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Abstract 
While the nuclear weapon detonation, the radiative heat, nuclear radiation, and overpressure shockwaves are produced and they cause damages 

to surrounding structures. The radiative heat is produced by the high temperature ball of fire of the explosion whereas the nuclear radiation is produced 
by both fission and radiative decays. The radiative heat and nuclear radiation are instantly transferred to the target following the overpressure 
shockwaves. The surface temperature of materials increases due to the heat deposition and the ionized radiation causes embrittlement, hardening, 
and deformation. After that following shockwave hit target materials which are damaged by the earlier radiation. Consequence of the material 
damage by the sequential effects of radiation and shockwave is different from the results by the coincidence damage. Here we show the radiation 
effect to the structural steel sample by the nuclear weapon explosion with a yield of 20 kilotons at different distances. The surface temperature 
of the steel sample increases up to 19 K and 108 MPa of thermal stress is applied at the corner. Consequently, 208 μm of deformation is observed 
in 10×10 cm2 sample. Our simulation results demonstrate that the thermal and nuclear radiation damage deteriorates structural integrity and 
materials become vulnerable to the following overpressure shockwaves. We anticipate our works will be referred to update the database of nuclear 
weapon damage to contemporary structural materials since it was originally studied based on the wooden structures in the mid-twenties century. 
Furthermore, this will enhance the value of modeling results and improve the quality of simulation by considering thermal and nuclear radiation, 
and overpressure shockwave effects in sequence. 
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Introduction
Despite of the effort by Comprehensive testing ban treaty 

(CTBT), six nuclear tests have been conducted in this century [1]. 
Various international organizations were founded and many nu-
clear weapon deterrence models have been introduced [2–4]. Al-
though nuclear weapons were only used in 1945 during the war, 
nuclear threatening is still an issue today. We still have five NPT rec-
ognized nuclear-armed sates: The United States, Russia, the United 
Kingdom, France, and China. In addition, we have four non-NPT nu-
clear weapon states: India, Israel, and Pakistan, but DPRK remains 
in question [5]. DPRK recently conducted 6th nuclear test in 2017 
[6] and 3686 incidents involving nuclear and radioactive materi-
als were reported since 1993 [7]. Nuclear weapons, which use en 

 
riched uranium or plutonium, have exceptional characteristics from 
other types of explosive arms. Ninety percent of energy is instan-
taneously released from the explosion and remaining of energy is 
released as a form of residual radiation (fallout) from radioactive 
materials. Within the nuclear explosion, one-third of total explosive 
energy is emitted as thermal radiation. Also, a condensed explosive 
core, called ball of fire is created. The temperature of ball of fire 
increases up to 106 K at the moment of explosion, but it cools down 
by emitting radiations, moving upward, and inflating. The thermal 
radiation spreads out uniformly to the surroundings as the speed 
of light. As a result of the explosion, highly pressurized explosive 
core creates overpressure shockwaves and they have significant 
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mechanical energies and cause the severe physical damages to the 
buildings and structures. Since the overpressure shockwave dam-
ages are dominant, thermal damage by the radiative heat is hardly 
considered. The structures are exposed to the thermal radiation 
and later, damaged by the overpressure shockwaves because the 
thermal radiation moves faster than shockwaves. Therefore, the 
impact of the thermal radiation should be understood because ma-
terial properties are changed by the thermal radiation and it de-
teriorates structure integrity. The effects of nuclear weapons were 
widely studied by S. Glass tone et al. in 1977 [8]. The most com-
mon building materials in this literature were wood, however it is 
no longer widely used urban structural materials. Nowadays, many 
studies related to nuclear research have been performed using the 
simulation [9,10]. Therefore, we used a 10×10 cm2 structural steel 
sample to simulate thermal effects by the irradiation and increased 
temperature. Analytical models for nuclear radiations [11] thermal 
radiations [12,13] and shockwave effects [14] to various materials 
are well established in many studies. However, three effects must 
be considered together to estimate nuclear detonation damages. 
In this work, a yield of 20 kT (20-kiloton TNT equivalent) nuclear 
weapon was selected for the simulation because this is an equiv-
alent explosion yield used in Nagasaki, also it is feasible size that 
terrorists can design. For the further analysis, the scaling factor can 
be used for the larger nuclear explosion yields. The distances of the 
thermal and nuclear radiation damages to structural sample are 1.5 

km to 2 km.

Nuclear Weapon Detonation
Types of the nuclear explosion are classified in five: airbursts, 

high-altitude, underwater, underground, and surface bursts. In our 
work, we only considered the airburst because it causes the maxi-
mum damage to surrounding environment. Once the 20 kT nuclear 
explosion takes place in the air at the distance of 610 m from the 
ground zero (sea level), not only the internal temperature rises up 
to 106 K, but also the pressure increases up to thousands of atmo-
spheric pressures within a few microseconds. A luminous sphere 
which is created by the instant explosion in a restricted volume, is 
called the ball of fire. Due to the increased temperature, the size of 
the ball of fire becomes inflated and raised, while the temperature 
and pressure decreases rapidly. After 0.1 msec, the radius of ball 
of fire becomes nearly 13.7 m, and temperature drops to 3×105 K. 
About 15 msec, the radius of ball of fire rises to 91 m, and the sur-
face temperature drops to 5×103 K. About a second after, the radius 
becomes 137 m. After 10 seconds, ball of fire rises nearly 457 m, 
the luminosity is faded out, the overpressure of the shockwaves 
become harmless, and the prompt nuclear radiation emission is 
terminated. The size, temperature, and altitude of ball of fire are 
summarized in Table 1. 10 second is regarded as the termination of 
an immediate effect of nuclear explosion.

Table 1: Change of sizes, heights, and surface temperatures of ball of fire as time elapses.

Time [sec] Radius [m] Temperature [K] Height [m]

10-6 0 106 609

10-4 13.7 3×105 625

10-2 9 5×103 701

100 137 4×103 3,048

s101 457 2×103 12,192

Figure 1: Surface temperature and radius variance          Figure 2: Classified zones of the damage in terms of overpressures for 20 kT airburst 
nuclear explosion.                                                               of ball of fire within a second after nuclear detonation [8].
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Further details about the surface temperature and radius 
variance of ball of fire within a second after nuclear detonation 
are shown in Figure 1. Physical damages by the nuclear weapon 
are dominantly caused by the effect of overpressure shockwaves. 
Classified zones of the damage in terms of overpressure for 20 kT 
airburst nuclear explosion are shown in Figure 2. Zone 1 to 3 are 
regarded as “killing zone”, Zone 4 and 5 are categorized in “severe 
cyclonic storm zone”, and “minor damage zone”, respectively. The 
thermal radiation produced by the high temperature of ball of fire 
travels isotopically with the speed of light. The prompt nuclear radi-
ation also travels nearly with the speed of light depending on types 
of radiation. Therefore, the thermal and nuclear radiation reaches 

to target and transfers its energy and degrades material properties. 
The weakened materials by the hardness and brittleness become 
vulnerable to the overpressure shockwaves. The effects of radiative 
heat and nuclear radiation were observed in the Nevada nuclear 
test in 1953 [15]. In Figure 3, the surface of the house facing ball 
of fire instantaneously burns by the thermal radiation before the 
shockwaves arrive. Later, shockwaves hit the surface and destroy 
building. Each damage by radiation and shockwaves are clearly dis-
tinguishable even they happen within a second. This result shows 
that a radius of zone 3 can be enlarged when we include the radia-
tion effects to the materials prior to the shockwave damage.

Figure 3: Footage of the thermal radiation and shockwaves to the modeled house recorded in the Nevadanuclear test in 1953. Burnt surface 
by the thermal radiation does not cause severe physical damage to the structure (top) whereas following shockwave has enough energy to 
demolish the structure (bottom) (Sequence: From top-left to bottom-right) [15].

Radiation

Two types of radiation are emitted while the nuclear explosion, 
nuclear radiation and thermal radiation. In 20 kT nuclear explo-
sion, approximately 8,200 and 800 MWh of energies are released 
as a form of the thermal and prompt nuclear radiation, respectively. 
In theory, the thermal radiation is emitted from any material, which 
has temperature and its wavelength range is between 0.1 and 100 
μm. On the other hand, gamma rays are emitted from fission and 
radioactive decays. They have shorter wavelength (< 10-4 μm) than 
the thermal radiation. In addition, high-energy neutrons are also 
emitted from the fission process.

Nuclear radiation: The nuclear radiation consists of prompt 
and delayed nuclear radiation. The prompt nuclear radiation in-
cludes all types of radiation instantly produced by decays and fis-
sions whereas delayed nuclear radiation is emitted from radioac-
tive. Depending on energy, charge, and mass, each radiation particle 
has different penetration effect to the materials Figure 4. Charged 
particles (α, β±) are easily shielded by skin or thin metal while 
there are transparent to neutral particles (n, x-ray, γ). In addition, 
each radiation creates characteristic morphology in the materials. 
For instance, β± only makes a single electron-hole pair while heavy 
ions deposit significant energies in the materials. Characteristics 
morphologies of selected particles are described in Figure 5.
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Figure 4: Different penetrative figures of radiations:                                             Figure 5: Characteristic morphologies of different particles with 
1 MeV in a nickel sample [11].                                                                                Alpha, beta, x-ray, gamma ray, and neutrons.

Thermal radiation: As discussed in the previous section, ap-
proximately 8,200 MWh of energy is emitted from the 20 kT nu-
clear explosion as a form of the thermal radiation. The ball of fire 
is assumed as an isothermal sphere and the air near ball of fire is 
pushed out from the center so that the thermal radiation moves 
easily within a space. As shown in Table 1, radius of ball of fire rise 
up about 500 m, but temperature decreases to 2,000 K in a few sec-
onds. In this period, ball of fire spreads out to the surrounding with 
a shockwave front and emits thermal radiation as a blackbody. The 
rate of radiant energy flux to the distance, D from the point of the 
detonation is given by

                                                   
Rf T
D

φ σ  =  
 

2
4

0
                                      

                                              (1)

where, f0 is the fraction of total radiation emitted which can pene-
trate a significant distance in air, σ is the Stefan-Boltzmann’s con-
stant, T is the surface temperature of ball of fire, and R is the radius 
of ball of fire. The thermal radiation flux decreases rapidly with 
time. 

Radiative transfer equation (RTE): To develop the Radiative 
transfer equation, it is justifiable to assume the surrounding cold 
air as a transparent medium to all wavelength longer than 186 nm 
since f0 is nearly unity when the temperature is less than 104 K [16].
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where, λ is the wavelength of photons in nm, λ0 is 186 nm, h is 
Plank’s constant, k is Boltzmann’s constant, and c is the speed of 
light. There are two essential energy-lose mechanisms when the 
light moves through the air, one is a scattering and the other is an 
absorption. The general quasi-state form of RTE with a wave num-

ber η and the general solutions are:
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where, dIη/ds is the change of an intensity along s, Ibη is a blackbody 
intensity, Iη (

iS
∧  ) is the beam intensity coming from the incident di-

rection iS
∧

, Φη (
iS
∧ , S

∧  ) is the scattering phase function, or the prob-
ability of a ray along iS

∧

 scattered into S
∧

, κη is the linear absorption 
coefficient, σsη is the scattering coefficient, βη is the total loss coeffi-
cient ( )sη η ηβ κ σ= + , and  dsSη ητ β

∧

= ∫0 .

Radiation Effects on Material Properties

Thermal effects by radiation

The surface temperature of ball of fire instantly increases up to 
106 K when a 20 kT nuclear weapon is ignited. Although the surface 
temperature decreases rapidly, it is still much hotter than the am-
bient temperature and it emits significant intensity of thermal ra-
diation in a short time. For computational simulation, we assumed: 
a) 88 TJ of energy is produced from the 20kT of nuclear weapon, 
b) 35% of total energy is emitted by the form of thermal radiation, 
c) thermal radiation uniformly spreads out through the cold/dry 
surrounding air because high pressure by the explosion pushes the 
air medium, then thermal radiation can move without obstacles, 
and d) distance between the heat source (ball of fire) and target 
(structural steel) is far enough to assume that the thermal radia-
tion is plane waves and evenly affect the sample surface. In other 
words, thermal radiation from explosion is applied as a plane heat 
source to the target surface. 1-D heat transfer model in terms of the 
depth is used because a surface of structural material is wide and 
uniform planer heat is applied. We considered three timeframes to 
reflect changing heat source shown in Figure 1: a) 1 millisecond, 
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the moment of explosion, b) 0.1 seconds, the moment that we can 
observe the second temperature peak, and c) 3 seconds, the begin-

ning period of the termination of nuclear explosion because surface 
temperature of ball of fire is cooled enough. Nγ

Table 2: Estimated reachable numbers of thermal/fast neutrons and gamma particles and corresponding heating rates  to the target surface in the 
cold-dry air medium at different distances.

Distance
Thermal Neutrons Fast Neutrons Gammas

Nth[cm-2]
thQ


 [W/cm2]         Nf fQ


   Nγ

1524 m 2.47 E+08 9.88 E-13 3.67 E+07 2.94 E-05 1.17 E+11 1.31 E-01

1676 m 8.87 E+07 3.55 E-13 1.37 E+07 1.10 E-05 6.52 E+10 7.30 E-02

1829 m 3.24 E+07 1.30 E-13 5.22 E+06 4.18 E-06 3.69 E+10 4.13 E-02

1981 m 1.20 E+07 4.80 E-14 2.01 E+06 1.61 E-06 2.11 E+10 2.36 E-02

2134 m 0.45 E+07 1.80 E-14 0.78 E+06 6.24 E-07 1.23 E+10 1.38 E-02

Heat deposition

Radiative particles produced by the fissions deposit part of their 
energy to the material. As nuclear radiation, gamma and neutron 
(fast and thermal) particles are only considered because charged 
particles, α, β, heavy ions are ~100% absorbed before arriving 
the target materials. Estimated numbers of fast neutrons, thermal 
neutrons, and gamma particles from 20 kT nuclear explosion are 
3×1022, 3×1023, 1.8×1024, respectively [17, 18]. The amounts of gam-
mas and two-group neutrons decrease exponentially by traveling 
through the cold and dry air medium. Estimated number of each 
particle on the target surface is computed using Eq. (6, 7) and they 
are summarized in Table 2.

D
D

Total  Number of Photon ProductionI e
D

α

π
−= 24                           

(6)

D /
D

Total  Number of Neutron ProductionI e
D

λ

π
−= 24                    

(7)

where I is the gamma particle intensity, ϕ is the thermal and fast 
neutron intensity, D is the distance, λ is the mean free path, and α 
is the absorption coefficient. Heat deposition by neutron radiation 
inside of the material is denoted as HN(x). It can be estimated by 
the macroscopic capture cross-section for neutron, flux density, and 
binding energy of capture reaction.

                             N N N Bc
H ( x ) c ( E ) ( x )Eφ= ∑                                         

           (8)

where, x is the depth in material, HN(x) is volumetric heating rate at 

point x, Σc (EN) is the macroscopic capture cross-section of neutron 
with energy, EN, ΦN (x) is the neutron flux density at a point x, EB 
is the binding energy for capture reaction, and c is the conversion 
factor (c=1.6×10(-13) Ws/MeV). Assumed a surface heat flux by the 
incident neutrons is dominant whereas the neutron interactions 
with atoms inside of material are negligible, then Eq. (8) can be 
simplified as:

                                               N KB N ,inH cE φ=                                                                                          (9)          
where, HN is the heating rate per unit area for neutrons, EB is the 
sum of average kinetic energy associated with neutrons and the 
average binding energy associated with neutrons, and Φ(N,in) is the 
incident neutron flux density. Similar physics is applied to estimate 
the heat deposition inside the material by gamma radiations:

                                    H ( x ) cE ( E )γ γ γ γ γµ φ=                                                                   
(10)

where Hγ(x) is the heating rate at point x, Eγ is the gamma energy, 
μγ is the linear absorption coefficient for gamma ray, and Φγ (Eγ) is 
a gamma ray flux density at energy Eγ. Similarly, if photon interac-
tions with internal atoms in the material are not considered, the 
surface heat flux by gamma radiations cab be written as:

                                                    avg ,inH cEγ γφ=                                                                                         (11)

where Hγ is the heating rate per unit area, Eavg is the average ener-
gy of photons, and Φγ, in is the incident photon flux density. The 
results of heat flux by the fast, thermal, and gamma flux are sum-
marized in Table 3.

Table 3: Displacement per atom (dpa) rate by fast and thermal neutrons to structural steel sample at different distances.

Distance [m] Rd (Fast) Rd (Thermal)

1524 3.80 E-13 4.69 E-20

1676 1.42 E-13 1.68 E-20

1829 5.40 E-14 6.15 E-21

1981 2.08 E-14 2.28 E-21

2134 8.07 E-15 8.54 E-22

Qγ
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Material damage by radiation

Thermal stress and expansion

Temperature gradient along the thermal penetration depth 
leads the thermal expansion inside of the material. Applied thermal 
expansion to the material causes the additional thermal stress de-
pending on properties, or modulus of elasticity and Poisson ratio. 
Thermal stress can be estimated [19]:

                                      
th ave

E T( x ) ασ σ
ν
∆

= +
−1

                                                                             (12)      

   
L/P

ave
EE I e
k( L L

λα λ λ λσ σ
ν

−  = − − − −  −   

2
0

0
2 21 1

1                           
(13)

where σth is the thermal stress, σave is the average stress by radiation 
heating, σ0 is the stress before radiation heating, α is the linear ther-
mal expansion coefficient, E is the modulus of elasticity, ν is Poisson 
ratio, Ep is the particle energy, I0 is the particle intensity, k is the 
thermal conductivity, λ is the mean free path, and L is the thickness 
of material.

Displacement and embrittlement: Under the neutron ir-
radiation condition, material atoms are displaced and causes the 
hardening and embrittlement. Total number of displacements can 
be quantified by using Eq. (14) [11] and simplified displacement 
per atom (dpa) and dpa rate are shown in Eq. (15,16) respectively. 
Estimated dpa rates by the fast and thermal neutron irradiation to 
structural steel are summarized in Table 3.

      

E T

i s iE T

#  of disp.R N ( E ) ( E ,T ) (T )dTdE
cm sec

φ σ ν
∧ ∧

∨ ∨
  = ⋅  ∫ ∫3

                        
(14)

where N is the atomic number density, T is the transferred energy, 
T
∨

 =0, T
∧

 = γEi, γ is (4mM)/(m+M)2, Ei is the incident particle ener-
gy, ν(T) is the number of displaced atoms resulting from a collision 
in energy T, σs (Ei,T) is the scattering cross-section of incident en-
ergy Ei and transferred energy T, Φ(Ei ) is the neutron flux, and dap 
is R/N.

                                      i
s

d

ER N
E
γσ φ

 
=  

 4                                                                                 (15)

For fast neutron,

                    
d fast

.   [ eV ]R [ b] ( E )
. [ eV ]

φ
 ⋅ ×

=  
 

60 069 5 103
4 25

                

                           (16)

For thermal neutron,

                   
d th

.   0.02 [ eV ]R [ b] ( E )
 . [ eV ]

φ ⋅
=  

 

0 069 511
4 25

                                                 (17)

A typical stress-strain curve of a mild steel has an ultimate stress 
of 440 MPa and yield stress of 370 MPa. It is shown as labeled ‘unir-
radiated’ in Figure 6. Unirradiated curve is shifted under neutron 
irradiation conditions. A typical curve shifting is also shown in Fig-
ure 6 as labeled ‘irradiated’. Elastic region of material is shortened 
known as an embrittlement and ultimate yield increases known as 
a hardening. In other words, the yield strength and ultimate tensile 
strength of materials are enhanced while fractures happen easier.

Figure 6: Typical stress-strain curve shift by neutron irradiation. Elastic region of material is shortened (embrittlement) and ultimate yield 
increases (hardening) [20].

Computational Model for the Radiation Damage in 
the Material

Setup

To analyze the thermal effects of nuclear and thermal radi-
ation from the nuclear explosion, we used the Heat transfer with 

surface-to-surface module in COMSOL Multiphysics 5.3a [20]. The 
model geometry is a 10 cm × 10 cm × 1 cm structural steel and 5 cm 
× 5 cm window is added in the center of geometry to observe stress 
points at edges and corners. The mechanical properties of structur-
al steel are summarized in Table 4 [21].
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Table 4: Thermal and mechanical properties of structural steel in COMSOL.

Heat Capacity, cp 475 [J/KgK]

Thermal Conductivity, K 44.5 [W/mK]

Thermal expansion coefficient, α 12.3 E-6 [K-1]

Density, ρ 7850 [Kg/m3]

Young’s modulus, E 200 E+09 [Pa]

Poisson’s ratio, ν 0.3

Boundary conditions

To apply heat flux by the thermal and nuclear radiation simul-
taneously to a sample geometry, we calculated the heating rates by 
fast, thermal neutrons, photons, and thermal radiation and com-
puted quantities are summarized in Table 5. Then, we applied to-

tal heat flux as a boundary condition to the surface facing the heat 
source. Other geometry surfaces are cooled by air natural circula-
tion. Heat source facing surface is allowed to be transformed by the 
thermal expansion caused by the thermal stress while the opposite 
face stays steady.

Table 5: Total applied heat flux by thermal/fast neutrons, gamma radiations, and thermal radiation to the heat source facing surface.

Distance [m] 
Heat Flux [W/m2]

Thermal Neutron Fast Neutron Gamma Thermal Radiation Total

1524 9.88 E-09 2.94 E-01 1.31 E+03 7.21 E+05 7.22 E+05

1676 3.55 E-09 1.10 E-01 7.30 E+02 5.96 E+05 5.97 E+05

1829 1.30 E-09 4.18 E-02 4.13 E+02 5.00 E+05 5.00 E+05

1981 4.80 E-10 1.61 E-02 2.36 E+02 4.27 E+05 4.27 E+05

2134 1.80 E-10 6.24 E-03 1.38 E+02 2.76 E+05 2.76 E+05

Result

Surface temperature

The surface temperature and thermal penetration depth at 
three moments (1 msec, 0.1 sec, and 3 sec) for the various distances 
are listed in Table 6. For instance, the 3D temperature profile after 
0.1 seconds at 1524 m from ball of fire is shown in Figure 7. The 
temperature profiles along the penetrating direction after 1 msec, 
0.1 sec, and 3 sec are shown in Figure 8. After 1 msec, the surface 
temperature increases up to 311 K from 293.15 K (ambient tem-

perature) due to the prompt thermal radiation effect and thermal 
penetration depth is approximately 0.05 cm. After 0.1 seconds, the 
surface temperature raises up to 312 K due to the constant heat 
transfer from the heat source. Applied heat is deposited into the 
surface, having deeper thermal penetration depth, about 0.5 cm. 
Enlarged thermal penetration depth causes wide temperature gra-
dient within the sample geometry. After 3 seconds, the heated sur-
face is cooled down to 294 K and heat has the evenly spread within 
the material.

Figure 7: 3D-temperature profile of the model geometry,                                       Figure 8: Temperature profile along the thermal                                          
structural steel () after 0.1 second. It is placed 1524 m from the heat source.        penetrating direction at distance of 1524 meters. 
                                                                                                                                 After 10- 3 second, surface temperature
                                                                                                                                 increases up to 311K with short thermal penetration 
                                                                                                                                 depth. After 0.1 seconds, heat is transferred to inside. 
                                                                                                                                 After 3 seconds, surface is cooled
                                                                                                                                 down by spreading heat into medium.
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Table 6: Surface temperatures and penetration depths at different locations and times.

Time 1 millisecond 0.1 second 3 second

Distance [m] T(K) Depth (cm) T(K) Depth (cm) T(K) Depth (cm)

1524 311.21 0.05 312.35 0.4 294.41 1

1676 307.89 0.05 309.01 0.4 294.19 1

1829 305.36 0.05 306.45 0.4 294.02 1

1981 303.44 0.05 304.49 0.4 293.89 1

2134 301.89 0.05 302.9 0.4 293.79 1

Table 7: Thermal stress and displacement at time 0.1 sec at different locations.

Distance [m] Thermal Stress [MPa] Displacement [cm]

1524 108 2.080 E-4

1676 89 1.723 E-4

1829 74.5 1.443 E-4

1981 64.7 1.232 E-4

2134 41.2 7.964 E-5

Thermal stress and displacement

Increased surface temperature causes the thermals stress and 
material transformation. It deteriorates the integrity of building 
structure, and the materials ultimately becomes vulnerable to 
shockwave damage. Results of the computed thermal stress and 
displacement along the distance by total heat flux at 0.1 second are 
summarized in Table 7. Especially, thermal stress and displacement 

at 1524 m after 0.1 seconds are simulated Figure 9. The uniform 
inflation is observed at the heat source-facing surface. Intense 
stresses are recorded at the inner and outer edges of samples. In 
addition, the most intense stress is recorded at the top-left outer 
edge. The maximum thermal damages to the material by radiations 
is observed at 1524 meters after 0.1 seconds and the estimated 
thermal stress is 108 MPa. Corresponding material transformation, 
or thermal displacement is 208 μm.

Figure 9: Exaggerated visualization of thermal stress and displacement on a sample (distance of 1524 m and after 0.1 seconds). Heat source 
facing surface is uniformly inflated, but intense stresses are observed at inner edges.

Discussion
The maximum surface temperature of structural steel sample 

varies upon time. It increases up to 311 K and 312 K after 1×10-3, 
1×10-1 seconds, respectively. After 3 seconds, the heat is dispersed 
and cooled down by the surround air. This is observed mainly be-
cause of the time dependent temperature change of a heat source 
shown in Figure 1. The surface temperature of ball of fire constant-
ly decreases until 1×10-2 seconds, and second peak appears after 

0.1 seconds. Although only 1 K raised between 1 msec and 0.1 sec-
onds, in the meantime significant amount of energy is transferred 
to the sample. Therefore, the deeper thermal penetration depth 
is observed at 0.1 seconds in Figure 8. After 3 seconds, deposited 
heat is cooled enough by the air circulation, and the surface tem-
perature drops to 294 K. In the thermal stress damage simulation, 
physical damages by the nuclear radiation are not considered since 
the number of reachable particles are negligible but transferred 
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heat by particles are considered. Steel sample undergoes 108 MPa 
thermal stress by the deposited thermal energy, and results in 208 
μm displacement is observed at the edge Figure 9. Damaged steel 
condition is still located in the elastic range in stress-strain curve 
(un-irradiation curve is used because nuclear radiation effects are 
ignored) and observed displacement is insignificant. With a larger 
explosion yield, or closer distances, however, the nuclear radiation 
damage can be serious enough to cause material failures. In addi-
tion, displacement size can be enlarged because it is also propor-
tional to material size as well as explosion yields and distances.

Conclusion

Most energy from explosion emits as a form of kinetic energy. 
Hence the radii of hazardous zone are determined by the shock-
wave damage, or overpressure. However, as shown in Figure 3, 
building structures located away from the center of the detonation 
are damaged by the thermal radiation before shockwaves reach to 
the surface. In this work, we simulated the effects of thermal radi-
ation of 20 kT nuclear explosion to the structural steel located in 
the minor damage zone (1500-2000 m) using the COMSOL. Con-
sequently, three different effects are observed within the 10 cm × 
10 cm × 1 cm structural steel geometry: a) the surface temperature 
increases approximately 19 K, b) at most 108 MPa stress is addi-
tionally applied, and c) the surface is transformed up to 208 μm. In 
conclusion, temperature increment is insignificant compared to the 
melting temperature of steel (1510 °C), and thermal stress and dis-
placement also do not affect much to the mechanical robustness of 
the material. We chose the 20kT nuclear weapon, but if 1MT or larg-
er nuclear explosion yields are considered, the thermal radiation 
effects become significant. In addition, only single material (struc-
tural steel) is designed in the simulation, however, if we reflect 
other material damages such as glass breakage, concrete junctions, 
then we expect to see other physical damage due to each material’s 
different mechanical properties.

Acknowledgement
This research is being performed using funding from the Pur-

due College of Engineering and the School of Nuclear Engineering.

Conflict of Interest 
No conflict of interest.

References
1. T Collina, D Kimball (2010) Now More Than Ever: The case for the 

comprehensive Nuclear Test Ban Treaty. An Arms Control Association.

2. R Powell (1990) Nuclear Deterrence Theory: The Search for Credibility. 

3. R Powell (2003) Nuclear Deterrence Theory, Nuclear Proliferation, and 
National Missile Defense. 27(4): 86-118.

4. R Powell (1985) The Theoretical Foundations of Strategic Nuclear 
Deterrence. Acad Polit Sci 100(1): 75-96.

5. S Kutchesfahani (2019) Global Nuclear Order. Routledge.

6. J Bae, R Bean (2020) Analytical Methods in Safeguards for Nuclear 
Nonproliferation and Complete, Verifiable, Irreversible Denuclearization 
(CVID) of North Korea, KDVA ROK-U.S. Alliance Journal 1: 28.

7. IAEA (2020) IAEA INCIDENT AND TRAFFICKING DATABASE 
(ITDB) :Incidents of nuclear and other radioactive material out of 
regulatory control 2020 Fact Sheet.

8. SPD Glasstone(1977) The Effect of Nuclear Weapons. 

9. J Bae, R Bean, R Abboud (2020 ) CFD analysis of a dry storage cask 
with advanced spent nuclear fuel cask additives. Ann Nucl Energy 145: 
107610.

10. J Bae, R Bean, R Abboud (2018) A criticality analysis of a dry storage 
cask with advanced nuclear fuel cask additive, in Transactions of the 
American Nuclear Society, vol. 118.

11. G Was (2017) Fundamentals of Radiation Materials Science Springer.

12. R Siegel, CM Spuckler (1998) Analysis of thermal radiation effects on 
temperatures in turbine engine thermal barrier coatings. 245: 150-159.

13. S Shateyi, SS Motsa (2009) Thermal Radiation Effects on Heat and Mass 
Transfer over an Unsteady Stretching Surface, Hindawi.

14. Z Xue, S Li, C Xin, L Shi, H Wu (2019)  Modeling of the whole process of 
shock wave overpressure of free- fi eld air explosion. Def Technol 15(5): 
815-820.

15. (1953) Atomic Energy Commission, Nevada Site Nuclear Test (Flim) 
United States.

16. M Modest (1993) Radiative Heat Transfer. Elsevier Science.

17. Walter Loveland (2003) Nuclear Chemistry, 3rd ed. Encyclopedia of 
Physical Science and Technology.

18. RW Peelle, FC Maienchein (1971) Spectrum of Photons Emitted in 
Coincidence with Fission of 235U by Therma& Neutrons, Phys. Rev. C vol 
3.

19. K William, Y Xi, D Naus (2013) A Review of the Effects of Radiation on 
Microstructure and Properties of Concretes Used in Nuclear Power 
Plants.

20. COMSOL (2019) COMSOL Multiphysics Reference Manual. 

21. DR Orlander (1976) Fundamental Aspects of Nuclear Reactor Fuel 
Elements. Technical Information Center Energy Research and 
Development Administraion.

http://dx.doi.org/10.33552/GJES.2021.07.000686
https://www.armscontrol.org/reports/2010/Now-More-Than-Ever-The-Case-for-the-Comprehensive-Test-Ban-Treaty
https://www.armscontrol.org/reports/2010/Now-More-Than-Ever-The-Case-for-the-Comprehensive-Test-Ban-Treaty
https://www.semanticscholar.org/paper/Nuclear-Deterrence-Theory%3A-The-Search-for-Powell/d5a9f2dc6c1ac8d83f8698ceb958369195e02834
https://www.jstor.org/stable/4137605
https://www.jstor.org/stable/4137605
https://www.semanticscholar.org/paper/The-Theoretical-Foundations-of-Strategic-Nuclear-Powell/c21a942e12a499eb7ccc0633ad5e741f302b03d9
https://www.semanticscholar.org/paper/The-Theoretical-Foundations-of-Strategic-Nuclear-Powell/c21a942e12a499eb7ccc0633ad5e741f302b03d9
https://www.osti.gov/biblio/6852629-effects-nuclear-weapons-third-edition
https://data.mendeley.com/datasets/ssh2krs9kr/1
https://data.mendeley.com/datasets/ssh2krs9kr/1
https://data.mendeley.com/datasets/ssh2krs9kr/1
https://www.sciencedirect.com/science/article/pii/S2214914719300753
https://www.sciencedirect.com/science/article/pii/S2214914719300753
https://www.sciencedirect.com/science/article/pii/S2214914719300753
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.3.373
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.3.373
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.3.373
https://www.osti.gov/biblio/7343826-fundamental-aspects-nuclear-reactor-fuel-elements
https://www.osti.gov/biblio/7343826-fundamental-aspects-nuclear-reactor-fuel-elements
https://www.osti.gov/biblio/7343826-fundamental-aspects-nuclear-reactor-fuel-elements

	_GoBack
	_GoBack

