
Academic Editors: Hezi Grisaro and

Sam Rigby

Received: 14 May 2025

Revised: 8 June 2025

Accepted: 10 June 2025

Published: 17 June 2025

Citation: Li, J.; Lu, Y.; Miao, H.; Xu,

H.; Feng, X.; Yuan, Y. Study on Vertical

Propagation of Power Parameters in

RC Frame Under Internal Explosion.

Buildings 2025, 15, 2080. https://

doi.org/10.3390/buildings15122080

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Study on Vertical Propagation of Power Parameters in RC Frame
Under Internal Explosion
Junrun Li 1, Yonggang Lu 1,*, Haibin Miao 2, Hengwei Xu 1, Xiaowei Feng 1 and Yixin Yuan 3

1 Institute of Systems of Engineering, China Academy of Engineering Physics, Mianyang 621900, China;
lijunrun22@gscaep.ac.cn (J.L.); xuhengwei23@gscaep.ac.cn (H.X.); lijunrun1997@163.com (X.F.)

2 China Norinco Group Testing and Research Institute, Xi’an 710089, China; 18701236790@163.com
3 School of Marxism, Tianshui Normal University, Tianshui 741001, China; yyx011016@gmail.com
* Correspondence: lygcaep@263.net

Abstract: The roof slab, as a critical component for partitioning the vertical space within
RC frame structures, can effectively mitigate the propagation of shock waves and reduce
damage levels in adjacent rooms. This study employed finite element (FE) modeling to
investigate the vertical propagation of blast waves and roof ejection velocity in RC frames.
The model’s reliability was verified by reconstructing internal explosion tests on RC frames
and close-in explosion tests on masonry walls. On this basis, two typical single-room RC
frame structures that are vertically adjacent were designed, and numerical simulations of
the internal explosion were conducted under four explosive equivalents and four venting
coefficients. The propagation of shock waves, load characteristics in the vertically adjacent
room, and the dynamic response of roof slabs were examined. The results show that shock
waves propagated to the vertically adjacent room decreased by approximately two orders
of magnitude for peak overpressure and one order of magnitude for impulse due to the
obstruction of shock waves by roof slabs, respectively, compared to the source explosion
room. For larger venting coefficients, abundant energy was released through the venting
openings, making it difficult to form a quasi-static pressure with a long duration inside the
source explosion room. In addition to the shock wave, the explosive ejection of roof slabs
in the explosion source room will further exacerbate the damage to the vertically adjacent
room. Peak overpressure and impulse propagated to the vertically adjacent room were
reduced significantly by the increase in the venting coefficient, resulting in an attenuation
of structural damage. Finally, empirical models incorporating the venting coefficient were
established to characterize the attenuation coefficients of power parameters, demonstrating
the predictive capability for peak overpressure, impulse, and roof ejection velocity in both
the explosion source room and the vertically adjacent room.

Keywords: internal explosion; RC frame; blast waves; roof ejection velocity; empirical models

1. Introduction
Reinforced concrete (RC) framework structures are widely used due to their high

load-bearing capacity, good seismic performance, convenient construction, and cost-
effectiveness [1,2]. They have become the main carriers for fixed-point defense, command
and communication centers, and a large number of political and economic activities. How-
ever, the frequent occurrence of terrorist attacks and public safety incidents, compounded
by increasingly complex international situations, has rendered RC frame structures pro-
gressively critical as both protective assets and potential targets [3–5]. For instance, in 2023,
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Russian forces employed hypersonic missiles to strike a Ukrainian command center, caus-
ing extensive damage to the building [5]. Therefore, a thorough investigation of damage on
RC frame structures subjected to a large equivalent explosion can optimize pre-engagement
weapon deployment and enable rapid post-blast damage assessment. Also, the findings
can guide protective design for critical infrastructure.

Under internal explosion, the attenuation of blast load propagated to adjacent rooms
is significant due to the reduction in explosion shock waves by infill walls and roof slabs, as
well as the energy dissipation from the damage to structural components. The attenuation
magnitude is dependent on both structural and explosive parameters [6,7]. It is evident
that the propagation of shock waves in RC frame structures is extremely complex. In recent
years, numerous scholars have conducted abundant research on the load characteristics of
internal explosions in RC-box structures [8–10], while relatively few studies have focused
on the load characteristics in adjacent rooms. Santos et al. [11] conducted a series of internal
explosion tests on full-scale RC structures and found that the damage to the adjacent room
was significantly lower than that of the explosion source room due to the attenuation of blast
loads by infill walls. Liu et al. [12] performed internal explosion tests on a two-span full-
scale RC frame structure under two explosion equivalents and found that the overpressure
of shock waves propagated to the adjacent room was greatly attenuated, with an increased
duration. Guo et al. [13] carried out internal explosion tests on a 1/3 scale RC structure with
openings, analyzing the cumulative damage of the shear wall under blast loads, but did not
further investigate the damage to adjacent rooms. Li et al. [14] experimentally studied the
failure modes of multi-box structures under internal explosion, revealing a “cross-shaped”
damage distribution. Hu, Khan, and Cai [15–17] investigated the attenuation effects of
different building materials on shock waves, providing a theoretical basis for the design of
blast-resistant structures. Kong, Chen, and Eslami [18–20] conducted experimental studies
on internal explosions in confined spaces with water mist, demonstrating that water mist
can significantly reduce shock wave load. Similarly, Rose, Michaloudis, and Hájek [21–23]
examined the blast-resistant performance of various walls, finding that such walls can
effectively mitigate damage to protective structures.

As a critical vertical space partition in RC frame structures, the roof slab has a large
load-bearing area but relatively weak blast resistance, making it susceptible to damage
under internal explosion. This damage may cause secondary injuries to occupants and
equipment, while further expanding the destruction range [24–26]. Therefore, besides shock
wave load, the power parameters propagated to vertically adjacent rooms should account
for the impact damage caused by the ejection of roof slabs from the explosion source room.
Under large-scale internal explosions, RC frame structures are prone to damage that may
destroy sensors, complicating the velocity measurements of roof slabs [27]. As a result,
researchers have primarily focused on the dynamic behavior of roof slabs under small-scale
internal explosions. Kim et al. [28] analyzed damage to a typical RC apartment under
internal explosions (2 kg and 3 kg TNT), demonstrating that FE models incorporating
post-detonation combustion could accurately predict the dynamic behavior of roof slabs.
Lopez et al. [29] performed explosion tests and simulations on a two-span full-scale RC
frame structure using two TNT equivalents. At 20 kg TNT, the floor slab failed in punching
shear, while the adjacent slab sustained only minor damage. Park et al. [30] carried out
internal explosion tests on two deeply buried RC-box structures, showing that larger
venting areas and high-strength concrete could effectively reduce the damage to roof slabs
under equivalent TNT. GAO et al. [31] performed internal explosion tests on a three-story
RC frame structure with varying TNT equivalents and detonation positions, investigating
its dynamic response, failure modes, and progressive collapse mechanisms.
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However, their analysis did not focus on the dynamic behavior of roof slabs. Yang,
Zhou, and Zhao [32–34] employed machine learning to predict the dynamic response of
RC slabs under blast loading. The results demonstrated that the machine learning-based
prediction approach can accurately forecast the maximum displacement and failure modes
of RC slabs. Sagaseta, Gao, and Yao [35–37] conducted a series of field blast tests on
RC slabs, revealing that under far-range explosions, the slabs exhibited flexural failure,
whereas under close-range explosions, they were more prone to punching shear failure.
Lukić, Maazoun, and Liao [38–40] proposed applying protective coatings on RC slab
surfaces to enhance blast resistance. Their findings indicated that fiberglass and polyurea
coatings significantly improved the blast resistance of RC slabs.

Additionally, studies have examined how the venting area affects internal explosion
loads [41–43]. Results indicate that the attenuation of quasi-static pressure is strongly
influenced by the venting area. A smaller venting area leads to slower pressure decay
and more severe structural damage. Weibull [44] studied the influence of vent shapes on
quasi-static pressure in confined spaces, concluding that it depends solely on the ratio of
charge mass (M) to the container volume (V). When the venting coefficient S/V2/3 ≤ 0.0125,
the attenuation of overpressure becomes negligible. Li et al. [45] investigated the effect of
venting coefficients on the dynamic behavior of RC-box structures, finding that increasing
the venting coefficient from 0.457 to 1.220 reduced the maximum displacement at the wall
center by over 50%. Park et al. [30] simulated internal explosions in RC structures by
LS-DYNA under three venting conditions (fully enclosed, partially enclosed, and fully
ventilated). Results showed the smallest displacement occurred under fully ventilated
conditions, which is only about 1% of that in the fully enclosed case. Tascon, Qing, and
Song [46–48] conducted experimental studies on internal explosions under different venting
coefficients. The results indicated that while the venting coefficient had minimal influence
on the first peak overpressure, it effectively eliminated subsequent peak overpressures.
Chen et al. [49] investigated the effect of vent opening geometry on internal blast loading,
demonstrating that under identical venting coefficients, the shape of vent openings has a
negligible influence on the blast loads.

Generally, the existing studies still have the following main limitations: (i) the propa-
gation of shock waves and the load characteristics between vertically adjacent rooms under
internal explosion, especially the attenuation of shock waves by the roof slabs, require fur-
ther investigation; (ii) besides the shock wave load propagated to vertically adjacent rooms,
the explosive ejection of roof slabs from the source room further expand the destruction
range, but research in this area remains limited; (iii) under large-scale internal explosions,
the influence of venting coefficient on the power parameters in the explosion source room
and vertically adjacent room remains qualitative and lacks quantitative characterization.

To address the above limitations, refined numerical studies on the internal explosion
loads and dynamic behaviors of RC frame buildings were conducted. First, the reliability
of the adopted FE modeling approach was validated through comparison with existing
test data from internal explosions on RC structures and close-in explosions on masonry
walls, including material models and parameters, modeling techniques, and fluid–structure
interaction algorithms. Subsequently, numerical simulations of internal explosions were
conducted for two vertically adjacent single-room RC frames, considering four TNT equiva-
lents and four venting coefficients. The propagation of shock waves and load characteristics
in the vertically adjacent room is comparatively analyzed under varying venting coeffi-
cients, as well as the failure models and dynamic response of the roof slab. Finally, empirical
models incorporating the venting coefficient were established to calculate the attenuation
coefficients of power parameters (i.e., overpressure, impulse, and roof ejection velocity),
enabling rapid assessment of vertical damage in RC frames under internal explosions.
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2. FE Modeling Approach
This section conducts numerical analysis of the internal explosion tests on partially

enclosed RC structures and the close-in explosion tests on masonry walls [28,50]. The
reliability of the FE modeling approach is verified by comparing the simulated and
experimental results.

2.1. Internal Explosion Tests on Partially Enclosed RC Structures

(a) test description and FE model

As shown in Figure 1, Kim et al. [28] conducted internal explosion tests on a scaled
RC structure with an internal space dimension of 2000 mm × 2000 mm × 2000 mm. The
thickness of the walls and slabs is 160 mm, and the dimensions of the door and window
openings are 600 mm × 1500 mm and 600 mm × 500 mm, respectively. Each component is
reinforced with two-way double layers of Φ14@150 rebars, and the concrete grade is C30.
2 kg and 3 kg of spherical TNT were selected as the explosives for the experiments, and the
explosive was placed in the center of the room. Figure 1b shows the locations of reflected
pressure sensors and displacement sensors. Among them, P1 and DP1 were located at the
roof slab center, with P2 at the wall corner and DP2 at the wall center.

   
(a) (b) (c) 

Figure 1. Internal explosion tests on RC structure with openings: (a) structure dimension; (b) 3D FE
model; (c) 2D FE model.

The FE models of the test are shown in Figure 1b,c. To improve computational ef-
ficiency, the application of the blast load was achieved through the 2D-3D MAPPING
method in conjunction with the Arbitrary Lagrangian-Eulerian (ALE) algorithm. Specif-
ically, the calculation of the 2D FE model is terminated before the shock waves arrive at
the structure’s internal surface, with a MAPPING file output containing displacement,
velocity, and pressure at that instant. This file serves as the initial condition for the 3D FE
model calculation. The concrete is modeled with Lagrange elements, the rebar is modeled
with Beam elements, and the air and explosives are modeled with Arbitrary Lagrangian-
Eulerian (ALE) elements. The mesh sizes for air and explosives are determined based on
the equivalent explosive mesh density, as shown in Table 1 [45]. In the 3D FE model, for
fluid–structure coupling, the air mesh size must match the mesh size of the RC structure.
The explosive is filled with the keyword *INITIAL_VOLUME_FRACTION_GEOMETRY,
while fluid-solid coupling between the explosive and RC structure is achieved via the
keyword *CONSTRAINED_LAGRANGE_IN_SOLID. A non-reflecting boundary is ap-
plied to the air domain via the keyword *BOUNDARY_NON_REFLECTING. Note that
the 2D-3D MAPPING method ensures adequate explosive mesh density for small TNT
equivalents. For large TNT equivalents, the 3D FE model can meet the equivalent explosive
mesh density, thus making the 2D-3D MAPPING method unnecessary.
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Table 1. Mesh sizes of the FE models for each explosion scenario.

Test No.
TNT

Equivalents
(kg)

Equivalent Explosive
Mesh Density [45]

2D Finite Element Model 3D Finite Element Model

TNT Mesh
(mm)

Air Mesh
(mm)

TNT Mesh
(mm)

Air Mesh
(mm)

Structure
Mesh (mm)

Kim et al.
[28]

Test-1 2.0 255.8 107 × 107 16 × 16 / 24 × 24 × 24 24 × 24 × 24

Test-2 3.0 255.8 / / 122 × 122 ×
122 24 × 24 × 24 24 × 24 × 24

Shi et al.
[50]

Test-3 1.0 255.8 85 × 85 13 × 13 / 36 × 36 × 36 36 × 36 × 36

Test-4 6.0 255.8 / / 154 × 154 ×
154 36 × 36 × 36 36 × 36 × 36

(b) material model and parameters

The concrete is simulated by the K&C (*MAT_CONCRETE_DAMAGE_REL3) material
model. This model accounts for both damage and strain rate effects, enabling accurate pre-
diction of the dynamic response of concrete under high-strain-rate and large-deformation
conditions. Concrete strength under different stress states is characterized as follows:

∆σf = ζ∆σm + (1 − ζ)∆σy, λ ≤ λm (1)

∆σf = ζ∆σm + (1 − ζ)∆σr, λ ≤ λm (2)

where ∆σf is an effective stress deviator under different stress states; ∆σm, ∆σy, and ∆σr are
initial yield strength, ultimate strength, and residual strength; λ is a damage variable; λm is
the damage threshold; ζ is a function of λ.

*MAT_PLASTIC_KINMATIC and CS (Cowper–Symonds) are used to describe the
material model and strain rate effect of the rebar, respectively. The constitutive equation
and corresponding dynamic amplification coefficient are as follows:

σy = σ0 + Epεeff,p (3)

σdy = 1 +
( .
ε/C

)1/P (4)

where σy and σdy are static and dynamic yield strength, respectively; σ0 is the initial yield
strength; Ep is the plastic hardening modulus; εeff,p is effective plastic strain;

.
ε is the strain

rate of reinforcement; C and P are strain rate parameters.
The propagation of blast waves and their interaction with structures are realized via

ALE algorithms coupled with FSI (Fluid–Structure Interaction) methods. The detonation
process of TNT explosives and the compression behavior of detonation products are de-
scribed by the keyword *MAT_HIGH_ENERGY_BURN material model and the *EOS_JWL
equation of state, expressed as:

Pe = A[1 − ω

R1Ve
]e−R1Ve + B[1 − ω

R2Ve
]e−R2Ve +

ωE
Ve

(5)

where A, B, R1, R2, and ω are the material parameters determined by experiments; E is the
initial unit volume energy; Ve is the relative volume.

Air is regarded as a non-viscous ideal gas with the *MAT_NULL material model, and
the equation of state is described by the keyword *EOS_LINEAR_POLYNOMIAL.

Pe = A[1 − ω

R1Ve
]e−R1Ve + B[1 − ω

R2Ve
]e−R2Ve +

ωE
Ve

(6)

where C0–C6 are parameters of the polynomial state equation; E0 is the initial volume
energy; µ = 1/(Va − 1); Va is the relative volume. Table 2 shows the model parameters.
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Table 2. Parameters of material models and cohesive contact model [51–53].

Concrete (*MAT_CONCRETE_DAMAGE_REL3)

Density
(kg·m−3)

Compressive
strength f c

(MPa)

Maximum
failure

principal
strain

2400 40.0/5.0 0.3

Rebar (*MAT_PLASTIC_KINMATIC)

Density
(kg·m−3)

Elasticity
modulus

GPa

Poisson
ratio

Yield
strength
(MPa)

Strain rate
effect C

(s−1)

Strain rate
parameter

P

Failure
strain

7800 206 0.3 450 (400) 40 5 0.14

TNT (*MAT_HIGH_ENERGY_BURN&EOS_JWL)

Density
(kg·m−3)

Detonation
velocity D

(m·s−1)

Burst
pressure

(GPa)
A/GPa B/GPa R1 R2 ω

Initial
energy

E0 (J·m−3)
1630 6930 21 370 3.747 4.15 0.9 0.35 7 × 109

Air (*MAT_NULL&*EOS_LINEAR_POLYNOMIAL)

Density
(kg·m−3)

Initial
energy

E0 (J·m−3)

Dynamic
viscosity

coefficient

Pressure
cutoff Pc

(MPa)

C0, C1, C2,
C3, C6

C4, C5

1.29 2.5 × 105 0 0 0 0.4

Masonry wall (*MAT_RHT)

Density
(kg·m−3)

Initial
porosity α0

Crush
pressure
Pel (MPa)

Compaction
pressure

Pcomp
(MPa)

Porosity
exponent

Elasticity
modulus E

(GPa)

Poisson
ratio v

1800 1.32 40 2.5 3 1.44 0.2

β
Compressive
strength f c

(MPa)

Relative
shear

strength f c
*

Shear
strength f t

*

Reference
tensile

strain rate
(s−1)

Conversion
strain rate

(s−1)

0.01244 5.43 0.27 0.54 1 × 10−5 30

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK(OPTION = 9)

Normal
stiffness

(MPa·mm−1)

Tangential
stiffness

(MPa·mm−1)

Normal
strength
(MPa)

Tangential
strength
(MPa)

Normal
fracture
energy

(MPa·mm)

Tangential
fracture
energy

(MPa·mm)

λ

820 352 0.32 0.56 0.01 0.027 −2

(c) result comparison

Figure 2 compares overpressure-time histories at different measurement points for
both TNT equivalents. The results demonstrate that the internal explosion load exhibits
distinct multi-peak characteristics, with the simulated overpressure-time histories showing
good agreement with the experimental curves in terms of both trend and magnitude. The
relative errors in peak overpressure are within 15%. Furthermore, the propagation of shock
waves was analyzed by the measurement points P1 and P2 in Test-1. Figure 3 shows the
dynamic pressure distribution inside the RC structure. At T = 0.6 ms, the shock wave
arrived at the center of the inner wall, causing the overpressure-time history curve at P1

to reach its first peak; At T = 1.2 ms, the pressure at the corner of the inner wall rose
sharply due to the reflection and superposition of shock waves, and the overpressure-time
history curve at P2 reaches its first peak; At T = 2 ms, the reflected waves converged at
the center of the RC room and then continue to reflect towards the surrounding walls,
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causing the overpressure-time history curve at P1 to reach its second peak. At T = 4 ms, the
reflected shock waves propagated toward the corner of the inner wall, and P2 reached its
second peak.
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Figure 2. Comparisons of simulated and experimental results: (a) P1, Test-1; (b) P2, Test-1; (c) P1,
Test-2; (d) P1, Test-4; (e) DP1, Test-1; (f) DP2, Test-1.

   
(a) (b) (c)  

   
(d) (e) (f)  

Figure 3. Dynamic pressure distributions inside the RC structure: (a) 0.4 ms; (b) 0.6 ms, T1; (c) 1.2 ms,
T2; (d) 2.0 ms, T3; (e) 4.0 ms, T4; (f) 8.0 ms.

Figure 2 compares the simulated and experimental displacement-time histories for the
center of the roof slab and outer wall in Test-1. The numerical results show good agreement
with the experimental curves at both measurement points, with the error of maximum
displacement less than 15%. Figure 4 compares the damage to the roof slab and side walls,
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showing good consistency between simulated and experimental results in both failure
mode and damage level. In Test-2, the experimental damage to the RC structure is slightly
greater than the simulated result. The primary reason is that the RC structure sustained
initial damage before Test-2, which originated from Test-1.

   
(a) 

   
(b) 

Figure 4. Comparison of simulated and experimental damage to RC structure: (a) Test 1; (b) Test 2.

2.2. Close-In Explosions on Masonry Walls

(a) test introduction and modeling approach

Shi et al. [31] carried out close-in explosion tests on masonry walls built with ordinary
bricks (compressive strength: 15 MPa) and cement mortar (compressive strength: 5 MPa).
The walls measured 240 mm in thickness, 1200 mm in length, and 1500 mm in height. TNT
charges of 1 kg and 6 kg were detonated at a standoff distance of 400 mm from the wall
surface. Four reflected overpressure sensors were installed on the surface of the masonry
wall and RC frame, as shown in Figure 5. However, due to the severe damage to the
wall, sensors P1-P3 were damaged during the test, yielding no valid data. Only sensor P4

recorded a complete overpressure-time history curve.

 
(a) (b) 

Figure 5. Close-in explosion tests on masonry walls: (a) test layout; (b) 3D FE model.

(b) material model and parameters

The FE modeling approach is the same as in Section 2.1. Air mesh sizes under different
explosive equivalents are determined according to the principle of equivalent explosive
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mesh density, as shown in Table 1. A simplified microscopic method is used in the mod-
eling of masonry walls [53]. The mortar thickness is incorporated into the brick units,
while the bricks and their adjacent mortar joints are integrated as expanded brick units.
The cohesive contact between expanded brick units is employed to characterize the bond-
ing effect of mortar, enabling the simulation of brick-mortar interaction and increased
computational efficiency.

The expanded brick units are simulated by the *RHT (Riedel–Hiermaier–Thoma)
model, which accounts for material failure, damage, hardening, and strain rate effects, mak-
ing it suitable for capturing the dynamic behavior of masonry walls under high pressure
and high strain rates [53]. As shown in Figure 6, this model incorporates three strength
surfaces, namely the elastic yield surface, the maximum failure surface, and the residual
strength surface, which describe the initial yield strength σE, the failure strength σF, and the
residual strength σR of expanded brick units, respectively. Additionally, the P-α equation of
state defines the compaction curve for porous brittle materials, effectively describing the
volumetric deformation of bricks under hydrostatic pressure. The compressive strength and
shear modulus of the expanded brick units are determined through Equations (7) and (8).

f= 3.45 × 10−4Ge+0.58 fe − 6.01 × 10−8G2
e − 6.08 × 10−3 f 2

e + 3.46 × 10−5Ge fe (7)

E= 4.1 × 102 f2 + 1.5Ge − 36.1 f 2
2 − 8.6 × 10−5G2

e + 5.6 × 10−2Ge f2 (8)

where f and e are the uniaxial compressive strength and elastic modulus of the brick,
respectively. f e and Ge are the compressive strength and shear modulus of the expanded
brick unit, respectively. f 2 is the compressive strength of mortar.

 
(a) (b) 

Figure 6. RHT model and contact model: (a) three limit surfaces; (b) cohesive contact model.

The bond-slip behavior between expanded brick units is simulated by the cohesive
contact model. This model employs a linear elastic “traction-separation” for load transfer,
with the interfacial bond behavior divided into linear hardening and linear softening stages.
Three failure modes are defined: normal tensile (Mode I), tangential shear (Mode II), and
mixed-mode (Mode M), where the normal and tangential bond strengths are denoted as T
and S, respectively. Under mixed-mode conditions, the relative displacement of the contact
interface is defined as:

δm =
√

δ2
I + δ2

II (9)

where δI and δII are relative displacements of the contact interface in normal and tangential
directions; damage initiation in the cohesive contact occurs when the mixed-mode dis-
placement δm reaches the critical displacement δ0 corresponding to peak interface strength,
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while complete bond failure is triggered when δm exceeds the ultimate displacement δF.
The expressions for δ0 and δF are given as follows:

δ0 = δ0
I δ0

II

√√√√ 1 + β2(
δ2

II
)2

+
(

βδ2
I
)2 (10)

δF =
2
(
1 + β2)

δ0(KN + β2KS)

[
GI + (GII − GI)

(
β2KS

(KN + β2KS)

)|λ|]
(11)

where δ0
I and δ0

II are relative displacement corresponding to the normal and tangential
strength; β is a mixing coefficient; KN and KS are normal and tangential stiffness; GI and
GII are tensile and shear fracture energies of normal and tangential contact interfaces; λ is
the mixed exponent; Table 2 shows the model parameters.

(c) results comparison

Figure 2d compares the simulated and experimental overpressure-time history curves
at measurement point P4. The simulated results show good agreement with the test data
in the overall trend, with a relative error of less than 10%. Figure 7 further compares the
failure modes of masonry walls under two TNT equivalents, with results listed in Table 3.
The failure mode predicted by simulation is consistent with the test results, and the errors
of damaged areas are less than 20%.

     
(a) (b) (c)  

     
(d) (e) (f)  

Figure 7. Comparison of simulated and experimental structural failure modes: (a) T = 10 ms and
T = 30 ms; (b) blast-facing surface, Test 3; (c) blast-rear surface, Test 3; (d) T = 10 ms and T = 30 ms;
(e) blast-facing surface, Test 4; (f) blast-rear surface, Test 4.

Table 3. Comparison of simulated and experimental damage area.

Parameters
1 kg TNT 6 kg TNT

Blast-Facing Surface Back-Blast Surface Blast-Facing Surface Back-Blast Surface

Simulation 320 mm × 180 mm 400 mm × 300 mm 520 mm × 580 mm 900 mm × 900 mm
Experiment 370 mm × 190 mm 360 mm × 330 mm 500 mm × 500 mm 920 mm × 930 mm

Error −18.1% 1.0% 18.6% −5.33%

This section verifies the reliability of the FE modeling approach by comparing
overpressure-time history curves, shock wave propagation, and structural damage for both
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internal explosion tests on RC structures and close-in explosion tests on masonry walls. The
validation includes material models and parameters, determination methodology of mesh
size, MAPPING method, and fluid–structure interaction algorithms. Therefore, the FE mod-
eling approach can accurately predict the internal explosion load and dynamic behavior of
RC structures, making it suitable for damage assessment in prototype structures.

3. Prototypical RC Frame Structure
Based on the GB 50010-2010 Code for Design of Concrete Structures [54] and GB

50011-2010 Code for Seismic Design of Buildings [55], the prototypical RC frame structures
were constructed, as shown in Figure 8. The infill wall was constructed with ordinary clay
brick, with dimensions of 240 mm × 120 mm × 50 mm and a compressive strength of
10 MPa. The FE model consists of two vertically adjacent rooms, each with dimensions of
5000 mm × 5000 mm × 3000 mm. The slab thickness is 150 mm, and the concrete grade
is C40. Figure 8e–h show the dimensions and reinforcements of each component. For the
RC columns, the reinforcement consists of 12Φ25 (12 steel bars and a diameter of 25 mm)
longitudinal bars and Φ8@100 stirrups (a diameter of 10 mm with a spacing of 100 mm).
For the RC beams, the reinforcement consists of 6Φ22 (6 steel bars and a diameter of 22 mm)
longitudinal bars and Φ8@100 stirrups (a diameter of 10 mm with a spacing of 100 mm).
For the RC slab, the reinforcement consists of double-layer longitudinal reinforcement with
Φ10@150 (a diameter of 10 mm with a spacing of 150 mm). In addition, the longitudinal
rebars and stirrups are HRB400 and HPB300, and the thickness of the concrete cover for
structural members is 25 mm. TNT explosive is detonated at the center.

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

Figure 8. Prototypical RC frame structures, mm: (a) η = 0.0; (b) η = 0.654; (c) η = 1.309; (d) η = 2.618;
(e) RC column; (f) RC wall; (g) RC slab; (h) layout of overpressure and velocity sensors.

Four FE models were established to analyze the influence of the venting coefficient on
power parameters (i.e., peak overpressure, impulse, and roof ejection velocity) propagated
to vertically adjacent rooms, as shown in Figure 8a–d. Four TNT equivalents (20, 100, 300,
500 kg) were selected to cover the majority of engineering scenarios. After the calculation,
due to the relatively large TNT equivalent studied in this paper, both the mesh sizes of RC
structures and air are determined to be 36 mm × 36 mm × 36 mm. The venting coefficient
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is defined as a dimensionless parameter of the venting area to the container volume, as
given in Equation (12). Table 4 lists the 16 simulation scenarios.

η =
S

V2/3 (12)

where η is the venting coefficient; V is the container volume; S is the venting area.

Table 4. Design of explosion scenarios.

Scenario S (m2) η
TNT

Equivalent
(kg)

Scenario S (m2) η
TNT

Equivalent
(kg)

1 0 0.000 20 9 41.68 1.309 20
2 0 0.000 100 10 41.68 1.309 100
3 0 0.000 300 11 41.68 1.309 300
4 0 0.000 500 12 41.68 1.309 500
5 27.78 0.654 20 13 55.57 2.618 20
6 27.78 0.654 100 14 55.57 2.618 100
7 27.78 0.654 300 15 55.57 2.618 300
8 27.78 0.654 500 16 55.57 2.618 500

4. Results Analysis
4.1. Blast Wave Propagation

Figure 9 shows the dynamic pressure distributions inside the RC frame structures
under scenario 2 and scenario 14. At T = 2 ms, the TNT explosive detonated in Room 1,
generating blast waves that propagated outward. At T = 4 ms, the shock waves penetrated
the roof slab and propagated into Room 2. In scenario 14, due to the lack of infill walls
to reflect the shock wave, substantial blast energy was leaked out, resulting in a lower
pressure in Room 1 compared to scenario 2. At T = 8 ms, due to the reflection of shock
waves by the roof slab and infill walls, the pressure in Room 2 gradually increases to
form quasi-static pressure (scenario 2). However, in scenario 14, the pressure in Room 2
gradually dissipated, approaching atmospheric pressure. At T = 16 ms, scenario 2 exhibited
stabilized quasi-static pressures in both rooms, while scenario 14 showed complete pressure
dissipation with no further damage to the RC frame structure. At T = 32 ms, the destruction
of the side walls in Room 1 caused shock wave leakage, reducing internal pressure to
atmospheric levels, while Room 2 maintained quasi-static pressure (scenario 2). In contrast,
scenario 14 showed complete shock wave dissipation in both rooms. The above analysis
demonstrates the critical role of the venting coefficient in shock wave propagation. For
small coefficients, the side walls can reflect the blast wave, forming sustained quasi-static
pressures that amplify the structural damage. For large coefficients, substantial blast energy
venting prevents prolonged quasi-static pressure formation and significantly reduces the
structural damage level.

4.2. Load Characteristics in Adjacent Rooms

Figure 10 compares overpressure-time and impulse-time histories between scenarios 2
and 14, revealing the complex multi-peak characteristics of internal explosion load. Within
5 ms, the release of blast energy generated a shock wave with fast-rising pressure, exerting
high-frequency dynamic pressure on the structure. With the attenuation of the shock wave
pressure, the high-temperature and high-pressure detonation products expanded outward.
Confined by the enclosed space, the RC room formed a quasi-static pressure characterized
by low pressure and long duration, namely the quasi-static pressure phase. During the
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shock wave phase, peak overpressures are nearly identical for both venting coefficients
under a certain TNT equivalent. In the quasi-static phase, however, the second peak
pressure on the center of the roof slab is 0.5 MPa (scenario 14), an 87.5% reduction from
4 MPa (scenario 2). Consequently, the maximum impulse drops from 26.8 MPa·ms (scenario
2) to 10.29 MPa·ms (scenario 14), a 61.6% decrease. Thus, the venting coefficient primarily
influences the quasi-static pressure phase of the internal explosion load, with negligible
effects on the shock wave phase. For large-scale internal explosions, the rapid failure of the
roof slab and side walls diminishes the load convergence effect at the structural corners.
The overpressure-time histories at different points on the roof slab surface are similar, and
the impulse-time histories also have similar shapes. The maximum deviations of the peak
overpressures and impulses are below 10%. Subsequently, the peak overpressure and
impulse at the center of the roof slab can be used to characterize the load characteristics in
the explosion source room.

      
(a) 

      
(b) 

Figure 9. Dynamic pressure distributions inside the RC structures for 100 kg TNT: (a) scenario 2,
T = 2, 4, 8, 16, and 32 ms; (b) scenario 14, T = 2, 4, 8, 16, and 32 ms.

 
(a) (b) 

Figure 10. Overpressure-time and impulse-time history curves at the center of the roof slab in Room 1:
(a) η = 0; (b) η = 2.618.

Figure 11 shows the overpressure and impulse time histories at measurement points
of the roof slab in vertically adjacent Room 2. The blast wave load in Room 2 is significantly
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lower than in Room 1 by approximately two orders of magnitude of peak overpressure and
one order of magnitude for impulse, respectively. In contrast to the load characteristics in
the explosion source room, Room 2 (scenario 2) exhibits distinct pressure rising and falling
phases, forming a quasi-static pressure phase with a low amplitude and longer duration.
In scenario 14, however, due to substantial blast energy venting, the peak overpressure
(0.1 MPa) and maximum impulse (0.61 MPa·ms) inside Room 2 are reduced by about 50%
and 90%, respectively, compared to scenario 2 (0.2 MPa, 6.3 MPa·ms). It is evident that
increasing the venting coefficient significantly attenuates the shock wave load propagated to
the vertically adjacent room. Additionally, the overpressure-time and impulse-time history
curves at measurement points in Room 2 exhibit consistent trends across all scenarios, with
the deviations of maximum peak overpressure and maximum impulse less than 5%, except
at P5. Subsequently, the blast wave load propagated to the vertically adjacent room can also
be characterized by the maximum overpressure and impulse at the center of the roof slab.

  
(a) (b) 

Figure 11. Overpressure-time and impulse-time history curves at the center of the roof slab in Room 2:
(a) η = 0; (b) η = 2.618.

4.3. Structural Failure Model

The damage to adjacent rooms is collectively determined by the failure of their internal
structural components. Roof slabs and side walls serve as critical components that separate
the internal spaces in RC frame structures, mitigating hazard propagation (i.e., shock waves,
fire) to the adjacent room. Among them, infill walls primarily divide the horizontal space,
while the roof slab divides the vertical space. Compared with the RC columns and beams,
the roof slab has a larger load-bearing area and is more susceptible to failure. Therefore,
the damage assessment for vertically adjacent rooms focuses exclusively on the dynamic
behavior of the roof slab, neglecting the failure analysis on the RC columns, beams, and
infill walls.

Figure 12 shows the failure process of vertically adjacent rooms for scenario 2 and
scenario 14. The failure mode of the roof slab in the explosion source room (Room 1) exhibits
a distinct sequence under large-scale explosions: (i) initial flexural failure, (ii) progressive
shear failure along the beam-slab joints, and (iii) ultimate explosive ejection of the roof slab.
The failure mode of the roof slab in Room 2 is primarily flexural failure. Comparing the
failure modes of the roof slab under two venting coefficients, scenario 2 showed that the
roof slab in Room 2 underwent significant flexural failure within T < 60 ms. Subsequently,
the collision between roof slab 1 (from Room 1) and roof slab 2 (from Room 2) further
enhanced the damage, leading to severe flexural failure for roof slab 2. However, in scenario



Buildings 2025, 15, 2080 15 of 22

14, roof slab 2 showed only minor damage at T < 300 ms. The collision between roof slab 1
and roof slab 2 at T = 300 ms caused only slight damage to roof slab 2, with a damage level
significantly lower than that in scenario 2. This demonstrates that increasing the venting
coefficient substantially reduces structural damage. Notably, the damage to the roof slab in
vertically adjacent rooms results from both shock wave loads and the explosive ejection of
the roof slab from the explosion source room. With a large venting coefficient, the damage
to vertically adjacent rooms caused by the shock waves can be neglected, leaving only the
roof ejection velocity as the primary factor.

      
(a) 

     
(b) 

Figure 12. Failure process of the RC structures: (a) scenario 2 at 20, 40, 60, 80, and 100 ms; (b) scenario
14 at 20, 50, 100, 300, and 500 ms.

Figure 13 further shows the velocity-time history curves at measurement points on
the roof slab in both scenario 2 and scenario 14. Overall, the curves show consistent
characteristics across measurement points within each scenario. As the measurement point
moves from the structural center to the edge, the velocity amplitude gradually decreases.
In scenario 2, at T = 18 ms, owing to the reflection of shock waves by the infill walls, the
ejection velocity of the roof slab in the explosion source room rapidly increased to the
maximum, with an average of about 50 m/s. At T = 48 ms, influenced by the shock waves
propagated into Room 2, the ejection velocity of roof slab 2 gradually increases, with an
average of about 15 m/s. At T = 72 ms, roof slab 1 and roof slab 2 decelerated under
gravitational acceleration and subsequently collided with significant impact. At T = 120 ms,
both roof slabs were moving upward after the collision, marking the end of the structural
failure process. In scenario 14, at T = 3 ms, the impact of blast waves on the roof slab ceased,
and the roof ejection velocity rapidly increased to maximum, reaching an average of about
15 m/s. At T = 12 ms, the shock wave propagated into Room 2, causing slight velocity
fluctuations in roof slab 2 with a maximum of about 0.9 m/s, which resulted in minor
damage. At T = 220 ms, roof slab 1 decelerated to 9 m/s under gravity and subsequently
impacted roof slab 2. At T = 350 ms, after the initial collision, the ejection velocity of roof
slab 1 decayed rapidly. Meanwhile, although the damage to Roof Slab 2 increased, no
significant failure occurred, marking the end of the structural failure process.

A comparison of Figure 13a,b reveals that an increase in venting coefficients leads
to a substantial reduction in slab damage. For instance, with a venting coefficient of
0, the average velocity of the roof slab reaches 50 m/s, which is approximately a 70%
increase compared to the 15 m/s at a venting coefficient of 2.618. Thus, structural damage
assessments for internal explosions must account for the attenuation effect of the venting
coefficient on the structural dynamic response.
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(a) (b) 

Figure 13. Velocity-time history curves of roof slabs: (a) scenario 2; (b) scenario 14.

5. Attenuation Coefficient of Power Parameters
5.1. Attenuation Coefficient of Power Parameters in the Explosion Source Room

Section 4 identifies three power parameters that propagate vertically in RC frame
structures under internal explosions: peak overpressure, impulse, and roof ejection velocity.
To quantify the attenuation effect of the venting coefficient on power parameters in the
explosion source room, three corresponding attenuation coefficients were defined:

φ1 =
(

P0 − Pη

)
/P0 (13)

φ2 =
(

I0 − Iη

)
/I0 (14)

φ3 =
(
v0 − vη

)
/v0 (15)

where φ1, φ2, and φ3 are the attenuation coefficients of peak overpressure, impulse, and
roof ejection velocity, respectively; Pη , P0, Iη , I0, vη, and v0 are peak overpressure, impulse,
and roof movement velocity when the venting coefficient is η and 0; v is the average ejection
velocity of the roof slab, v = (v1 + . . . + vN)/N; v1–vN are the maximum velocities of the
N-th measurement point. N is the number of measurement points.

Given the negligible effect of the venting coefficient on peak overpressure in the explo-
sion source room (i.e., φ1 = 0), Figure 14 shows the corresponding attenuation coefficients
of impulse and roof ejection velocity across all scenarios. Both coefficients demonstrate
approximately logarithmic growth with the increasing venting coefficient. The attenuation
coefficients of impulse and roof ejection velocity show maximum deviations of 77% and
76%, respectively, between fully ventilated (η = 2.618) and fully enclosed (η = 0) conditions,
indicating significant differences in structural response. The venting coefficient plays a
crucial role in structural damage assessment and blast-resistant design. The attenuation
coefficients of impulse and roof ejection velocity exhibit approximately linear decreases
with the increasing explosive equivalent, attributable to enhanced damage to the roof slab
at larger TNT equivalents. As more energy dissipates through slab deformation and frac-
ture, the impulse load and roof ejection velocity in the explosion source room experience a
significant reduction.
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(a) 

 
(b) 

Figure 14. Attenuation coefficients in explosion source room: (a) impulse; (b) roof ejection velocity.

An empirical model for the attenuation coefficients of power parameters in the explo-
sion source room is derived as follows:

φ1 = 0 (16)

φ2 = (0.7544 − 0.0005 × W)
[
1 − (0.2602 + 0.0001 × W)η] (17)

φ3 = (0.7536 − 0.0005 × W)
[
1 − (0.068 + 0.0002 × W)η] (18)

where W is the TNT equivalent.

5.2. Attenuation Coefficient of Power Parameters in the Vertically Adjacent Room

To quantify the attenuation effect of the venting coefficient on the power parameters
propagated to the vertically adjacent room, attenuation coefficients for peak overpressure,
maximum impulse, and roof slab velocity are defined:

ϕ1 = (P1 − P2)/P1 (19)

ϕ2 = (I1 − I2)/I1 (20)

ϕ3 = (v1 − v2)/v1 (21)

where ϕ1, ϕ2, and ϕ3 are the attenuation coefficient of peak overpressure, impulse, and
roof ejection velocity, respectively; P1, I1, and v1 are peak overpressure, impulse, and roof
ejection velocity in source explosion room, respectively; P2, I2, and v2 are peak overpressure,
impulse, and roof ejection velocity in a vertically adjacent room, respectively.

Figure 15 shows the attenuation coefficients of peak overpressure, impulse, and roof
ejection velocity in Room 2. The attenuation coefficient of peak overpressure shows minimal
sensitivity to variations in the venting coefficient and explosive equivalent, maintaining an
average of 98%. In contrast, the attenuation coefficient of impulse exhibits an approximately
logarithmic relationship with the venting coefficient. For a fully ventilated RC frame
structure (η = 0), the attenuation coefficient of the impulse is approximately 0.75. Increasing
the venting coefficient to 0.618 raises this value to 0.95, and then it increases slowly with
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further increases in the venting coefficient. Notably, the explosive equivalent demonstrates
negligible influence on the attenuation coefficient of impulse, with the deviation remaining
below 5% for a given venting coefficient. The attenuation coefficient of ejection velocity
exhibits an approximately linear increase with the venting coefficient and an inverse linear
relationship with the explosive equivalent. For smaller explosive equivalents, the failure
velocity of side walls allows gradual energy release, resulting in the venting coefficient
having a significant influence on the roof ejection velocity. Increasing the venting coefficient
from 0 to 2.618 enhances the attenuation coefficient of roof ejection velocity from 0.72
to 0.96 (∆ = 0.24) under 20 kg TNT equivalent. In contrast, larger charges (i.e., 100 kg)
cause rapid wall failure, allowing substantial energy release through the failure walls.
Consequently, the influence of the venting coefficient diminishes significantly, with the
attenuation coefficient increasing only from 0.52 to 0.62 (∆ = 0.10) for the same venting
coefficient range.

  
(a) 

  
(b) 

  
(c) 

Figure 15. Attenuation coefficients of power parameters in the vertically adjacent room: (a) peak
overpressure; (b) impulse; (c) roof ejection velocity.
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An empirical model for the attenuation coefficients of power parameters propagated
to the vertically adjacent room is derived as follows:

ϕ1 = 0.988 − 5 × 10−5W + 0.0031η (22)

ϕ2 = 0.96 − 0.213e−η/0.237 (23)

ϕ3 = 0.765 + 0.1826η − 0.0014W − 0.037η2 + 1.78 × 10−6W2 (24)

6. Conclusions
Based on the verified FE models for internal explosions in RC frame structures, this

study numerically investigates the power parameters (i.e., peak overpressure, impulse,
and roof ejection velocity) across varying explosive equivalents and venting coefficients in
vertically adjacent RC rooms. The main conclusions are as follows:

(i) The roof slab can effectively block the propagation of shock waves, reducing the
shock wave load propagated to the vertically adjacent room by approximately two
orders of magnitude for peak overpressure and one order of magnitude for impulse,
respectively, compared to the explosion source room. Besides the shock wave load
(i.e., peak overpressure, impulse), the explosive ejection of the roof slab significantly
impacts the damage to vertically adjacent rooms. Therefore, the vertical damage
assessment in RC frame structures must account for both the shock wave load and
the explosive ejection of the roof slab.

(ii) The venting coefficient has little influence on peak overpressure in the explosion
source room, while rapid energy dissipation leads to significant attenuation of both
internal impulse and roof ejection velocity. Compared with a fully enclosed (η = 0) RC
building, the maximum attenuation of the impulse and roof ejection velocity in the
explosion source room under fully ventilated conditions (η = 2.618) are approximately
76% and 75%, respectively.

(iii) An increase in the venting coefficient can significantly reduce the power parameters
propagated to the vertically adjacent rooms. For a 100 kg TNT, increasing the venting
coefficient from 0 to 2.618 reduces the power parameters by an 87.5% decrease in peak
overpressure, 67.6% in impulse, and 70% in roof ejection velocity, demonstrating that
enhancing the venting area can significantly improve structural blast resistance.

(iv) The developed empirical model can accurately predict the attenuation coefficients
of power parameters in the explosion source room and the vertically adjacent rooms
under varying venting coefficients, enabling rapid damage assessment for RC frame
structures under internal explosions.
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