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Abstract: Reinforced concrete (RC) slabs are the primary load-carrying member of underwater facilities. They can suffer severe 

local failures such as cratering, spalling, or breaching as a result of underwater close-in (UWCI) explosions. In this study, we 

established a fully validated high-fidelity finite element analysis approach to precisely reproduce the local failures of RC slabs 

after a UWCI explosion. A recently proposed dynamic constitutive model is briefly introduced to describe wet concrete. The 

effects of free water content on the material properties, including the tensile/compressive strength, elastic modulus, strain rate 

effect, failure strength surface, and equation of state, are comprehensively calibrated based on existing test data. The calibrated 

material parameters are then verified by a single-element test. A high-fidelity finite element analysis (FEA) approach of an RC slab 

subjected to a UWCI explosion is established using an arbitrary Lagrangian-Eulerian (ALE) algorithm. Simulating previous 

UWCI explosion tests on RC orifice targets and underwater contact explosion tests on saturated concrete slabs showed that the 

established FEA approach could accurately reproduce the pressure-time history in water and damage patterns, including the 

cracking, cratering, and spalling, of the RC orifice target and saturated concrete slab. Furthermore, parametric studies conducted 

by simulating an RC slab subjected to a UWCI explosion showed that: (i) the local failure of an RC slab enlarges with increased 

charge weight, reduced standoff distance, and reduced structural thickness; (ii) compared to a water-backed RC slab, an air-backed 

RC slab exhibits much more obvious local and structural failure. Lastly, to aid the anti-explosion design of relevant underwater 

facilities, based on over ninety simulation cases empirical formulae are summarized to predict local failure modes, i.e., no spall, 

spall, and breach, of water- and air-backed RC slabs subjected to a UWCI explosion.  

 

Key words: Reinforced concrete slab; Underwater close-in explosion; Saturated concrete; Failure modes; Constitutive model; 

Numerical simulation 

 

 

1  Introduction 

 

Underwater infrastructure, such as tunnels 

crossing rivers or oceans, submarine pipelines, and 

caisson wharves, perform essential economic and 

social roles in guaranteeing the transportation of 

people, goods, water, natural gas, electric power, etc. 

In recent decades, terrorist attacks using explosives 

have posed an increasingly severe threat worldwide 

(Magnus et al., 2018). As a result, the safety of these 

critical underwater structures is a cause of great 

public concern. For example, in September 2022 

several leaks were discovered in the Nord Stream 1 

and 2 submarine gas pipelines (Nord Stream Press 

Releases, 2022). They were caused by intentional 

sabotage by underwater explosion, and attracted 

broad international interest. Reinforced concrete (RC) 

slabs are the primary load-carrying member in 

underwater facilities. Thus, examining the resistance 

of RC slabs to underwater explosions is essential. In 

particular, a close-in explosion scenario is more 

dangerous than a far-field explosion and more 

complex to analyze since it involves a strain rate and 

pressure-dependent material constitutive model, 

instantaneous interaction between detonation 

products and the RC structure, propagation of an 

intense shock wave, and various local failure modes 

in the incident and distal free surfaces (Costanzo 2011; 

Sanders et al. 2021). Predicting the local failure 

modes of an RC slab subjected to an underwater 

close-in (UWCI) explosion is fundamental to the 

anti-explosion design of underwater infrastructure, 
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but is yet to be achieved. 

Over recent decades, a lot of in-air close-in ex-

plosion tests have been conducted on RC structures to 

study the influence of the charge weight W (McVay, 

1988; Shi et al., 2015; 2020), standoff distance R 

(McVay, 1988; Kumar et al., 2020), structural thick-

ness T (McVay, 1988), concrete compressive strength 

fc (McVay, 1988), reinforcement setting (McVay, 

1988), and scale size (Wang et al., 2012). The local 

failure modes of an RC slab include cratering on the 

incident surface, spall in the distal surface, and breach 

throughout the cross-section, and are strongly af-

fected by W, R, and T. To predict the failure modes of 

the RC slab, McVay (1988) conducted lots of in-air 

close-in explosion tests and proposed an empirical 

formula that depends on the scaled distance R/W
1/3

 

and scaled thickness T/W
1/3

. Besides, the UFC 

3-340-02 code (UFC, 2008) compiled and analyzed 

the existing test data and summarized the threshold 

cures to distinguish the failure modes in the distal free 

surfaces, i.e., no spall, spall (no breach), and breach. 

However, these predictive formulae (McVay, 1988; 

UFC, 2008) are not applicable to an underwater ex-

plosion. Compared to an in-air explosion, an under-

water explosion would cause much more severe 

damage to the concrete structure because the water 

and air have different density and sound speed, and 

the explosive detonation induces both a shock wave 

and a bubble pulse in water (Cole, 1948; Rajendran 

and Lee, 2009; Hu et al., 2017). 

Recently, the dynamic response of an RC slab 

subjected to a UWCI explosion has attracted in-

creasing research interest. Zhao et al. (2021) con-

ducted in-air and underwater contact explosion tests 

on 50–100 mm-thickness RC slabs using 6–50 g rock 

emulsion explosives. They found that an underwater 

contact explosion causes more severe damage to RC 

slabs than an in-air contact explosion, and the damage 

patterns of RC slabs were affected by the boundary 

condition, charge shape, and steel reinforcement. 

Yang et al. (2019; 2022; 2023a) experimentally ob-

served the damage patterns of 60 mm-thickness RC 

slabs of variable concrete compressive strength, i.e., 

33 and 38 MPa, and structural span, i.e., 500 and 1000 

mm, subjected to an underwater contact explosion of 

6 g TNT, and established high-fidelity numerical 

models according to the corresponding experimental 

observations. Yang et al. (2023b) experimentally 

assessed the performance of two RC orifice targets 

subjected to detonation of 8-g emulsion explosives at 

their entrance. Both the damage pattern or the RC 

orifice and the pressure-time history of the water were 

obtained and adopted to validate the numerical ap-

proach based on an arbitrary Lagrangian-Eulerian 

(ALE) algorithm. Using 2.5–10 g TNT explosives, 

Wen et al. (2023) conducted underwater contact ex-

plosion tests on saturated concrete slabs with dimen-

sions of ϕ400 mm×80 mm. They found that the crater 

in the front surface was smaller than the spall in the 

rear surface, and the local failure increased with an 

increasing mass of TNT. They proposed an improved 

concrete model to account for the mechanical prop-

erties of the saturated concrete and numerically re-

produced the damage modes of the saturated concrete 

slabs. The above tests helped elucidate the failure 

mechanism of concrete structures subjected to un-

derwater explosions. Nevertheless, there were still 

insufficient test data to derive a predictive formula to 

distinguish the local failure modes of an RC slab 

under a UWCI explosion. 

Experimental study is time-consuming, expen-

sive, and may have serious security issues. Based on 

commercial hydrocodes, such as LS-DYNA 

(Hallquist, 2006) and AUTODYN (Southpointe, 

2020), the high-fidelity finite element analysis (FEA) 

approach can be used to overcome these obstacles. 

Once validated by benchmark tests in terms of the 

underwater load and concrete material model, it can 

precisely reproduce the dynamic response of an RC 

structure subjected to a UWCI explosion (Yang et al., 

2019; 2022; 2023a; 2023b; Wen et al., 2023). This 

approach can be used in simulations to examine the 

influence of critical parameters, such as W, R, and T. 

Zhao et al. (2018) adopted the coupled finite element 

and smoothed particle hydrodynamics (FEM-SPH) 

method and numerically studied the damage patterns 

of RC slabs subject to in-air and underwater contact 

explosions. Results showed that the crater and spall 

dimensions of RC slabs and the plastic strain of steel 

reinforcement subject to an underwater contact ex-

plosion are larger than those of an in-air contact ex-

plosion. Yang et al. (2022; 2023a) used the ALE al-

gorithm and evaluated the resistance of air-backed RC 

slabs and carbon fiber-reinforced polymer (CFRP) 

retrofitted RC slabs against an underwater contact 

explosion. They found that the resistance of the 
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air-backed RC slab was inferior to that of the wa-

ter-backed RC slab and could be significantly en-

hanced by CFRP retrofitting. Chen et al. (2023) es-

tablished a high-fidelity FEA approach by validating 

the underwater load and concrete material model. 

They numerically studied the dynamic response of an 

air-backed RC slab subjected to a UWCI explosion. 

They found that the damage to the RC slab increased 

with increasing W and decreasing R, and the higher fc 

and reinforcement ratio resulted in higher an-

ti-explosion resistance. The structural damage modes 

defined according to the support rotation angle of the 

RC were further assessed for the R=2 m and W=0.2 kg 

UWCI explosion scenario. 

In general, in terms of RC structures subjected to 

underwater explosion, the previous numerical simu-

lations had the following limitations: (i) most studies 

focused on the structural response of the RC slab, 

while the local failure modes remain to be studied in 

detail; (ii) a robust dynamic constitutive model of 

concrete is needed to describe the local failure modes. 

The commercial constitutive models commonly used 

in previous studies have limitations in describing the 

dynamic tensile property (Tu and Lu, 2009; Kong et 

al., 2018; Huang et al., 2020a; Xu et al., 2020); (iii) 

the free water content in concrete has evident effects 

on its mechanical properties (Chen et al., 2023), such 

as the failure strength surface, strain rate effect, and 

equation of state (EOS), which were rarely considered 

in previous studies. 

To address these research gaps, here we present a 

numerical study of the local failure of RC slabs sub-

jected to a UWCI explosion. First, an improved dy-

namic constitutive model proposed by the authors 

(Zhou et al., 2023c) is introduced, which is embedded 

in the LS-DYNA as a user-defined material model. To 

precisely capture the mechanical properties of wet 

concrete at high strain rates and hydrostatic pressures, 

the model comprehensively calibrates the material 

parameters for concrete, considering the effect of free 

water content. Then, the high-fidelity FEA approach 

of an RC slab subjected to UWCI explosion is estab-

lished based on the ALE algorithm. Its capacity to 

reproduce the pressure-time history in water and the 

damage pattern of concrete is validated by simulating 

the previous UWCI explosion test on the RC orifice 

target and the underwater contact explosion test on 

the saturated concrete slab. Next, the model is used to 

conduct numerical simulations of the RC slab under a 

UWCI explosion and examine the parametric influ-

ence of charge weight, standoff distance, structural 

thickness, reinforcement ratio, concrete compressive 

strength, and water/air-back conditions. Finally, a 

formula is summarized for predicting the local failure 

modes of RC slabs subjected to a UWCI explosion 

based on numerical simulations, which will serve as a 

useful reference for the anti-explosion design of un-

derwater facilities.  

 

 

2  Constitutive model of concrete 

 

Considering that concrete models in commercial 

hydrocodes have inherent limitations in describing 

dynamic tensile failures (Tu and Lu, 2009; Kong et al., 

2018), in this study we used an improved dynamic 

constitutive model recently proposed by Zhou et al. 

(2023c) to predict the damage pattern of an RC 

structure under a UWCI explosion. The proposed 

model captures the critical mechanical properties of 

concrete, including the nonlinear failure strength and 

EOS, Lode-dependence, strain rate effect, shear dila-

tion, and damage caused by shear deformation and 

volumetric compaction. It has already been extended 

to describe the damage pattern and structural response 

of ultra-high performance concrete under projectile 

penetration, drop hammer impact, and far-field ex-

plosion loadings (Zhou et al., 2022; 2023a). In this 

section we briefly introduce the proposed model and 

systematically calibrate the material parameters of 

wet concrete. 

2.1  Dynamic failure strength surface 

It is essential to use a rational failure strength 

surface to describe the nonlinear relation between the 

failure strength and the hydrostatic pressure P (Zhou 

and Wu 2023). Fig. 1 shows the failure strength sur-

face, which contains tensile (σ1≥σ2≥σ3≥0), ten-

sile-to-compressive (σ1≥0≥σ3), and compressive 

(0≥σ1≥σ2≥σ3) regions. Y represents the failure equiv-

alent stress, and σi is the principal stress (i=1, 2, 3). 

In the compressive region, the proposed model 

adopts the 3D hyperbolic failure surface (Zhou et al., 

2023c) given in Eq. (1). It has an asymptote line of (P, 

Y)=(+∞, Smax(0.25+0.75ηh)) and interacts the σ1=0 

plane and P axis at (P, Y)=(2cosθfcc/3, fcc) and 
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(P0ηs
v

c , 0), respectively, according to which it de-

rives the expressions of a1 and a2. The Lode-angle θ, 

principal stress ratio α, and invariants of stress devi-

ator tensor, i.e., J2 and J3, can capture the stress state. 

The damage functions ηh, ηs, and 
v

c  describe the 

compressive strain hardening, compressive strain 

softening, and volumetric compaction damage on 

compressive strength, respectively. In Eq. (1c), fc
α
 is 

the biaxial compressive strength suggested by Kupfer 

and Gerstle (1973), where fc is the uniaxial compres-

sive strength and fbc is the equal-biaxial compressive 

strength. Based on fc
α
, fcc further considers the dam-

age functions, i.e., ηh, ηs, and 
v

c , and the 

21     term caused by transforming fc
α
 from 

σ1–σ3 to 
23J . 

 

Y
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Rankine criterion (σ1≥σ2≥σ3≥0)

σ1=0

σ3=0

Y=fcc

Y=ftt

v

t t tf

Hyperbolic curve 

(0≥σ1≥σ2≥σ3)

Linear interpolation

(σ1≥0≥σ3)

 
Fig. 1  Sketch diagram of failure strength surface (Zhou et 

al., 2022; 2023a; 2023b; 2023c) 
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In the tensile region, the proposed model uses 

the Rankine criterion (Rankine, 1876), i.e., Eq. (2), 

which interacts with the σ3=0 plane and P axis at (P, 

Y)=(2cos(2π/3+θ)ftt/3, ftt) and (–ftηt
v

t ,0), respectively. 

The damage functions ηt and v

t  describe the tensile 

strain softening and volumetric compaction damage, 

respectively, on the tensile strength. ftt is the 
23J  of 

the uniaxial tensile strength ft with damage functions, 

i.e., 
v 2

tt t t t 1f f     . 

 

 v

t t t

2

3
3

2cos

P f
Y J






  , 

 for v

t t t tt

2 2
cos

3 3
f P f  

 
    

 
   (2) 

 

In the tensile-to-compressive region, the failure 

strength surface Eq. (3) is obtained by interpolating 

linearly between the boundaries of the tensile and 

compressive regions. 
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Under dynamic loadings, the proposed model 

uses the radial enhancement approach (Malvar et al., 

1997) presented in Eq. (4) to describe the strain rate 

effect. The parameters YDIF and PDIF denote the Y and 

P containing the strain rate effect, i.e., the dynamic 

increase factor (DIF).  
 

DIF DIF( ) DIF ( )Y P Y P  , where DIF DIFP P    (4) 

 

2.2  Damage functions 

The proposed model considers the damage from 

shear deformation, i.e., ηh, ηs, and ηt, and volumetric 

compaction, i.e., 
v

c  and 
v

t , and defines the com-
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pressive, tensile, volumetric compressive, volumetric 

tensile, and total damage as Dc=1–ηs, Dt=1–ηt, 

Dvc=1–
v

c , Dvt=1–
v

t , and D=1–(1–Dc)(1–Dt)(1–Dvc) 

(1–Dvt), respectively. Eq. (5) gives the damage func-

tions to describe the compressive strain hardening ηh, 

compressive strain softening ηs (Sargin, 1971), and 

tensile strain softening ηt (Hordijk, 1991). Parameter 

A affects the compressive strain softening slop, ηs 

accumulates once ηh reaches 1, and εfrac=0.007 is the 

fracture strain (Xu and Wen, 2016).  

 

 
1.8

0.8

h h1 1 min ,1    
 

, and  

  

 

2

s s t

s 2

cs s

1 1 1
max ,

1

A f

fA

 


 

    
 

   

   (5a) 

3

t t

t

frac frac

1 27 exp 6.93
 


 

    
      
     

 

 t

frac

28 exp 6.93



                                          (5b) 

 

Eq. (6) presents the equivalent plastic strain λ, 

i.e., λh, λs, and λt, to accumulate these shear defor-

mation damage functions, where 
p

e  is the effective 

plastic strain p p2 3ij ij   , 
p

1  denotes the max-

imum principal plastic strain, and d1
s
, d1

h
, and d2 are 

damage parameters. It uses a stress state-related pa-

rameter β to consider the continued transition from 

compression to tension. As shown in Eq. (7), m is the 

value of β when P=0, and βc and βt are stress 

state-related interpolation coefficients. 
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Eq. (8) presents the volumetric damage func-

tions summarized from experimental observations 

(Cui et al., 2017), where fd reflects the contribution of 

stress state, 
max

DIFP  is the maximum pressure during 

calculation, and the superscripts ‘old’ and ‘new’ de-

note parameters in the current and previous time steps, 

respectively. 
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2.3  EOS and plastic flow rule 

As identical to the Karagozian & Case Concrete 

model (Malvar et al., 1997), the proposed model uses 

the tabulated EOS (*EOS_8 in LS-DYNA) to account 

for the nonlinear relation between volumetric strain μ 

and hydrostatic pressure PDIF, as presented in Eq. (9) 

and Fig. 2. The input parameters (μn, Pn) define the 

plastic compaction path and Ku,n determines the cor-

responding elastic unloading/reloading path.  
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Fig. 2  Sketch diagram of the equation of state (EOS) 

(Zhou et al., 2022; 2023a; 2023b; 2023c) 
 

The proposed model uses the radial return ap-

proach (Simo and Hughes, 1998) to update the stress 

tensor. It uses an independent plastic potential func-

tion to describe the shear dilation of concrete, which 

is the 3D hyperbolic failure surface at the initial state 

(ηh=0 and ηs=
v

c =1) (Zhou et al., 2023c). The pro-

posed model is implemented in LS-DYNA (Version 

R5.1.1) as a user-defined material model, based on 

which the following simulations can be conducted.  

2.4  Material parameters 

The free water content w affects the mechanical 

properties of concrete. It is defined as w=(M
w
–M)/(M

s 

–M), where M is the mass of dry concrete, and the 

superscripts w and s refer to the wet and saturated 

concrete, respectively. Zhao and Wen (2018) sug-

gested the empirical formulae 
w

cf =(1–0.2w)fc and 

w

tf =(1–0.2w)ft used in this study to capture the uni-

axial compressive and tensile strength, respectively, 

of wet concrete. Wu et al. (2012) found that the free 

water content increases the elastic modulus E. Fig. 3 

presents the test data of concrete with variable water 

content at a strain rate of 10
–6

 s
–1

, where the elastic 

modulus of wet concrete is determined as 

E
w
=(1+0.35w)E through linear fitting. The elastic 

modulus is E=4730fc
0.5

 according to Malvar et al. 

(1997). Biaxial compressive strength is also affected 

by the free water content (Wang et al., 2016). 
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Fig. 3  Calibration of elastic modulus for wet concrete 
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Fig. 4  Comparisons of biaxial compressive strength  

between Eq. (1c) and test results (Wang et al., 2016) 

 

Fig. 4 shows comparisons of the biaxial com-

pressive strength between predictions from Eq. (1c) 

and test results of Wang et al. (2016), where the 

equal-biaxial compressive strength of dry and wet 

concrete are fbc=1.25fc and 
w

bcf =   w

c1.25 0.2w f , 

respectively. 

Malecot et al. (2019) experimentally observed 

the influence of the water content on the triaxial fail-

ure strength of concrete. Fig. 5 compares the failure 

strength surface from the test results (Malecot et al., 

2019) with the predictions from the proposed model. 

The calibrated failure strength surface parameters are 

P0=–0.33fc and Smax=2600 MPa for dry concrete, and 
w

0P =P0(1–0.75w) and 
w

maxS =Smax(1–w)
1.44

+9.2fcw
1.44

 

for wet concrete. This shows that the calibrated pa-

rameters agree well with the test results of concrete 

with a compressive strength of 28–80 MPa and free 

water content of 0≤w≤1.  
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Fig. 5  Comparisons of triaxial compressive strength be-

tween predictions and test results (Malecot et al., 2019) 
 

The dynamic behavior of concrete could be af-

fected by many factors, such as the free water content 

(Zhao and Wen, 2018) and temperature (Gong et al. 

2023). The DIFs under tensile and compressive 

loadings are defined as the DIFt and DIFc, respec-

tively (Eq. (10)). Xu and Wen (2013) proposed the 

empirical DIFt formulae for dry concrete. To consider 

the influence of free water content, Zhao and Wen 

(2018) suggested the DIFt of wet concrete, i.e., 
w

tDIF . 

The parameters of dry concrete are S=0.8, Fm=10, 

Wx=1.6, Wy=5.5, and 
0 =1.0 s

–1
 (Xu and Wen, 2013), 

while S and Wx are re-calibrated as S=1.1 and 

Wx=1.75 based on the dynamic tensile tests of Ross et 

al. (1996) and Klepaczko and Brara (2001). For wet 

concrete, Zhao and Wen (2018) obtained C=0.15 

through data fitting, which agrees with the test results 

(Ross et al., 1996; Klepaczko and Brara, 2001), as 

shown in Fig. 6. In addition, Eq. (10c) gives the DIF 

for compression of wet concrete, i.e., 
w

cDIF  (Zhao 

and Wen, 2018).  
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Fig. 6  Comparisons of DIFt between Eq. (10) and test 

results (Ross et al., 1996; Klepaczko and Brara, 2001) 
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The test of Malecot et al. (2019) shows that wet 

concrete under volumetric compaction is stiffer than 

dry concrete. Previously, Huang et al. (2020b) and 

Forquin et al. (2015) calibrated the EOS of dry and 

wet concrete according to hydrostatic and oedometric 

compaction tests, respectively. In this study, the pa-

rameters of the tabulated EOS for dry and wet con-

crete were calibrated based on a hydrostatic compac-

tion test (Malecot et al., 2019), in which the elastic 

modulus of dry and wet concrete was 32 GPa and 42 

GPa, respectively (Malecot et al., 2019; Forquin et al., 

2015), respectively. Fig. 7 compares the calibrated 

EOSs and the corresponding test results, and shows 

that the calibrated EOSs are close to the test results.  
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Fig. 7  Comparisons of EOS between the calibrated pa-

rameters and test results (Malecot et al., 2019) 
 

Tables 1 and 2 list the calibrated parameters of 

the proposed model for dry and wet concrete. 

Through conducting single-element tests, the 

stress-strain relations predicted by the proposed 

model under uniaxial tension, uniaxial compression, 

and triaxial compression were obtained to validate 

these calibrated parameters. Fig. 8(a) presents a 

sketch of the single-element test, which brings uni-

axial compressive or tensile displacement to bear on a 

cube element with an edge length of 10 mm to simu-

late the uniaxial compression or tension test. It further 

applies the confining pressures on the side surfaces of 

the cube element in the triaxial compression test. The 
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compressive stress-strain relation of the 30-MPa dry 

and wet concrete was obtained using the empirical 

formula suggested by Attard and Setunge (1996). Fig. 

8(b) shows the predictions of the compressive 

stress-strain relation and shows that the proposed 

model agrees well with the empirical formula. Fig. 

8(c) illustrates the stress-strain relations of dry and 

wet concrete under dynamic loading. The quasi-static 

tensile strength of dry concrete was evaluated by the 

CEB-FIP Model code (Comite Euro-International Du 

Beton, 1993), i.e., ft=2.9 MPa for the 30-MPa dry 

concrete. Compared to dry concrete, wet concrete has 

a lower dynamic tensile strength at a strain rate of 1 

s
–1

 due to its lower quasi-static tensile strength (Zhao 

and Wen, 2018). However, it has a higher dynamic 

tensile strength at higher strain rates because of its 

more significant strain rate effect. Fig. 8(d) illustrates 

the triaxial compressive stress-strain relations of dry 

and wet concrete at a confining pressure of 400 MPa. 

The proposed model and experimental observations 

of Malecot et al. (2019) show good consistency. In 

general, the above single-element tests strongly val-

idate the applicability of the calibrated parameters in 

reproducing the mechanical properties of dry and wet 

concrete under high pressure and strain rate loadings. 
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Fig. 8  Comparisons (a) single-element test (b) uniaxial tension (c) uniaxial compression (d) triaxial compression 

 

Table 1  Parameters of the proposed model for dry concrete (w=0) 

Basic fc, ft=0.3fc
0.67, ρ, E=4730fc

0.5, v=0.2, G=E/2(1+v), K=E/3(1–2v) 

Strength surface Smax=2600 MPa, P0=–0.33fc, fbc=1.25fc 
Strain rate effect Wx=1.75, S=1.1, Fm=10, Wy=5.5, w=0 

Damage function m=0, A=1.05, d2=1, d1
h=0.0001(5–fc/20 MPa), d1

s=0.08(fc/MPa)–1.33, εfrac=0.007 

EOS 

μ1–μ10 0 0.0015 0.0043 0.0101 0.0305 0.0513 0.0726 0.0943 0.174 0.208 

P1–P10 0 μ2K 2μ2K 3.5μ2K 8μ2K 14μ2K 20μ2K 28μ2K 127μ2K 195μ2K 

Ku,1–Ku,10 K K 1.014K 1.065K 1.267K 1.47K 1.672K 1.825K 4.107K 5K 

 

Table 2  Parameters of the proposed model for wet concrete (w=1) 

Basic 
w

cf =0.8fc, 
w

tf =0.8ft, ρ, Ew=1.35E, v=0.2, G=Ew/2(1+v), K=Ew/3(1–2v) 

Strength surface 
w

maxS =9.2fc, 
w

0P =–0.08fc, 
w

bcf =1.45
w

cf  
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Strain rate effect Wx=1.75, S=1.1, Fm=10, Wy=5.5, w=1 

Damage function m=0, A=1.1, d2=1, d1
h=0.0001(5–fc/20MPa), d1

s=0.08(fc/MPa)–1.33, εfrac=0.007 

EOS 

μ1–μ10 0 0.0015 0.0043 0.0101 0.0305 0.0513 0.0726 0.0943 0.174 0.208 

P1–P10 0 μ2K 1.4μ2K 2.2μ2K 5.5μ2K 11μ2K 21μ2K 33μ2K 127μ2K 195μ2K 

Ku,1–Ku,10 K K 1.014K 1.065K 1.267K 1.47K 1.672K 1.825K 4.107K 5K 
 

 

3  High-fidelity FEA approach and validation 

 

Using the ALE algorithm in the commercial 

hydrocode LS-DYNA, in this section we establish the 

high-fidelity FEA approach of the RC slab under a 

UWCI explosion. Except for the concrete introduced 

above, the material models of the essential compo-

nents in the FEA, i.e., the steel reinforcement, water, 

air, and explosive, are introduced first. Then, the 

UWCI explosion test on the RC orifice target and the 

underwater contact explosion test on the saturated 

concrete slab are simulated to validate the reliability 

of the FEA approach. 

3.1  Material models 

3.1.1  Steel 

The *MAT_PLASTIC_KINEMATIC model that 

can consider the isotropic/kinematic hardening effect 

was used to simulate the steel reinforcement or the 

steel frame. It describes the strain rate effect using the 

Cowper-Symonds model, as given in Eq. (11), where 

C and P are the strain rate parameters, and   is the 

strain rate. Table 3 lists the parameters of the steel 

(Zhou et al., 2023b). 
 

 
1

DIF 1
P

C                                   (11) 

 

3.1.2  Explosives 

The high energy combustion (CJ) model, i.e., the 

*MAT_HIGH_EXPLOSIVE_BURN, combined with 

the Jones-Wilkens-lee (JWL) EOS was adopted to 

simulate the detonation process of the explosive. The 

pressure in the explosive element was determined by 

Eq. (12), where F is the burn fraction, pEOS is the 

shock wave pressure obtained from the EOS, V is the 

relative volume, E is the initial internal energy in unit 

volume, A, B, R1, R2, and ω are the EOS coefficients. 

Table 4 lists the parameters of the TNT (Xu et al., 

2022) and emulsion explosives (Yang et al., 2023b). 

The time and location of the detonation point are 

defined by *INITIAL_DETONATION. 

 EOS ,p Fp V E                     (12a) 

1 2

EOS

1 2

1 1
R V R V E

p A e B e
RV R V V

      
       

   

(12b) 

 

3.1.3  Air 

The air was simulated as a non-viscous ideal gas 

with no shear strength. The model adopts 

*MAT_NULL to describe the basic property of air, 

i.e., the density. The air pressure is accounted for by 

the *EOS_LINEAR_POLYNOMIAL given in Eq. 

(13), where E is the initial internal energy per unit 

volume, μ is the volumetric strain, and C0-C6 are the 

EOS coefficients. Table 5 presents the material pa-

rameters of the air (Xu et al., 2022). 
 

 2 3 2

0 1 2 3 4 5 6P C C C C C C C E             (13) 

 

3.1.4  Water 

*MAT_NULL and *EOS_GRUNEISEN were 

adopted to simulate the water. The pressure in water is 

determined by Eq. (14a) in the compressed state and 

Eq. (14b) in the expanded state, which is related to the 

function of the shock velocity-particle velocity, i.e., 

vs(vp). The parameter C is the intercept of the vs(vp) 

function, S1, S2, and S3 are the coefficients of the slope 

of the vs(vp) function, γ0 is the Gruneisen gamma, a is 

the volume correction to γ0, and E is the initial internal 

energy per unit volume. The material parameters of 

the water are listed in Table 6 (Song et al., 2017). 
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Table 3  Plastic kinematic model parameters of the steel (Zhou et al., 2023b) 

ρ (kg/m3) E (GPa) v Yield strength (MPa) Et (GPa) C (s–1) P Failure strain 

7800 210 0.3 400/235 2 40 5 0.14 
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Table 4  CJ model and JWL EOS parameters for the explosives 

Explosives ρ (kg/m3) D (m/s) Pcj (GPa) A (GPa) B (GPa) R1 R2 ω E0 (J/m3) 

TNT 1630 6930 21 373.8 3.747 4.15 0.9 0.35 6×109 

Emulsion 1150 5500 7.4 214.4 0.182 4.2 0.9 0.15 4.2×109 

 

Table 5  *MAT_NULL and *EOS_LINEAR_POLYNOMIAL parameters for the air (Xu et al., 2022) 

ρ (kg/m3) E (MPa) Pressure cutoff C0 C1 C2 C3 C4 C5 C6 

1.29 0.25 0 0 0 0 0 0.4 0.4 0.6 

 

Table 6  *MAT_NULL and *EOS_GRUNEISEN parameters for the water (Song et al., 2017) 

ρ0 (kg/m3) E (MPa) S1 S2 S3 γ0 a C (m/s) 

1020 0 1.92 –0.096 0 0.25 0 1650 

 

3.2  UWCI explosion test on RC orifice targets 

Yang et al. (2023b) conducted a UWCI explo-

sion test on two RC orifice targets, denoted T1 and T2, 

inside a water tank with dimensions of ϕ2000×2000 

mm. Fig. 9 presents the scheme of the UWCI explo-

sion test. The emulsion explosive weighed 7 g and 

was detonated by a high energy pulse detonator con-

taining nearly 1 g emulsion explosive at the center of 

the entrance to the orifice. The RC orifice target had 

dimensions of 400×400×200 mm and was supported 

by a steel frame. A pressure sensor was installed in the 

water to measure the pressure-time history. The posi-

tion of the sensor is illustrated in Fig. 9(b).  
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Fig. 9  Scheme of the UWCI explosion test: (a) photograph 

(Yang et al., 2023b) (b) test setup (unit: mm) 
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Fig. 10  Dimensions of the RC orifice targets (unit: mm): (a) 

sketch map (b) side view (c) top view 

 

Fig. 10 details the dimensions and reinforcement 

setting of the T1 and T2 targets. The orifices in the 

two targets had dimensions of 400×100×60 mm and 

different axis positions (Figs. 10(b)). The concrete 

had a compressive strength of 37 MPa. The steel 

reinforcement along the longitudinal and circumfer-

ential directions had a yield strength of 400 MPa and 

235 MPa, respectively.  

Fig. 11 presents the finite element model of this 

UWCI explosion test. A 1D beam element was ap-

plied to discrete the steel rebar, and a 3D solid ele-

ment was adopted to model the other components, 

including the concrete, support, water, and emulsion 
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explosive. The mesh sizes of the concrete, steel rebar, 

and support were 5 mm, 10 mm, and 15 mm, respec-

tively. The material failure of the concrete was de-

fined by *MAT_ADD_EROSION, which was set at 

the maximum principal strain of 0.075. It uses the 

*CONSTRAINED_LAGRANGE_IN_SOLID key-

word to couple the steel rebar and concrete target, as 

well as to make the Euler mesh and Lagrange mesh 

work together. The interaction between the RC orifice 

target and the steel support was defined by the 

*CONTACT_AUTOMATIC_SURFACE_TO_SURF

ACE algorithm. The bottom of the steel support was 

the fixed boundary. A water region with dimensions 

of 800×400×200 mm was built, the top and side sur-

faces of which were set as the non-reflecting bound-

ary. The emulsion explosive was generated in the 

water using the volume-filling command of 

*INITIAL_VOLUME_FRACTION_GEOMETRY. 

Water (Euler mesh)

Support (Lagrange mesh) 

Orifice target (Lagrange mesh) 

Emulsion explosive (Euler mesh)

Non-reflecting boundary

Fix boundary

Steel rebar (Lagrange mesh)

 
Fig. 11  Finite element model of the UWCI explosion test on 

the RC orifice target 

 

The simulated pressure-time history in water is 

affected by the mesh size of the water. Therefore, a 

sensitivity analysis was conducted on the mesh size to 

precisely reproduce the underwater explosion load. 

Fig. 12 shows comparisons of the pressure-time his-

tory in the water between test data (Yang et al., 2023b) 

and simulation results. The peak pressure of the shock 

wave in water rises as the mesh size is reduced. When 

the mesh size of water was set as 11.5 mm, the sim-

ulation result agreed well with the corresponding 

experimental observation. Therefore, the 11.5 mm 

mesh size of water was adopted.  

A rational terminal time needs to be determined 

to improve the computing efficiency. According to 

Cole (1948), an underwater explosion load includes a 

shock wave and bubble pulse. The shock wave has a 

short duration of <1 ms (Fig. 12), while the duration 

of the bubble pulse is over one hundred times longer. 

For an underwater contact explosion scenario, Wen et 

al. (2023) found that the shock wave is mainly re-

sponsible for the damage to the concrete, while the 

bubble pulse has a negligible effect. Thus, only the 

damage caused by the shock wave was simulated in 

this study, to save computing time. Fig. 13 presents 

the evolution of the total damage (D) to the T1 target, 

indicating that the damage pattern becomes conver-

gent after a detonation time of 6.4 ms. Hence, the 

convergent simulation results at a compute time of 10 

m are presented in this section. 
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Fig. 12  Predictions of pressure time histories in water with a mesh size of (a) 6 mm (b) 9.5 mm (c) 11.5 mm 
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Fig. 13 Evolution of damage patterns of the T1 target

Fig. 14 compares the total damage patterns of 

RC orifice targets between simulations and tests. The 

test photographs (Yang et al., 2023b) show that the 

extent of damage to the T1 target is severe near the 

detonation point, i.e., the center of the orifice on the 

top surface. In the top view, three main radial cracks 

crossing through each outer long edge surface to the 

internal orifice surface appear in the T1 target. There 

are also many macro cracks between the main cracks. 

In the side view, these three main cracks develop 

down from the top surface, while only the main crack 

near the symmetric line propagates to the bottom 

surface. The T2 target has almost an identical damage 

pattern while being unsymmetric in distribution due 

to the different position of the orifice. Specifically, the 

T2 target showed a greater extent of damage on the 

weak sides than on the strong sides. The simulation 

results show that the failure patterns of the T1 and T2 

targets on the top and side surfaces are precisely re-

produced by the established FEA approach. Near the 

corner between the long edge surface and the top 

surface, the distances between the main cracks were 

321/341 mm on the two sides of the T1 target and 

255/310 mm on the strong and weak sides of the T2 

targets. The corresponding simulation results of the 

T1 and T2 targets were 315/316 mm and 266/299 mm, 

respectively, which are within a deviation of 7%.  
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Fig. 14 Comparisons of damage patterns of orifice targets between simulations and tests (Yang et al., 2023b)
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Fig. 15  Predicted damage variables of the T1 target under a UWCI explosion 

 

Fig. 15 presents the predicted compressive (Dc), 

tensile (Dt), volumetric compressive (Dvc), volumetric 

tensile (Dvt), and total (D) damage of the T1 target. 

The compressive and tensile damage caused by the 

shear deformation dominates the failure of the T1 

target under the UWCI explosion. Comparatively, the 

damage caused by volumetric compaction had a neg-

ligible effect since the peak pressure of the shock 

wave decreased rapidly with increasing distance, and 

the stress state of the concrete material did not lie in 

hydrostatic compression. Besides, the tensile damage 

was much more severe than the compressive damage, 

and the tensile damage pattern was almost the same as 

the total damage pattern. Therefore, the failure of the 

RC orifice under a UWCI explosion is affected 

mainly by the mechanical properties of the concrete 

material in the low-pressure range, especially the 

tensile property. Thus, improving the dynamic tensile 

property of the concrete material could effectively 

enhance its resistance against the UWCI explosion, 

which agrees with the findings of Yang et al. (2023b). 

3.3  Underwater contact explosion test on satu-

rated concrete slabs 

Wen et al. (2023) conducted underwater contact 

explosion tests on saturated concrete slabs using ex-

plosives with equivalent TNT masses of 2.5, 5, and 10 

g. Fig. 16 presents the test setup and corresponding 

finite element model, where the concrete slab had 

dimensions of ϕ400×80 mm and was placed on a steel 

frame. The compressive strength of the concrete 

measured by the 150-mm edge length cubic speci-

mens was 44 MPa. During the test, the detonator, 

cylinder TNT explosive, and booster explosive were 

assembled by the waterproof tap and detonated at the 

center of the saturated concrete slab to generate the 

underwater blast loading. In the finite element model, 

a TNT explosive cylinder with a length-to-diameter 

ratio of 1 was built. The mesh size, material failure 

criterion, boundary conditions, contact type, and 

coupling algorithm were identical to those in Section 

3.2.  
 

Water

TNT explosive

Concrete slab

Steel frame
 

(a) 

Water TNT explosive

Concrete slab

Steel frame

 
(b) 

Fig. 16  Underwater contact explosion test: (a) test setup 

(Wen et al., 2023) (b) finite element model 

 

Fig. 17 compares the damage patterns of the 

saturated concrete slabs between experimental ob-

servations (Wen et al., 2023) and simulation results. 

The test photographs show that the saturated concrete 

slabs had a spall failure mode in the 2.5-g TNT test 

scenario and breach failure mode in the 5-g and 10-g 

TNT test scenarios. A circle crater with a relatively 

small diameter appeared in the front surface, while 

the spall with an obviously larger diameter was ac-

companied by many radial cracks on the rear surface. 

The dimensions of both the crater and spall increased 

with increasing mass of TNT. The simulated failure 

modes of the saturated concrete panel under the three 
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test scenarios agreed with corresponding experi-

mental observations (Fig. 17). Table 7 compares the 

failures of the saturated concrete slabs between test 

data (Wen et al., 2023) and simulation results. The 

simulation results of the crater and spall diameters in 

the 5-g and 10-g TNT test scenarios were within the 

corresponding measurement range (Fig. 17 and Table 

7). However, there was an apparent deviation between 

the simulation result and test data in the 2.5-g TNT 

test scenario, which could have been caused by the 

difference in the explosive between the finite element 

model and the field test. Apart from the TNT explo-

sive cylinder, in the field test the explosive contained 

a detonator and booster explosive, the equivalent 

TNT mass and shape of which affected the failures of 

the saturated concrete slab when the mass of the cyl-

inder TNT explosive was low, i.e., in the 2.5-g TNT 

test scenario. Hence, the established FEA approach 

could reasonably reproduce the damage patterns of 

the saturated concrete slabs subjected to underwater 

contact explosions.  

To illustrate the damage mechanism of the sat-

urated concrete slab, Fig. 18 presents the predicted Dc, 

Dt, Dvc, Dvt, and D in the 10-g TNT test scenario. The 

volumetric damage (Dvc, Dvt) was minor and con-

centrated near the center of the front surface. The 

reason is that only the concrete near the explosive 

suffered from the significant shock wave pressure. 

The rear part of the saturated concrete slab experi-

enced a smaller shock wave pressure or did not lie in 

the hydrostatic compaction state. In contrast, the 

shear damage (Dc, Dt) was prominent and had a larger 

extent of distribution near the rear surface since the 

shear deformation was larger than the volumetric 

compaction deformation. The tensile damage Dt had a 

larger distribution area and greater extent than the Dc, 

because the concrete becomes fragile as the pressure 

decreases. Combined with Figs. 15 and 18, we con-

clude that the failure of concrete structures under a 

UWCI explosion is inherently caused by the tensile 

damage, even for those materials adjacent to the 

detonation point. 
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Fig. 17  Comparisons between experimental observations (Wen et al., 2023) and simulation results 

 

Table 7  Failures of saturated concrete slab subjected to an underwater contact explosion 

Equivalent TNT 

mass (g) 

Crater diameter (mm) Spall diameter (mm) 

Wen et al. (2023) Simulation Wen et al. (2023) Simulation 

2.5 17–35 48 160–286 147 

5 23–59 57 245–314 253 

10 81–121 82 255–324 274 
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Fig. 18  Predicted damage variables of the saturated concrete slab in the 10-g TNT test scenario 

 

 

4  RC slab under a UWCI explosion 
 

Adopting the FEA approach validated above, in 

this section we further design an RC slab and evalu-

ates its performance under a UWCI explosion. We 

also examine the effect of some critical parameters, 

including the charge weight (W), standoff distance (R), 

structural thickness (T), and water/air-back conditions, 

on the damage patterns of the RC slab. The typical 

failure modes, i.e., no spall, spall (no breach), and 

breach, are numerically reproduced. Based on exten-

sive simulations, we propose an empirical formula to 

predict the failure modes of an RC slab under a UWCI 

explosion.  

4.1  Case design  

In the baseline UWCI explosion case, a TNT 

explosive cylinder with a mass of 200 g is detonated 

100 mm away from the center of an RC slab with 

dimensions 3000×3000×160 mm. The concrete has a 

compressive strength of 40 MPa and the corre-

sponding w

cf =32 MPa. The TNT explosive has a 

length-to-diameter ratio of 1, and the detonation point 

is in the center. Hence, the scaled distance Z=R/W
1/3

 

and scaled thickness H=T/W
1/3

 of the baseline case are 

Z=0.171 and H=0.274, respectively. Fig. 19 presents 

the steel reinforcement distribution in the RC slab and 

a sketch map of the close-in explosion scenario. The 

radius of the TNT explosive is r and the standoff 

distance is R. The distance between the RC slab's top 

surface and the TNT's rear surface, denoted s, has 

s=R–r. A steel reinforcement with a yield strength of 

400 MPa and spacing of 200 mm was adopted and the 

concrete cover thickness was 25 mm.  
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Fig. 19  The RC slab under a UWCI explosion: (a) RC slab 

dimensions (unit: mm) (b) scheme of close-in explosion 

 

Fig. 20 presents the finite element model of the 

baseline UWCI explosion scenario. Considering the 

symmetry of the scenario, a 1/4 finite element model 

was built to improve computing efficiency. The 1/4 

Euler mesh region had dimensions of 

1590×1590×1200 mm. The boundaries of the Euler 

mesh region, except for the symmetry plane, were set 

as the non-reflecting boundary. An elastic frame was 

adopted to provide enough constraint to the concrete 
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slab. It was described by *MAT_ELASTIC and had 

the same density, elastic modulus, and Poisson's ratio 

as the concrete. The RC slab shared the same mesh 

nodes as the elastic frame at their boundary. The up-

per and lower surfaces of the elastic frame were set as 

the fixed boundary. Six displacement measurement 

points in the front and rear surfaces of the RC slab, 

shown as red points in Fig. 20(b), were selected to 

assess the structural response. In addition, two blue 

points in water/air were adopted to record the shock 

wave on the incident and distal sides of the RC slab 10 

mm from the front and rear surfaces, respectively. 
 

Water

Non-reflecting boundary

Elastic frame

Non-reflecting boundary

Fix boundary

Symmetry plane

Water/air

Concrete

Reinforcement 

TNT

1
0

0
1

0
0

1
6

0

4
4

0
6

0
0

 
(a) 

A'

I

I' B' C'

Elastic frame
Concrete

A B C

Pressure time-history

Displacement time-history

 
(b) 

Fig. 20  Baseline UWCI explosion scenario (unit: mm): (a) 

finite element model (b) measurement points 

 

Fig. 21 presents the simulation results of the 

baseline UWCI explosion scenario after a detonation 

time of 30 ms, which is a breach failure mode. The 

cross section in Fig. 21(a) shows that the material 

failure is concentrated in the center of the RC slab 

where the crater and spall connect with each other. 

The diameters of the crater and spall (880 mm and 

870 mm) are about the same, while the height of the 

spall is larger than that of the crater (100 mm vs. 60 

mm). There are also hoop and radial cracks on the 

front and rear surfaces, respectively, dominated by 

different deformation forms. The UWCI explosion 

caused vertical and radical deformation on the RC 

slab, from compression and tension near the front and 

rear surfaces. Near the front surface, the RC slab 

deformed like a cantilever beam bending towards the 

rear surface direction, causing the hoop cracks to 

appear on the extension side. Near the rear surface, 

the vertical and radical tension deformation resulted 

in radical cracks. Cracks tended to develop along the 

steel reinforcement near the rear surface due to the 

interaction between the steel reinforcement and the 

concrete (Zhou et al., 2023b). In addition, there was a 

vertical crack near the boundary between the RC slab 

and the elastic frame caused by the strain localization.  
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Fig. 21  Simulation results of the baseline scenario: (a) 

damage pattern (b) shock wave (c) structural response 

 

Fig. 21(b) shows the pressure time histories of 

points I and I' and the corresponding simulation re-

sults in the free field underwater explosion for com-

parison. At point I, the pressure decreases rapidly 

after reaching the peak pressure under the free field 
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explosion, while it has several minor peak pressures 

after the peak in the baseline explosion scenario be-

cause of the reflection of the shock wave near the 

incident surface. The comparison of the pressure time 

histories at point I' shows that the RC slab alleviates 

the peak pressure near the distal surface, i.e., the 

pressure drops from 162 MPa to 114 MPa. Fig. 21(c) 

shows the structural response of the RC slab, where 

the displacements of the measurement points reach 

the peak value at nearly 10 ms and reduce to a residual 

value after 15 ms. Note that the concrete element at 

point A' is eroded at 13.6 ms. The peak displacement 

increases as the measurement points come close to the 

center of the RC slab. The local material failure would 

cause a difference in the displacement between the 

front and rear surfaces. Thus, the increasingly ap-

parent difference in displacement from points C/C' to 

A/A' means there is a strongly localized failure pat-

tern in the RC slab center, which agrees with that 

presented in Fig. 21(a). The structural failure mode 

was assessed by the support rotation (SR). Chen et al. 

(2023) defined SR<2°, 2°<SR<6°, and 6°<SR<12° as 

the slight, medium, and severe structural failure 

modes, respectively, for an RC slab. The SRs ob-

tained from these measurement points, except for 

point A' in the spall, are within 2°; hence, the struc-

tural failure is slight. 

4.2  Parametric studies 

Fig. 19(b) shows that the failure mode of the RC 

slab depends on W, R, and T when the material prop-

erties are unchanged. The Euler mesh region illus-

trated in Fig. 20 on the incident side is water since the 

UWCI explosion was assumed to come from the 

outside. However, the water or air could be on the 

distal side to simulate different underwater facilities, 

such as a tunnel or caisson wharf. Thus, parametric 

studies of the four parameters, W, R, T, and the 

air/water-back conditions, were conducted as follows.  

4.2.1  Charge weight 

The effect of the charge weight was examined by 

changing W to 25, 50, or 100 g based on the baseline 

UWCI explosion scenario (W=200 g). Fig. 22 pre-

sents the corresponding damage patterns of saturated 

RC slabs. The cratering and hoop cracking near the 

front surface, as well as the spalling and radical 

cracking near the rear surface, become severe with 

increased charge weight due to the absorption of more 

detonation energy. As the local failure becomes more 

severe, the RC slab exhibits two typical failure modes: 

the spall failure mode in the W=25 g, 50 g, and 100 g 

scenarios and the breach failure mode in the W=200 g 

scenario. Damage accumulated more easily on the 

rear surface than on the front surface. Specifically, 

hoop cracks were relatively insignificant in contrast 

to radical cracks in the W=25 g and 50 g scenarios, 

and the spalling started to generate at a lower charge 

weight than the cratering, i.e., 50 g vs. 100 g. The 

reason is that the propagation of shock waves causes 

compression stress near the front surface and is re-

flected as tensile stress near the rear surface, and the 

material failure is dominated by the tensile damage, 

as identified in Section 3.  

 

W=200 gW=100 gW=50 gW=25 g  
(a) 

W=200 gW=100 gW=50 gW=25 g  
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(b) 
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(c) 

Fig. 22  Effect of charge weight on damage patterns: (a) front surface (b) rear surface (c) cross section 

 

0 25 50 75 100 125 150 175 200 225

0

200

400

600

800

1000

F
ai

lu
re

 d
im

en
si

o
n

 (
m

m
)

W (g)

 Crater depth

 Spall depth

 Crater diameter

 Spall diameter

   
0 5 10 15 20 25 30

0

5

10

15

20

25

30

35

40

D
is

p
la

ce
m

en
t 

(m
m

)

Time (ms)

 W=25 g

 W=50 g

 W=100 g

 W=200 g

 SR=2°

 
(a)                                                           (b) 

Fig. 23  Effect of charge weight on the (a) failure dimension (b) structural response 

Fig. 23 further illustrates the effect of charge 

weight on the local failure dimension and structural 

response of the saturated RC slab. The average 

structural displacements at points B and B' with var-

ious charge weights are given in Fig. 23(b). The di-

ameters and depths of the crater and spall increase 

with the charge weight. The spall has larger dimen-

sions than the crater in the same UWCI explosion 

scenario. The peak displacement increases with 

charge weight, and the four scenarios show slight 

structural damage. Therefore, the local material fail-

ure, instead of the structural failure, is critical to the 

engineering design of a water-backed RC slab against 

a UWCI explosion. 

4.2.2  Standoff distance 

Based on the baseline UWCI explosion scenario 

(R=100 mm), the standoff distance R was changed to 

50, 200, and 400 mm, respectively. Fig. 24 presents 

comparisons of the damage patterns of RC slabs 

(cross section) under UWCI explosions at different 

standoff distances.  

 

R=400 mmR=200 mmR=100 mmR=50 mm  
(a) 

R=400 mmR=200 mmR=100 mmR=50 mm  
(b) 
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Fig. 24  Effect of standoff distance on damage patterns: (a) front surface (b) rear surface (c) cross section 
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(a)                                                                   (b) 

Fig. 25  Effect of standoff distance on the (a) failure dimension (b) structural response 

 

Fig. 25 gives the corresponding local failure 

dimensions and structural responses. When the 

standoff is greater than 100 mm, the front hoop 

cracking, front cratering, rear spalling, and the 

structural displacement generally reduce with in-

creasing standoff distance since the shock wave 

dampens rapidly as the standoff distance increases. 

The radial cracking on the rear surface is relatively 

insensitive to the change of standoff distance, and all 

four slabs have a slight structural failure mode. The 

R=100 mm, 200 mm, and 400 mm scenarios exhibit 

three typical failure modes, i.e., the breach, spall, and 

crack, which could be classified as severe, medium, 

and slight failure modes. When the standoff distance 

was less than 100 mm, the RC slab's crater and spall 

merge, leading to a breach failure mode. Compared to 

the R=50 mm scenario, the R=100 mm scenario ex-

hibits larger crater and spall dimensions, while the 

average peak structural responses at points B and B' in 

the two scenarios are almost the same. This may be 

caused by the combined effect of the decreased shock 

wave pressure and increased incident angle. Besides, 

it also indicates that the local failure would not in-

crease linearly with the reduction of standoff distance 

within a threshold value, and there exists an optimum 

destructive standoff distance of a UWCI explosion. 

4.2.3  Structural thickness 

To study the effect of the structural thickness T, 

the thickness of the RC slab was adjusted to 120, 200, 

or 240 mm according to the baseline scenario (T=160 

mm). Fig. 26 presents the effect of the structural 

thickness on the damage pattern, and Fig. 27 shows 

the corresponding failure dimensions and structural 

response. The front hoop cracking, front cratering, 

rear spalling, and structural response reduce with 

rising structural thickness. Similar to the standoff 

distance, the structural thickness has a minor influ-

ence on the distribution area and extent of the radial 

cracking on the rear surface. When the structural 

thickness is less than 160 mm, the front crater and rear 

spall in the RC slabs remains almost unchanged with 

a diameter of nearly 860 mm and merged. When the 

structural thickness increases over 160 mm, the di-

ameters of the crater and spall decrease, i.e., from 

nearly 860 mm when T=160 mm to 480 mm when 

T=240 mm, and detach from each other with an in-

creasing distance, leading to the spall failure mode. 

The average displacements at points B and B' show 

that the peak displacement and corresponding com-

pute time rise with the reduced structural thickness 

due to the increased structural stiffness. The RC slabs 

in the four simulated scenarios have a slight structural 

failure mode. In summary, this indicates that the an-

ti-explosion performance of underwater facilities can 

be improved by improving the structural thickness.  
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T=160 mmT=120 mm T=200 mm T=240 mm  
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T=160 mmT=120 mm T=200 mm T=240 mm  
(b) 
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(c) 

Fig. 26  Effect of structural thickness on damage patterns: (a) front surface (b) rear surface (c) cross section 
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(a)                                                                   (b) 

Fig. 27  Effect of structural thickness on the (a) failure dimension (b) structural response 

 

4.2.4  Water/air-back conditions 

The water on the distal surface of the RC slab in 

the baseline UWCI explosion scenario was replaced 

by air to examine the effect of the water/air-back 

conditions. Fig. 28 presents comparisons of the 

damage patterns of water-backed and air-backed slabs. 

The air-backed slab has local breach failure in the 

center and structural punch shear failure near the 

outer boundaries, which is significantly more severe 

than that of the water-backed slab and coincides with 

the findings of Yang et al. (2022).  
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Air-backed

Water-backed

 
(c) 

Fig. 28  Effect of water/air-back conditions on damage 

patterns: (a) front surface (b) rear surface (c) cross section 
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Fig. 29  Effect of water/air-back conditions on (a) the 

structural response (b) energy 

 

Fig. 29 illustrates the effect of the water/air-back 

conditions on the structural response and energy time 

histories of the concrete part. Fig. 29(a) shows that the 

water-backed RC slab has already converged to the 

residual displacement, and the structural damage 

mode is slight. Comparatively, the air-backed RC slab 

keeps moving away and has a severe structural 

damage mode, i.e., SR>12°. The energy of concrete 

absorbed from the detonation of the TNT charge in-

cludes kinetic and internal energy. A larger kinetic 

energy corresponds to a larger structural velocity 

response, and a larger internal energy means more 

severe deformation or material failure. Fig. 29(b) 

shows the air-backed slab absorbed nearly 1.9 times 

the internal energy of the water-backed slab, which 

agrees with the more severe material failure in Fig. 28. 

Furthermore, the kinetic energy of the air-backed and 

water-backed slabs retained at 15 KJ and 0 KJ, re-

spectively, corresponding to the convergent and line-

arly increasing structural displacements in Fig. 29(a), 

respectively. 

To illustrate the significant effect of the wa-

ter/air-back conditions, Fig. 30 presents the shock 

wave propagation processes. The shock wave reaches 

the front and rear RC slab surfaces at nearly 0.04 ms 

and 0.11 ms, respectively. There is almost no differ-

ence in the propagation of the shock wave before it 

reaches the rear surface. As the shock wave propa-

gates further into the distal side, the shock wave 

transmitted in the water is significantly larger than 

that in the air due to the difference in wave impedance 

between water and air. Specifically, the peak shock 

wave at the point I' in the water is about 4000 times 

that in the air, i.e., 118 MPa vs. 0.029 MPa. Compared 

to the air, the water in the distal surface could transmit 

a larger shock wave, reduce the reflected tensile shock 

wave in the RC slab, and thereby alleviate the local 

and structural failure of the RC slab. Briefly, the me-

dium in the distal surface significantly affects the 

failure pattern of the RC slab, and the air-backed RC 

structure is more fragile in response to a UWCI ex-

plosion than the water-backed RC structure.  
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Fig. 30  Effect of water/air-back conditions on the shock 

wave: (a) water-back scenario (b) air-back scenario (c) 

incident surface (d) distal surface 

 

4.3  Empirical formulae for predicting failure 

modes 

For the anti-explosion design of underwater 

structures, it is necessary to predict the damage modes 

of an RC panel subjected to the UWCI explosion. 

Based on experimental observations, McVay (1988) 

summarized empirical formulae to determine the spall 

and breach limits of RC slabs under in air close-in 

explosions, which is given in Eq. (15). It assumes that 

the scaled thickness H=T/W
1/3

 is a function of the 

scaled distance Z=R/W
1/3

 when the local failure of the 

RC slab is in the limit states between the no spall, 

spall, and breach failure modes. Taking the same 

assumption, in this study we designed over ninety 

simulation cases by changing the W, R, T, and wa-

ter/air-back conditions based on the baseline case 

presented in Section 4.1 to obtain the failure modes of 

RC slabs under different combinations of Z and H.  
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Breach limit (McVay, 1988):
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For the water-backed RC slab, fifty-four simu-

lation results were obtained from RC slabs with 120 

mm, 160 mm, and 240 mm thicknesses. Fig. 31(a) 

presents the designed fifty-four simulation cases, and 

Fig. 31(b) gives the corresponding simulation results. 

The failure modes of the water-backed RC slabs with 

various T, W, and R combinations subjected to UWCI 

explosions are located in three regions with clear 

boundaries. Through data fitting, this drives the spall 

and breach limits of the water-backed RC slab sub-

jected to a UWCI explosion, which are given in Fig. 

31(b) and Eq. (16). Compared to the predictions of the 

Eq. (15) (McVay, 1988), we conclude that the UWCI 

could cause more severe damage on the RC slab than 

the in-air close-in explosion. For example, when 

R/W
1/3

 equals 0.3, the thickness of the water-backed 

RC slab to avoid the spall and breach failures under 

UWCI explosion needs to be 2.6 and 3.1 times that 

under an in-air close-in explosion. The difference 

would further increase as R/W
1/3

 decreases due to the 

larger negative exponential coefficients in Eq. (17) 

than in Eq. (16). In addition, note that the predictions 

of the spall and breach limits have interaction near 

R/W
1/3

=0.75, meaning the predictions of when 

R/W
1/3

>0.75 are unphysical. As the T/W
1/3

 decreases 

and the R/W
1/3

 increases, the failure mode of the RC 

slab would gradually change from local failure to 

structural failure. Specifically, in the scenario of 

W=400 g, R=0.45 m, and T=120 mm (T/W
1/3

=0.16, 

R/W
1/3

=0.61), the local failure of the RC slab was 

slight, i.e., no spall, while the corresponding struc-

tural failure was moderate, i.e., SR=2.12°. Since local 

failure was the focus of this study, we suggested that 

the application range of Eq. (17) should be limited to 

R/W
1/3

<0.6. 

For the air-backed RC slab, forty simulation 

cases were designed based on the 160 mm, 200 mm, 

and 240 mm thickness RC slabs. Fig. 32 gives the 

simulation cases and simulated failure modes of the 

air-backed RC slab under a UWCI explosion. The 

failure extent of the air-backed RC slab becomes 

severe with increasing T/W
1/3

 and decreasing R/W
1/3

. 

Eq. (17) presents the spall and breach limits of the 

air-backed RC slab under a UWCI explosion, which 

agree with the simulation results (Fig. 32(b)). Note 

that the application range should be limited to 

R/W
1/3

<2.4 since the structural failure is more signif-

icant than the local failure with the further increased 
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R/W
1/3

. Comparison between the predictions of Eqs. 

(16) and (17) shows that the air-backed RC slab is 

much more susceptible to the UWCI explosion than 

the water-backed RC slab. When R/W
1/3

=0.3, the 

air-backed RC slab must be 1.7 and 2.0 times thicker 

than the water-backed slab to prevent spall and breach 

failures, respectively, under a UWCI explosion. Ad-

ditionally, compared to the in-air close-in explosion 

when R/W
1/3

=0.3, the thickness of the air-backed RC 

slab needs to increase by 4.4 and 6.3 times to avoid 

spall and breach failures under a UWCI explosion. 

Hence, using the RC structure to resist a UWCI ex-

plosion may not be economical. It is necessary to 

design a novel structural form to alleviate the de-

structive effect of the UWCI explosion, such as ul-

tra-high performance concrete (Zhou et al., 2023a; 

2022b), foam concrete (Shi et al., 2023), CFRP (Yang 

et al., 2023a), or slurry-infiltrated fiber concrete (Li et 

al., 2023). This needs further study.  
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Fig. 31  Water-backed RC slabs under UWCI explosions: 

(a) simulation scenarios (b) failure modes 
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Fig. 32  Air-backed RC slabs under UWCI explosions: (a) 

simulation scenarios (b) failure modes 

 

 

5  Conclusions 

 

Based on an improved dynamic constitutive 

model calibrated for saturated concrete and a vali-

dated high-fidelity finite element analysis approach, 

this study numerically examined the local failure of 

an RC slab subjected to an underwater close-in ex-

plosion. The effects of some critical parameters were 

assessed, and formulae to predict the spall and breach 

limits were proposed for the water-backed and 

air-backed RC slabs according to extensive simula-
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tions. The main conclusions are summarized as fol-

lows: 

1. An improved dynamic constitutive model of 

concrete recently proposed by the authors was used 

for saturated concrete. The effect of free water content 

on the static and dynamic mechanical properties, 

including uniaxial tensile strength, uniaxial com-

pressive strength, biaxial compressive strength, elas-

tic modulus, strain rate effect, failure strength surface, 

and equation of state, of wet concrete were compre-

hensively calibrated according to experimental ob-

servations. A single-element test confirmed that the 

calibrated parameter could accurately reproduce the 

mechanical property of saturated concrete. 

2. An arbitrary Lagrangian-Eulerian algorithm 

and the calibrated constitutive model for saturated 

concrete were used to further establish the 

high-fidelity finite element analysis approach for an 

RC slab subjected to underwater close-in explosion. 

The rationality of the finite element analysis approach 

was validated by simulating RC orifice targets sub-

jected to underwater close-in explosion and a satu-

rated concrete panel against underwater contact ex-

plosion. The simulation results indicated that the 

pressure time histories of the shock wave in water and 

the local failure dimension of the orifice targets and 

saturated concrete slab were precisely reproduced. 

3. Based on the validated finite element analysis 

approach, we designed a baseline scenario of a 

160-mm-thickness RC slab subjected to an under-

water explosion of 200 g at a standoff distance of 100 

mm and assessed the corresponding local and struc-

tural failure. The parametric study showed that the 

local failure of the RC slab subjected to underwater 

close-in explosion increased with increasing charge 

weight, reduced standoff distance, and reduced 

structural thickness. Compared to the water-backed 

RC slab, the air-backed RC slab exhibited much more 

obvious local and structural failure due to the differ-

ence in wave impedance. 

4. We conducted over ninety simulation cases 

with different combinations of the structural thickness, 

charge weight, and standoff distance for the water- 

and air-backed RC slabs. The empirical formulae to 

determine the spall and breach limits were summa-

rized accordingly. At a scaled distance of 3, compared 

to the empirical predictions for the in-air close-in 

explosion, the structural thickness of the RC slab 

needed to be increased by 3.1 for the water-back and 

6.3 times for the air-back conditions subjected to the 

underwater close-in explosion to avoid a breach fail-

ure. These results suggest an opportunity to alleviate 

the destructive effects by using novel structures and 

materials in future studies. 
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中文概要 

 
题 目：水中近场爆炸下钢筋混凝土板局部破坏模式数值

模拟研究 

 

作 者：周飞
1
，李贺东

2
，吴昊

1
 

机 构：
1
同济大学，结构防灾减灾工程系，中国上海，

200092；
2
浙江理工大学，建筑工程学院，中国杭

州，310018； 

 

目 的：钢筋混凝土板是水下设施的主要承重构件，在水

中近场爆炸下可能遭受严重的局部破坏，如开

坑、震塌及开裂。本文旨在通过高精度数值仿真

方法探讨水中近场爆炸下爆距、炸药质量、结构

厚度和结构背面空气/水介质对混凝土板损伤破

坏的影响规律，并总结水中近场爆炸下混凝土板

破坏模式评估公式。 

创新点：1. 采用作者前期建立的新型混凝土动态本构模

型，系统标定了含水混凝土本构模型参数；2. 采

用任意拉格朗日-欧算法，建立了钢筋混凝土板在

水中近场爆炸下的高精度模拟方法；3. 建立了水

中近场爆炸下钢筋混凝土板损伤破坏分析模型，

开展了参数分析并归纳出损伤破坏评估方法。 

方 法：1. 基于现有试验数据，对自由水含量对混凝土的

抗拉/抗压强度、弹性模量、应变率效应、强度面、
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状态方程的影响进行了综合标定；2. 通过模拟现

有混凝土隧洞靶的水中近场爆炸试验和混凝土

板的水下接触爆炸试验，对所建立的有限元分析

方法再现水中爆炸荷载以及混凝土的开坑、开裂

等损伤破坏的能力进行了验证；3. 通过参数分

析，明确了爆距、炸药质量、结构厚度和结构背

面空气/水介质对混凝土板损伤破坏的影响规律；

4. 基于大量仿真分析，归纳出水中近场爆炸下混

凝土板破坏模式评估公式。 

结 论： 1. 系统标定的本构模型参数可准确描述饱和混凝

土的动态力学性能；2. 建立的高精度数值模拟方

法可准确描述近场爆炸作用下混凝土板的开坑、

开裂及震塌破坏；3. 水中近场爆炸下混凝土板的

局部破坏随着炸药质量的增加、爆距的减小和结

构厚度的减小而增大；4. 与背面水介质相比，背

面空气介质的混凝土板损伤破坏显著增加；5. 归

纳的水中近场爆炸作用下混凝土板损伤评估方

法，可用于相关水下设施的抗爆设计。 

 

关键词：钢筋混凝土板；水中近场爆炸；饱和混凝土；破

坏模式；本构模型；数值仿真 
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