often computationally expensive and impractical for routine design verification.
In contrast, the empirical approach of UFC 3-340-02 provides a reliable, safe, and
efficient tool for engineers. The development of an automated calculation tool based on
this standard, as presented in this study, further enhances its practical value by enabling
engineers to rapidly generate a blast loading database for comprehensive structural
analysis and safety assessment.

This research serves as a foundational step. To build upon these findings, future work
should prioritize the experimental validation of these calculation results to understand the
physical phenomena better and refine the application of the UFC 3-340-02 standard within
the local context. Furthermore, developing calibrated CFD models, verified against these
experiments, would enable the investigation of more complex geometries and scenarios
beyond the current standard's scope, ultimately contributing to the development of more
robust guidelines for protective structures in Vietnam. By integrating this established
international standard, this work provides a direct path toward enhancing the safety and
survivability of critical infrastructure against explosive events.
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PHAN TICH TAI TRONG NO TAC DUNG LEN CONG TRINH CO KE TOI
ANH HUONG CUA LO THOANG THEO TIEU CHUAN UFC 3-340-02

Vii Buc Hiéu!, Bui Vin Tuong?
Wien Ky thudt cong trinh ddc biét, Truong Pai hoc Ky thudt Lé Quy Pén

Tom tit: Thiét ké khang nd cho céc két cau co 16 thoang 1a mot thach thire 16n do s phirc
tap cua qua trinh lan truyén va tuong tac cua song nd vai ciu kién bén trong cong trinh. Trong
khi cac tiéu chuan thiét ké qudc té da duoc phat trién dé giai quyét van dé nay, Viét Nam chu yéu
dwa vao cac phuong phap thuc nghiém dé danh gia tai trong nd bén ngoai trén céc toa nha hinh
chir nhat don gian va bé qua céac hiéu wng ap luc bén trong do thiéu di liéu thuc nghiém. Thay vi
phu thudc vao cac md phong CFD phuc tap, bai bao nay trinh bay mét phuong phép tiép can toan
dién st dung tiéu chuan UFC 3-340-02 dé tinh toan tai trong no tac dong ca Ién mat ngoai va mat
trong cau kién cong trinh. Mot phuong phép tinh toan tu dong duoc gidi thiéu dé tu dong tinh
toan CcAc tai trong trén va tao ra cac co sé dir lidu tai trong nhanh chéng. Nghién ctru ndy cung cap
cho cac ky su Viét Nam mot cdng cu tinh toan tai trong nd thuc té va mot cach tiép can moi dé
phan tich chinh xéac cc cau kién va nang cao kha ning khang luc cua cong trinh véi tai trong nd.

Tir khoa: Tdi trong né; song no; ap luc séng téi; UFC 3-340-02.
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