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Abstract: Welded joints in naval ship hull structures are weak areas under explosive load, but
there are relatively few studies investigating the failure characteristics of welded joints through
dynamic fracture and explosion tests. In order to explore and predict the failure characteristics of
welded joints under explosive load, instrumented Charpy impact tests, explosion tests, and numerical
simulations were carried out. The dynamic fracture toughness of ultra-high strength ship hull
structural steel welded joints was obtained, and the dynamic stress intensity factors, together with
the correlation between stress wave and crack propagation at different positions, were acquired.
The results showed that the stress state at the crack tip of a Charpy impact specimen was consistent
with that of a welded joint under explosive loads, and the crack initiated when the dynamic stress
intensity factor exceeded the dynamic fracture toughness. The results indicated that the dynamic
fracture toughness obtained by instrumented Charpy impact tests could be used to predict the crack
initiation characteristics of welded structures under explosive load, and the stress wave at the crack
tip was basically perpendicular to the crack propagation surface and promoted the rapid propagation
of cracks.

Keywords: explosive load; butt joint; dynamic fracture toughness; crack initiation and propagation

1. Introduction

With the rapid development of ultra-high-speed attack weapons, stealth anti-ship
missiles, and new torpedoes, the safety of naval ships has been seriously threatened. Under
the action of explosive shock waves, the ship structure will undergo extensive damage
and fracture, resulting in the loss of combat effectiveness and even the direct sinking of
the ship. How to improve the anti-explosion performance of ship structure and enhance
the level of survival in the battlefield is a major issue that must be addressed by the
armed forces of all countries [1–4]. Naval ship structures are mainly fabricated by welding
of high-strength steel [5]. Due to uneven heating and cooling caused by the welding
process, weld flaws, locally embrittled regions, and welding residual stress are inevitable.
On the other hand, weld reinforcement generates geometric discontinuities and stress
concentration in the toe region. These lead to the complexity of the failure behavior of the
welded joint under high-speed dynamic loads, making it a weak area of the entire ship’s
anti-explosion performance [6]. Therefore, it is necessary to investigate the failure behavior
and mechanism of the welding joint under explosive loads.

The failure behavior of welded joints under explosive loads involves the calculation of
blasting loads, structural dynamic response, and dynamic crack initiation and propagation,
which exhibit high structural nonlinearity and material nonlinearity. Some scholars have
conducted studies on crack problems under explosive loads. Chuanjin Pu [7] used Auto-
dyn software 18.0 to study the crack propagation of plexiglass (PMMA) materials under
explosive loads. By introducing a tensile fracture softening failure model, he obtained the
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crack propagation characteristics under single-hole and double-hole drilling conditions.
Cheng Shufan [8] analyzed the crack propagation and material damage distribution of
rock masses under explosive loads using the HJC model and the virtual-damage crack
model of the cleavage cohesion element. Li Qing [9] and Yang Renshu [10], among others,
explored the interaction between cracks and stress waves under explosive loads using a
transmission-type explosive dynamic caustics optical test system. The results showed that
stress waves have a significant impact on the dynamic characteristics of crack tips. Wan
Duanying [11] adopted a test system composed of an oscilloscope, an ultra-dynamic strain
gauge, and a crack propagation meter to monitor the propagation speed and distance of
the main crack. Although these studies directly considered explosive loads, they mainly fo-
cused on brittle materials such as rocks and plexiglass. However, ship structural steel has a
high level of toughness and plasticity, and its failure behavior differs from brittle materials.

Dynamic fracture toughness is an important parameter for evaluating crack initiation
and propagation under dynamic loads, as well as a threshold parameter characterizing
metal material failure due to fracture. In terms of this problem, Zou Guangping [12]
improved the split Hopkinson tension bar and used finite element simulations to reconstruct
the dynamic fracture tests of compact tension specimens. He explored the influence of
clamping devices on the test results and obtained the dynamic fracture toughness of
aluminum alloy materials by calculating the dynamic J-integral and converting it based on
the relationship between linear elastic fracture mechanics J and stress intensity factor K. Wu
Yungang [13] used ABAQUS to numerically simulate the dynamic fracture experiment of
the Hopkinson compression bar and obtained the dynamic stress intensity factor curve at
the crack tip using the node displacement method. Combined with the crack initiation time
in the dynamic fracture test specimen, he obtained the dynamic fracture stress intensity
factor of the pipeline weldment. Pan Jianhua [14] conducted a shock wave impact test
and numerical simulation to investigate the dynamic fracture behavior of S304 austenitic
stainless steel and weld joints containing prefabricated cracks. Wang Jiabin [15] and Yi
Haijiao [16] also conducted dynamic three-point bending tests to study the dynamic fracture
toughness of materials with typical high strength and toughness, such as X80 steel and
GH4169 nickel-based alloys, and further studies were conducted using advanced fracture
simulation methods such as the virtual crack closure technique. Some institutes also
conducted research on the response of hull plate-girder structures under explosive loading,
but they did not consider the effect of welds [17–21]. These studies have been conducted
from multiple dimensions of theory, experimentation, and virtual simulation, and relevant
parameters characterizing the dynamic crack initiation and propagation of metal materials
are acquired. However, current research has not directly coupled the explosive load with
crack initiation or propagation behavior, and it is unclear whether these characterization
parameters are directly applicable to explosive loads.

Based on the above analysis, current studies directly considering crack behavior under
explosive loads mainly focus on brittle materials, while studies on the dynamic fracture and
propagation of metallic materials have not directly considered explosive loads. Research
on the failure characteristics of ship structural steel welded joints under explosive loads is
also insufficient. To solve this problem, it is necessary to consider both dynamic fracture
toughness and explosive loads simultaneously. This study initially evaluates the dynamic
fracture toughness of weld joints in ship hull structural steel using instrumented Charpy
impact tests. Subsequently, the strain and stress data of the Charpy impact specimen
are acquired through numerical simulations. Following this, the response and failure
characteristics of butt joints are examined through explosion experiments and simulations.
Then, it investigates the suitability of dynamic fracture toughness in characterizing butt
joint failures. Finally, the influence of stress waves on crack propagation is explored.



J. Mar. Sci. Eng. 2024, 12, 927 3 of 19

2. Materials and Methods
2.1. Dynamic Fracture Toughness Measurement

Currently, the dynamic fracture test under pendulum impact conditions (the instru-
mented impact test) using three-point bending specimens still holds a dominant position in
the field. Its general loading rate ranges from 103 MPa·m0.5/s to 105 MPa·m0.5/s, making it
a simple, convenient, and cost-effective method [22–24]. Studying the dynamic fracture
behavior of metallic materials using this method is significant at the current stage. In this
study, using the standard ASTM E23 [25], Charpy impact specimens had dimensions of
thickness B = 10 mm, width W = 10 mm, length L = 55 mm, span S = 40 mm, with a notch
angle of 45 degrees and a notch length of 2 mm. A fatigue crack was prefabricated by wire
cutting to a certain depth.

For ultra-high-strength ship hull structural steel butt joints, the instrumented Charpy
impact tests were conducted on metal specimens, weld metal specimens, and heat-affected
zone (HAZ) specimens with prefabricated fatigue notches. The notch location for the
specimens is shown in Figure 1. The dynamic fracture toughness values of the specimens
were determined based on load–displacement curves (Figure 2). For linear elastic fracture,
the dynamic fracture toughness can be calculated using Formulas (1)–(3) [26,27]. The
chemical composition of the ship hull steel is presented in Table 1.
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Table 1. Chemical composition of the ship hull steel (wt%).

Element C Si Mn S P Ni Cr Mo V

Proportion 0.09 0.5 0.2 0.001 0.001 3.1 0.34 1.1 0.06

The linear elastic fracture toughness calculation formula is as follows:

KId =
Pm · S
B·W1.5 · f

( a
W

)
(1)
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In Figure 2 and Formulas (1)–(3), KId represents dynamic fracture toughness, Pm
represents the maximum impact load, S represents the span length, B represents the
specimen thickness, a represents the notch depth, W represents the specimen width,

.
K Id

is the dynamic fracture toughness rate, and tm represents the time corresponding to the
maximum force.

To obtain the strain rate and stress state information during the instrumented impact
test, numerical simulations were carried out using Ls-dyna. The finite element model for
the Charpy impact test is shown in Figure 3, which includes the impact specimen, supports,
and pendulum. The supports and pendulum were set as rigid bodies, maintaining frictional
contact with the specimen. By applying the experimentally obtained displacement–time
curve (Figure 4) to the pendulum, the impact process was simulated.
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2.2. Explosion Bulge Test on Butt Joint Plate

To investigate the characteristics of crack initiation and propagation in welded plates
under explosive loads, and to verify the feasibility and accuracy of numerical simulations
for explosions, two explosion bulge tests on butt joint plates were conducted referring to
relevant US military standards [28]. The test results included the deformation and failure
of the butt joint plates.

The butt joint plates had dimensions of 640 mm × 640 mm × 40 mm, and the explosion
test diagram is shown in Figure 5. The explosion test system consisted of explosives (TNT),
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the test plate, and a backup plate. The test plate was freely placed on the backup plate, and
the TNT explosive was suspended directly above the test plate. The thickness reduction rate
of the plate was determined by measuring the thickness changes at specific measurement
points, as shown in Figure 5b and Formula (4). The TNT equivalent weight in the explosion
test was 48 kg, with a detonation distance of 400 mm.

r =
T0 − T

T0
(4)
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In Formula (4), r represents the thickness reduction rate, T represents the thickness of
the plate after explosion, and T0 represents the thickness of the plate before the explosion.

2.3. Explosion Simulation of the Butt Joint Plate

An explosion test is the most direct and effective method to evaluate the blast resistance
of structures, providing the most authentic results. However, explosion tests consume
significant resources, pose safety risks, and have difficulties in capturing the evolution
details of structural explosion damage. Meanwhile, numerical simulation methods have
been widely used in studies on explosion, which not only saves a significant amount of
time and material costs but also allows for the recreation of the explosion process, enabling
us to obtain the structural motion response and failure mechanism under explosive loads.
The response and failure behavior of structures under explosive loads are highly nonlinear,
involving the generation, transmission, and coupling of explosion shock waves with the
structure, as well as the crack initiation, propagation, and failure of materials. This is
an extremely complex process that places high demands on the reliability of numerical
simulations. Therefore, it is necessary to conduct benchmarking studies through explosion
tests and numerical simulations to verify the accuracy of numerical methods, enabling
further research to provide support for ship design.

The explicit dynamics finite element software Ls-Dyna 13 was used. The finite element
model for the explosion bulge test simulation included the butt joint plate and the backup
plate. The specimen dimensions were kept consistent with the experimental conditions,
with the butt joint plate measuring 640 mm × 640 mm × 40 mm. The butt joint plate was
divided into the base material, heat-affected zone, and weld zone. Due to the symmetry
of the model, a half model was used for simulation to improve computational efficiency.
Hexahedral elements were employed, with fine meshes of 1–2 mm in the bulging area and
weld zone, and larger meshes in the remaining parts, totaling approximately 500,000 ele-
ments. The backup plate only provided support and was not specifically calculated, so it
was set as a rigid body with fixed constraints applied. The backup plate and test plate had
free contact with a friction coefficient of 0.1. The Johnson-Cook (J-C) constitutive model
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was chosen, including the strength and failure parameters. The cumulative damage can be
calculated by the J-C failure model, as shown in Formulas (5) and (6).

ε f = [D1 + D2expD3σ∗]
[
1 + D4ln

.
ε
∗]
[1 + D5T∗] (5)

D = ∑
∆ε

ε f
(6)

In Formula (5), ε f represents the failure strain, σ∗ represents the stress triaxiality,
.
ε
∗

represents the strain rate, T∗ represents the relative temperature, and D1~D5 represent the
material constant. In Formula (6), ∆ε represents the equivalent plastic strain in an integral
cycle, and D represents the cumulative damage. When D = 1, the elements satisfy the
failure criteria and are deleted.

The parameters of the J-C failure model are listed in Table 2.

Table 2. Parameters of J-C failure model.

D1 D2 D3 D4 D5

0.31 1.21 −2.2 −0.03 1.02

The explosion load was applied by the ‘’load-blast” command in Ls-dyna, with the
TNT equivalent weight and the detonation distance of 400 mm kept the same as the tests.
The finite element mesh model of the butt-welded plate is shown in Figure 6.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 6 of 19 
 

 

symmetry of the model, a half model was used for simulation to improve computational 
efficiency. Hexahedral elements were employed, with fine meshes of 1–2 mm in the 
bulging area and weld zone, and larger meshes in the remaining parts, totaling ap-
proximately 500,000 elements. The backup plate only provided support and was not 
specifically calculated, so it was set as a rigid body with fixed constraints applied. The 
backup plate and test plate had free contact with a friction coefficient of 0.1. The John-
son-Cook (J-C) constitutive model was chosen, including the strength and failure pa-
rameters. The cumulative damage can be calculated by the J-C failure model, as shown 
in Formulas (5) and (6). 𝜀௙ = ሾ𝐷ଵ ൅ 𝐷ଶ𝑒𝑥𝑝𝐷ଷ𝜎∗ሿሾ1 ൅ 𝐷ସ𝑙𝑛𝜀ሶ∗ሿሾ1 ൅ 𝐷ହ𝑇∗ሿ (5)

𝐷 = ෍ ∆𝜀𝜀௙  (6)

In Formula (5), 𝜀௙ represents the failure strain, 𝜎∗ represents the stress triaxiality, 𝜀ሶ∗ represents the strain rate, 𝑇∗ represents the relative temperature, and 𝐷ଵ~𝐷ହ repre-
sent the material constant. In Formula (6), ∆𝜀 represents the equivalent plastic strain in 
an integral cycle, and D represents the cumulative damage. When D = 1, the elements 
satisfy the failure criteria and are deleted. 

The parameters of the J-C failure model are listed in Table 2. 

Table 2. Parameters of J-C failure model. 

D1 D2 D3 D4 D5 
0.31 1.21 −2.2 −0.03 1.02 

The explosion load was applied by the ‘’load-blast’’ command in Ls-dyna, with the 
TNT equivalent weight and the detonation distance of 400 mm kept the same as the tests. 
The finite element mesh model of the butt-welded plate is shown in Figure 6.  

 
Figure 6. FEM of butt joint plate. 

3. Results 
3.1. Dynamic Fracture Toughness  

A typical fracture surface photograph after the instrumented Charpy impact tests is 
shown in Figure 7. The dynamic fracture toughness values are presented in Table 3. 

Table 3. Dynamic fracture toughness. 

Sampling Position KId/MPa·m0.5 
Base Metal 265 

HAZ 232 
Weld Metal 196 

Figure 6. FEM of butt joint plate.

3. Results
3.1. Dynamic Fracture Toughness

A typical fracture surface photograph after the instrumented Charpy impact tests is
shown in Figure 7. The dynamic fracture toughness values are presented in Table 3.
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Table 3. Dynamic fracture toughness.

Sampling Position KId/MPa·m0.5

Base Metal 265

HAZ 232

Weld Metal 196

The results in Table 3 show that the dynamic fracture toughness of the base metal
is the highest, which reaches 265 MPa·m0.5, while the weld metal has the lowest value
196 MPa·m0.5, and the value of HAZ is 232 MPa·m0.5.

The strain rate and stress triaxiality information of the specimen during the impact
process obtained from the simulation are shown in Figures 8 and 9.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 7. Specimens for dynamic fracture toughness. 

The results in Table 3 show that the dynamic fracture toughness of the base metal is 
the highest, which reaches 265 MPa·m0.5, while the weld metal has the lowest value 196 
MPa·m0.5, and the value of HAZ is 232 MPa·m0.5. 

The strain rate and stress triaxiality information of the specimen during the impact 
process obtained from the simulation are shown in Figures 8 and 9. 

(a) (b) 

  
(c) (d) 

Figure 8. Strain rate distribution of Charpy impact test: (a–d) strain rate at different times. 

  
(a) (b) 

Figure 8. Strain rate distribution of Charpy impact test: (a–d) strain rate at different times.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 7. Specimens for dynamic fracture toughness. 

The results in Table 3 show that the dynamic fracture toughness of the base metal is 
the highest, which reaches 265 MPa·m0.5, while the weld metal has the lowest value 196 
MPa·m0.5, and the value of HAZ is 232 MPa·m0.5. 

The strain rate and stress triaxiality information of the specimen during the impact 
process obtained from the simulation are shown in Figures 8 and 9. 

(a) (b) 

  
(c) (d) 

Figure 8. Strain rate distribution of Charpy impact test: (a–d) strain rate at different times. 

  
(a) (b) 

Figure 9. Cont.



J. Mar. Sci. Eng. 2024, 12, 927 8 of 19
J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 8 of 19 
 

 

  
(c) (d) 

Figure 9. Stress triaxiality distribution Charpy impact test: (a–d) stress triaxiality at different times. 

A comparison of the extracted force-displacement curve of the pendulum with the 
experimental values is shown in Figure 10. A comparison of the impact energy obtained 
from the experiment with the simulated values is shown in Figure 11. 

 
Figure 10. Load-displacement curve comparison. 

 
Figure 11. Impact energy curve comparison. 

According to Figure 8, when the pendulum is in contact with the specimen, the 
specimen is deformed, and the strain rate at the notch is the highest and varies with 
time. As the pendulum displacement increases, the Charpy impact specimen cracks from 
the notch, and the crack propagates along the thickness direction, it is evident that the 
strain rate of the impact specimen is approximately 1500/s at the instant of crack initia-

Figure 9. Stress triaxiality distribution Charpy impact test: (a–d) stress triaxiality at different times.

A comparison of the extracted force-displacement curve of the pendulum with the
experimental values is shown in Figure 10. A comparison of the impact energy obtained
from the experiment with the simulated values is shown in Figure 11.
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According to Figure 8, when the pendulum is in contact with the specimen, the
specimen is deformed, and the strain rate at the notch is the highest and varies with
time. As the pendulum displacement increases, the Charpy impact specimen cracks from
the notch, and the crack propagates along the thickness direction, it is evident that the
strain rate of the impact specimen is approximately 1500/s at the instant of crack initiation



J. Mar. Sci. Eng. 2024, 12, 927 9 of 19

(Figure 8a). From the stress triaxiality contour of the impact specimen (Figure 9), it is
observed that the stress triaxiality at the notch of the impact specimen ranges from 0.5 to 2
at the time of failure, which indicates that the specimen undergoes tensile failure. As seen
in Figure 10, the force–displacement curve obtained from the simulation is more consistent
with the experimental curve in the front and rear sections, and the middle section is lower
than the experimental values. In Figure 11, the impact energy curve obtained from the
simulation basically overlaps with the experimental curve. Based on the comparison of the
load–displacement curve and the energy–time curve in the figure, it can be seen that the
simulation provides relatively accurate outcomes.

3.2. Explosion Bulge Test Results

After the explosion bulge tests, images were taken from the failure morphology of the
butt joint plates, which are shown in Figure 12. The thickness reduction rate is shown in
Table 4.
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Table 4. Explosion test results.

Test Plates Thickness Reduction Rate/% Crack Length/mm

1 8.8 198

2 8.2 203

As seen in Figure 12, under an explosive load, the center of the specimen exhibits a
“straw hat” shape protrusion, indicating that significant plastic deformation occurs. Ac-
cording to the thickness reduction rate statistics in Table 4, the average thickness reduction
rate is 8.5%. Although there is no overall failure, a crack (marked the cracks in the figure
with red boxes) of approximately 200 mm occurs along the weld toe in the central region of
the plate.

3.3. Explosion Simulation Results

The calculated deformation, equivalent stress, plastic strain, strain rate, and cumula-
tive damage of the butt joint plate are presented in Figure 13. The crack length of the butt
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joint plate is shown in Figure 14. The thickness reduction rate history curve is presented in
Figure 15. A comparison of the thickness reduction rate obtained from the simulation with
the experimental values is presented in Table 5.
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Table 5. Comparison of thickness reduction rate between experiment and simulation.

Method Thickness Reduction Rate/% Error/%

Experiment 8.5
7

Simulation 7.9

As seen in Figure 13, the deformation pattern of the butt joint plate is characterized by
a bulge in the middle, resembling a “straw hat” shape, with the maximum deformation
occurring in the weld zone at the center of the plate, which is in alignment with the test
results. From the stress contour plot, it can be observed that the maximum stress occurs
in the fusion line region. The maximum plastic strain also occurs in the fusion line region.
The stress triaxiality at the weld toe ranges from 0.5 to 1.8, and the strain rate is around
1479/s, similar to that observed at the notch of an impact specimen, indicating that the
measurement of dynamic fracture toughness through instrumented impact testing can be
used to characterize the material properties under explosive loading.

According to Figure 14, it can be seen that the crack initiates in the weld toe region at
the center of the plate and propagates along the fusion line. The crack length is approxi-
mately 210 mm, which is basically consistent with the experimental measurement value of
200 mm.

As shown in Figure 15, the thickness reduction rate–time curve on the measurement
point was compared with the experimental average value. The thickness reduction rate
increases rapidly and then stabilizes, indicating that the plastic deformation of the structure
ends in a short time. The stabilized thickness reduction rate of the butt joint plate obtained
from the simulation is 7.9%, with a 7% error compared to the experimental value, indicating
a high degree of credibility for the explosion simulation.

The numerical simulation model was validated through multiple aspects, including
deformation morphology, crack length, and thickness reduction rate, demonstrating the
high reliability of the explosion simulation. Afterward, dynamic fracture studies were
conducted based on the validated finite element model.

4. Discussion
4.1. Discussion on Dynamic Crack Initiation under Explosion Load

In static conditions, the criterion for the initiation of opening-mode cracks is generally
expressed as KI ≥ KIc where KI is the static stress intensity factor, and KIc is the static
fracture toughness. Under dynamic loading, the stress intensity factor at the crack tip is a
function of time, and the criterion for crack initiation is similar to the static case, expressed
as KI(t) ≥ KId, where KI(t) is the dynamic stress intensity factor, which is time-dependent;
KId is the dynamic fracture toughness, which is rate-dependent. Generally speaking, in the
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above-mentioned crack initiation criterion under dynamic loading, the dynamic fracture
toughness KId needs to be determined through experiments, while the dynamic stress
intensity factor KI(t) needs to be determined through a complete dynamic analysis.

Dynamic problems are complex and involve the interaction between the crack tip and
stress waves; therefore, only some simple ideal models have analytical solutions. In recent
years, dynamic numerical analysis methods have expanded the scope of problem-solving,
and the finite element method is the most commonly used, which is further divided into
node displacement methods, J-integral methods, and virtual crack closure techniques.
Currently, explicit dynamic algorithms cannot directly calculate the K value at the crack tip,
but the K value can be indirectly obtained by calculating the J-integral. Rice has proven that
the J-integral is the elastic strain energy release rate G1, thus establishing the relationship
between the J-integral, G1, and the stress intensity factor KI .

J = G1 =
K2

I
E1

(7)

where E1 =

{
E(Plane stress)

E
1−ν2 (Plane strain) , E is elastic modulus, and v is Poisson’s ratio.

When the K-dominant zone is larger than the boundary of the inelastic zone at the
crack tip (i.e., small-scale yielding), KI(t) is calculated through equation conversion.

To explore the feasibility of using dynamic fracture toughness to characterize the crack
initiation behavior of high-strength ship hull structural steel joints under explosive loading,
explosion numerical simulations were conducted using the explicit dynamics software
Ls-dyna. The crack initiation mechanism was explored by solving the J-integral value and
converting it into the K value.

Fracture analysis requires a very small mesh, which is very time-consuming. To
improve computational efficiency, the 3D explosion simulation model was simplified into
a plane strain model, including the air domain, TNT, the butt joint test plate, and the
backup plate. A 0.1 mm mesh was divided at the heat-affected zone and weld center of the
butt-welded test plate to obtain more detailed stress results. The fluid–structure coupling
algorithm (arbitrary Lagrange–Euler algorithm) was used. The finite element model and
local mesh are shown in Figure 16.
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Under explosive loading, the cumulative damage contour map of the butt joint plate
was plotted, which is shown in Figure 17. According to the evolution process of the damage,
the crack first initiates at the weld toe on the left side of the butt-welded test plate and
continues to propagate along the fusion line. Then, the crack initiates at the weld toe on the
right side, while the plastic damage generated in the center of the weld is minimal, and no
fracture failure occurs.
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Figure 18 shows the cumulative damage time curves extracted sequentially for each
element along the right fusion line. As seen from the figure, the cumulative damage of
each element gradually reaches 1, and failure occurs toward the plate thickness direction
along the fusion line, which is consistent with the crack propagation path in the explosive
tests. Among them, the element at the right weld toe begins to fail at 0.64 ms, indicating
the dynamic crack initiation of the structure.
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The time curves of dynamic fracture intensity factors KI(t) and dynamic stress inten-
sity factor rate

.
K Id for the fusion line element (namely the right weld toe element) and the

weld metal element (namely the weld center element) are shown in Figures 19 and 20.
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As shown in Figure 19, the dynamic stress intensity factor continuously increases
as the explosive load is applied, but it is significantly higher at the fusion line than at
the center of the weld. When the dynamic stress intensity factor at the weld toe reaches
240 MPa·m0.5, which exceeds the measured dynamic fracture toughness of the heat-affected
zone (232 MPa·m0.5), fracture failure occurs. However, the dynamic stress intensity factor
at the center of the weld remains below the material’s dynamic fracture toughness of
196 MPa·m0.5, preventing crack failure, consistent with the experimental results. Figure 20
shows that the rate of the dynamic stress intensity factor at the weld toe initially reaches
15 × 105 MPa·m0.5/s and then fluctuates and decreases. The rate of the dynamic stress
intensity factor at the center of the weld is slightly lower than that at the weld toe.

Obviously, dynamic fracture toughness can effectively predict crack initiation in butt
joints under explosive loads.

4.2. Discussion on Dynamic Crack Propagation

Dynamic fracture differs from quasi-static fracture in that it involves stress waves.
These stress waves originate from the stress state at the tip of a fracturing crack. If the
intensity of the stress wave is high enough, it can also cause crack branching. Since the
propagation of fractures is determined by the stress field in the vicinity of the crack wave-
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front, it is necessary to understand the relationship between any dynamically propagating
crack and the local stress field.

The dynamic crack initiation characteristics of the weld toe under explosive loading in
plane strain conditions were obtained, as mentioned above. After crack initiation, the crack
will continue to propagate, and during this process, the crack has a complex correlation
with stress waves. The maximum principal stress of the crack tip element at different
times is shown in Figure 21. As seen in Figure 21, the direction of the maximum principal
stress is roughly perpendicular to the crack propagation direction, indicating that the
maximum principal stress drives the development of the crack. We can also observe that
the crack propagates along the fusion line after initiation, which is consistent with the
experimental results.
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stress at different times.

The crack length-time curve as it propagates along the fusion line toward the thickness
direction is shown in Figure 22, and the crack propagation rate is depicted in Figure 23.
Figure 24 presents the maximum principal stress information of the non-failing element at
the crack tip on the fusion line in the tensile region on the right side of the butt joint. Along
the crack propagation direction, the maximum principal stress–time curves of different
elements were plotted at crack lengths of 0.3 mm (element 9455), 2.25 mm (element 9681),
and 3.3 mm (element 8530), as shown in Figure 25.

From the crack length–time curve (Figure 22), it can be observed that the crack propa-
gates intermittently. The crack initiates at 640 µs, and the crack length increases very little
between 650 and 710 µs, indicating almost no crack propagation during this period. Then,
the crack length rapidly increases again but almost stops propagating between 730 and
760 µs. The crack then resumes propagating at 760 µs. As seen in Figure 23, the crack
propagation speed can reach 2000 m/s.

From Figure 24, it can be observed that the maximum principal stress of element
sh-9455 near the crack tip exhibits significant fluctuations, with a time interval between
peaks of approximately 120 µs. For ship hull structural steel, the stress wave propagation
speed ranges from 5000 m/s to 6000 m/s. Considering the butt joint test plate’s width
of 640 mm, and that the element sh-9455 is located near the center of the plate, the time
required for a stress wave to travel from this element to the boundary and reflect back,
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covering a distance of approximately 640 mm, is approximately 100–130 µs, which aligns
with the peak interval obtained from the simulation.
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Based on the further analysis of the crack length–time curve in Figure 22 and the
crack propagation rate–time curve in Figures 23 and 25, it can be observed that there are
three rapid crack propagation stages during the process, which correspond to three steep
rises in the crack length or instantaneous speed in the figures. In Figure 25, the maximum
principal stress of element Sh9455 first increases and then decreases sharply at 640 µs,
corresponding to the first steep rise in the crack length graph, which indicates the initial
crack propagation. The maximum principal stress of element sh-9681 increases rapidly and
then decreases sharply at 700 µs, corresponding to the second steep rise in the crack length
graph. Similarly, the maximum principal stress of element sh-8530 shows a rapid increase
and subsequent sharp decrease at 760 µs, corresponding to the third steep rise in the crack
length graph.

This indicates that the crack tip rapidly propagates under the influence of stress waves,
and almost no propagation occurs in the absence of stress waves.

5. Conclusions

Through dynamic fracture toughness tests using instrumented impact tests, as well as
explosion tests and simulation of butt joints, the following conclusions were obtained:

(1) The dynamic fracture toughness of high-strength ship hull structural steel and welded
joints was determined through instrumented Charpy impact tests using specimens
with prefabricated cracks. The results show that the dynamic fracture toughness
of the base metal is the highest, which reaches 265 MPa·m0.5, while the weld metal
has the lowest value 196 MPa·m0.5. This indicates that welded joints in naval ship
hull structures are weak areas; therefore, special attention should be paid to welding
applications in ship design.

(2) The stress state and strain rate at the crack tip of a Charpy impact specimen are
consistent with that of a welded joint under explosive loads. The strain rate of the
weld joint under explosive load is around 1500/s, and the stress triaxiality at the weld
toe is about 1.5–2.0, indicating that the weld undergoes tensile failure.

(3) Combining explosion tests and simulation, the dynamic fracture toughness can be
used to predict the crack initiation and propagation characteristics of the welded
structure. When the local dynamic stress intensity factor of the structure exceeds the
material’s dynamic fracture toughness, the crack begins to propagate.

(4) The maximum principal stress at the crack tip is perpendicular to the crack surface,
and the superposition of stress waves will promote crack propagation. The crack
propagation speed can reach 2000 m/s, resulting in instant rupture of the naval ship.
Ship designers should avoid fracture as much as possible.

(5) Through dynamic fracture toughness tests, the dynamic property of ship hull steel
can be preliminarily evaluated, which is of great significance for material research and



J. Mar. Sci. Eng. 2024, 12, 927 18 of 19

development. Combining explosion tests and simulation, we can predict the failure of
welded joints, further improve the joint design, and enhance the anti-explosion level
of naval ships. The method proposed in this article can also be applied to armored
vehicles, welded protective structures, and other fields.
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