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ABSTRACT: The penetration of ogival-nosed projectiles into ship plates represents a complex impact dynamics issue
essential for analyzing structural failure mechanisms. Although stiffened plates are vital in ship construction, few studies
have addressed the issue of model equivalence under penetration loading. This study employs numerical simulation to
validate an experiment with an ogival-nosed projectile penetrating a Q345 steel plate. Four equivalent stiffened plate
methods are proposed based on the area, flexural modulus, moment of inertia, and thickness. The results indicate
that thickness equivalence (DM4) is unsuitable for penetration-loaded stiffened plates, except under low-speed, non-
penetrating through impacts, and yields less accuracy than DM1/DM3. DM1, DM2, and DM3 each perform optimally
with specific velocity ranges: DM1 at very low (critical) and high velocities, DM3 at low velocities, and DM2 at high
speeds. Furthermore, in penetration scenarios, T-shaped stiffeners can be replaced with rectangular ones, as both exhibit
similar failure behaviors and deflection trends, simplifying the design while preserving key structural characteristics.
These findings provide valuable insights into the design of protective ship structures.
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1 Introduction
Penetration mechanics is a branch of applied mechanics that examines projectile–target interaction.

This area holds significant importance in the military, aerospace, civil, marine, structural, and nuclear
applications. Extensive experimental, theoretical, and numerical studies have been conducted on the
antipenetrating performance of vessel structures in marine engineering, primarily focusing on ballistic
characteristics, material constitutive behavior, and damage effects [1–5]. Model testing is often required
when studying the anti-penetrating performance of vessel plates. However, researchers frequently face
challenges in designing scaled models, such as the inability to produce small-sized T-stiffeners due to current
manufacturing limitations. To address these structural model testing challenges effectively, equivalent
modeling techniques are essential. Nevertheless, limited literature has focused on the problem of model
equivalence in projectile penetration into steel plate structures.

Despite significant research achievements in the field of anti-penetration performance of ship structures
and the emergence of equivalent modeling techniques as a core method for overcoming technical limitations
in model testing, significant theoretical and practical gaps remain in the study of projectile penetration
equivalence into steel plate structures. Current research primarily focuses on the quantitative effects of
projectile nose shape on penetration efficiency, the progressive failure mechanisms of target plate structures
under penetration loading, and projectile attitude evolution. Wang et al. [6] examined the penetration of

Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/CMES
https://www.techscience.com/
http://dx.doi.org/10.32604/cmes.2025.066844
https://www.techscience.com/doi/10.32604/cmes.2025.066844
mailto:qinyezhi@jmu.edu.cn
mailto:cql@jmu.edu.cn


1884 Comput Model Eng Sci. 2025;144(2)

ogival projectiles into the homogeneous and stiffened steel plates of a 921A large ship, summarized the failure
modes of the target plates, and analyzed the effect of projectile load angle on penetration damage. Chen
et al. [7] examined experimentally observed deformation and failure mechanisms, proposed a theoretical
method for predicting projectile velocity, and introduced a novel approach for determining the bulging
region radius based on impact data from hemisphere head projectiles. Wang et al. [8] studied impact
pressure, fracture morphology, and penetration mechanisms in armor steel at different velocities, establishing
correlations among these factors. Projectile nose shape plays a major role in stress distribution, energy
transfer modes, and target plate damage behavior, significantly influencing anti-penetration performance,
as extensively reported in the literature [9–13]. Several scholars [14–16] have investigated the effect of the
projectile incident angle. Zhang et al. [17] examined multi-cabin structures with Z-shaped grillage under
oblique projectile penetration and identified structurally related deflection patterns. Several researchers have
proposed simplified analytical models that consider key physical phenomena and apply momentum and
energy methods [18–20]. Additional studies have explored constitutive models to improve the accuracy
of numerical simulations in projectile-steel plate penetration. The Johnson-Cook model has been widely
adopted, and Chakraborty et al. [21,22] conducted experiments to calibrate its plasticity and failure parame-
ters. Elek et al. [23] investigated deformable projectile penetration considering steel’s thermo-viscoplasticity
using the Johnson-Cook model.

While previous research has significantly advanced the understanding of constitutive modeling
for projectile penetration into steel plates—particularly through Johnson-Cook model applications, as
demonstrated by Chakraborty, Elek, and others—a significant gap remains regarding equivalent design
methodologies for stiffened plate structures. These marine engineering components exhibit distinct failure
mechanisms under projectile impact compared to monolithic plates. This study addresses this gap by
developing and evaluating equivalent design approaches for Q345 steel ship-stiffened plates subjected to
ogival-nosed projectile penetration. The remainder of this paper is organized as follows: Section 2 presents
the numerical model calibrations, Section 3 analyzes the modeling and equivalent design methodology for
stiffened plate penetration, and Section 4 provides the research conclusions.

2 Numerical Model Calibrations
High-speed projectile impact causes significant deformation of steel plate structures within extremely

short timeframes, necessitating the consideration of geometric nonlinear effects in modeling. The LS-DYNA
commercial software provides an effective solution for analyzing such geometric nonlinear problems under
high-speed impact conditions [24]. The software automatically incorporates geometric nonlinear effects
based on conservation equations by specifying material parameters, coupling conditions, and boundary
conditions. To effectively address the model equivalent design problem, this study first calibrates the material
model and numerical modeling. Accordingly, the combat infiltration steel plate from the experiments of Li
et al. [25] serves as the calibration reference.

2.1 Perforation Experiments
The experimental site layout, conditions, and data acquisition methods have been described in detail in

the literature [25]. Fig. 1 shows the arrangement of the Q345B steel target plate and projectile. The projectile
is made from 30 CrMnSi alloy structural steel, selected for its high strength and hardness, and contains
an internal loading material. The ogival projectile has a diameter of 92 mm, a length of 276 mm, a shell
weight of 3.21 kg, and a filler material weight of 1.45 kg, with a total mass of 4.66 kg. The Q345B steel target
plate measures 1 m × 1 m with a thickness of 8 mm and features fixed support boundaries connected to the
assembly frame using M24 bolts. The effective target plate area is 0.7 m × 0.7 m. The projectile was launched
horizontally with an initial velocity of 208 m/s.
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Figure 1: Physical model of the ogival-nosed projectile and steel target

2.2 Boundary Conditions, Mesh and Contact Conditions
A full-scale model was developed based on the experimental dimensions to improve calcula-

tion accuracy, as shown in Fig. 2. The numerical models use eight-node solid elements, employing
the Lagrange algorithm and hexahedral modeling method. The target plate is merged with a uniform
hexahedral solid mapping grid using a 5 mm mesh size. The projectile body features non-uniform
meshing: the cylindrical segment uses a uniform hexahedral mesh, whereas the projectile head uses a
free hexahedral mesh. The filling material within the projectile also uses a uniform hexahedral mesh,
as shown in Fig. 2c,d. Contact between the projectile and the target plate is simulated using the *CON-
TACT_ERODING_SURFACE_TO_SURFACE erosion algorithm. The boundary condition of the target
plate is fixed within 30 cm of its width to replicate actual constraints. The projectile body adopts a rigid
constitutive model with an initial velocity of 208 m/s.

(a) Geometric model (b) FEM numerical model

(c) Mesh of projectile outer shell (d) Mesh of filling material

Figure 2: The finite element method (FEM) numerical model of projectile penetrating Q345 steel target

2.3 Material Models
High-strain rates are involved in both hypervelocity collision and explosion problems, and the yield

stress σy can be described using a high-strain-rate plasticity model [26,27].
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σy = f (εp , ε̇ p , T) (1)

where εp is the equivalent plastic strain, ε̇ p is the plastic strain rate, and T is temperature.
The strain-rate hardening behavior follows the relationship below.

σy = σ0 + kεpn (2)

where σ0 is the initial yield stress, n is the work hardening index, k is the coefficient.
The strain rate effect on materials is complex but can be simplified.

σy ∝ ln ε̇ p (3)

The influence of temperature on flow stress is expressed as follows:

σy = σr (1 − T∗m) (4)

where σr is the flow stress at room temperature, T∗ = (T − Tr)/(Tm − Tr) ∈ [0, 1] is the dimensionless
temperature, T is temperature, Tr and Tm are room temperature and melting temperature of the material,
respectively, m is the fitting parameter.

The Johnson-Cook model comprehensively accounts for stress hardening, strain rate effects, and
thermal softening, and represents yield stress with the following expression [26,27].

σy = (A+ Bεpn) (1 + C ln ε̇∗) (1 − T∗m) (5)

where ε̇∗ = ε̇ p/ε̇0 is the dimensionless equivalent plastic strain rate, among ε̇0 = 1s−1 is the reference strain
rate, A, B, n, C and m are material constants which can be determined by mechanical properties testing
experiments under different strain rates.

The failure strain incorporating damage is defined as follows:

εp
f = [D1 + D2eD3 σ∗] [1 + D4 ln ε̇∗] [1 + D5T∗m] (6)

where σ∗ = σm/σe f f is the stress triaxiality, σm is the average stress, σe f f is effective stress. When the damage
D = ∑Δεp/εp

f is equal to 1, the material is fully damaged.
The equation state of Q345 steel material uses the keyword *EOS_GRUNEISEN to define in LS-DYNA

describing the pressure of the compressed, which is shown as:

p =
ρ0c2 μ [1 + (1 − γ0

2 ) μ − a
2 μ2]

[1 − (S1 − 1)μ − S2
μ2

μ+1 − S3
μ3

(μ+1)2 ]
+ (γ0 + aμ)E (7)

where p is pressure; C is the intercept of the vs − vp curve; γ0 is the Gruneisen gamma; a is the first order
volume correction to γ0; S1, S1, and S1 are the coefficients of the slope of the vs − vp curve; and μ = ρ

ρ0
− 1.

This study uses Q345 low-alloy steel as the target plate material. Q345 steel is widely used in engineering
applications, including bridges, vehicles, ships, buildings, pressure vessels, and specialized equipment
[28–31]. The material parameters used in the calculations are shown in Tables 1 and 2, based on data from
the literature [32,33]. The 30 CrMnSi alloy used for the projectile is approximated as a rigid body.
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Table 1: Johnson-Cook plasticity model parameters and equation of state parameters of the Q345 steel [32,33]

A/MPa B/MPa C n m Tm/○C Tr/○C
374 795 0.01586 0.45451 0.88559 1500 20
C S1 S2 S3 γ0 v0

4569 m/s 1.49 0 0 2.17 1

Table 2: The damage rules of the Q345 steel are based on the Johnson-Cook constitutive model [32,33]

D1 D2 D3 D4 D5 Tm/○C Tr/○C Reference strain rate
0.123 0.236 2.43 0.058 0 1500 20 1

2.4 Grid Sensitivity Analysis
The grid dimension significantly affects the accuracy of the numerical simulation results. While smaller

grid dimensions generally improve accuracy, reducing them beyond a certain threshold yields minimal
variation in outcomes but greatly increases computational time and storage requirements. Therefore,
selecting the optimal grid dimensions is essential for reliable calculations. Because the target plate undergoes
the most significant deformation during projectile penetration, a mesh sensitivity analysis is necessary to
determine the appropriate grid size for the target plate.

Target plate mesh sizes of 2.5, 5, 7.5, and 10 mm along the length and width, with a consistent mesh size
of 2.0 mm, were selected for modeling, while maintaining the same boundary conditions and algorithms.
The results of the calculation are shown in Fig. 3. Fig. 3a demonstrates that the mesh size significantly
influences the projectile velocity, with smaller mesh sizes resulting in a reduced numerical oscillation
amplitude. The residual velocities for mesh sizes of 2.5, 5, 7.5, and 10 mm were 186.51, 184.9, 184.6, and
186.9 m/s, respectively. Fig. 3b shows the computational time under different mesh conditions. When the
plate mesh size was reduced from 10 to 7.5 mm, the computation time increased by 22.1%. Further reduction
to 5 mm led to a 100.8% increase in computational time, while decreasing to 2.5 mm resulted in a 9.87-fold
increase in computation time. These results indicate that mesh size substantially affects both computational
efficiency and accuracy. The findings suggest that optimal results are achieved by selecting a mesh size that
balances accuracy and computational cost rather than the finest mesh. Accordingly, a 5-mm mesh size is
recommended as the reference for modeling plate structures.

The above discussion was about the sensitivity of the mesh of the projectile under high-speed penetra-
tion conditions. Next, we will further discuss the sensitivity of the mesh of the projectile under low-speed
penetration conditions. The calculation results are shown in Fig. 4. It can be seen from the calculation results
that under the condition of low-speed penetration of the projectile, the calculation model converges under
all four grid conditions. However, the coarser the grid, the more obvious the numerical oscillation; the finer
the grid, the more stable the numerical calculation. In addition, in terms of computing time, the computing
time cost increases significantly when the grid is finer. Its rule is consistent with that of the projectile under
high-speed penetration conditions illustrated above.

To further illustrate whether different speed affect mesh size sensitivity, additional research was
conducted on the residual velocity of projectiles after penetrating steel plates under initial velocities of 100,
110, 120, and 130 m/s. The calculation results are shown in Fig. 5 below.
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(a)  Velocity-time history curve (b) Calculation time (unit: seconds) 

Figure 3: The velocity and calculation time of the numerical model with mesh sizes 2.5, 5, 7.5, 10 mm

(a) Velocity-time history curve (b) Calculation time (unit: s)

Figure 4: The velocity and calculation time of the numerical model with mesh sizes 2.5, 5, 7.5, 10 mm under the velocity
of 50 m/s

Figure 5: The residual velocity of projectile with initial velocity 100, 110, 120, 130 m/s at different mesh size of 2.5, 5, 7.5,
10 mm
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It can be seen from the calculation results that when the mesh size is coarse (10 mm) and fine (2.5 mm),
the changing trends of the projectile’s residual velocity are similar. Meanwhile, when the mesh size is medium
(5 and 7.5 mm), the changing trends of these two are also very close. This further verifies the aforementioned
conclusion that an appropriate mesh size should be selected for calculations to achieve both precision and
high computational efficiency.

2.5 Validation and Calibration of the Numerical Simulation
Experimental results show that the projectile maintains a perpendicular orientation both before and

after penetrating the target plate [25]. Fig. 6 illustrates the dynamic process of the ogival projectile penetrating
the Q345 steel target, as captured by a high-speed camera. The velocity of the projectile decreased from
an initial 208 to 185 m/s. Following penetration, the steel target plate exhibited four distinct petal-shaped
fractures, with four radiating cracks surrounding the fracture zone and a plastic deformation region in the
central area, as shown in Fig. 7.

Figure 6: Schematic diagram of a process of projectile piercing target plate

Figure 7: The failure mode of Q345 steel target plate with 8 mm thickness after piercing by ogival projectile

Fig. 8 illustrates the damage pattern caused by the ogival projectile penetrating the Q345 steel target
plate. The experimental and numerical results show a characteristic four-petal fracture pattern, with the
projectile penetrating the steel plate at an initial velocity of 208 m/s. The crevasse diameter measured
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approximately 12.15 cm in both cases, with tearing observed at the petal roots and significant thinning
at the petal tips. The petals exhibited a concave deformation profile, and the failure model predicted by
the numerical model closely aligned with the experimental observations. The simulated residual velocities
(186.51–186.9 m/s) correspond well with the experimental results (185 m/s), confirming the accuracy of
the model.

Figure 8: Schematic diagram of a process of projectile piercing target plate

To further validate the effectiveness and accuracy of the computational model, the Belkin’s empirical
formula [34] was applied to calculate the residual velocity for ogival-nosed projectile. The penetration of the
Q345 target plate by a pointed projectile was analyzed using theoretical calculations, and the results were
compared with experimental measurements and numerical simulations, as shown in the table.

The results in Table 3 demonstrate high consistency in projectile residual velocity across theoretical
calculations, experimental data, and numerical computation. This strong correlation confirms the validity of
the numerical model and calculation method, providing reliable support for subsequent numerical analyses.
To further verify the validity and accuracy of the calculation results of the numerical model in this paper over
a wider range, the theoretical values calculated by the Belkin empirical formula will be compared with the
numerical calculation results. Based on the Belkin empirical formula, the theoretical residual velocities were
calculated under the conditions of projectile initial velocities of 100, 110, 120, and 130 m/s, which are 45.60,
64.60, 80.50, and 94.70 m/s, respectively. Meanwhile, the residual velocities obtained from the numerical
calculations with a mesh size of 5 mm are 44.39, 63.21, 78.12, and 93.98 m/s, respectively. The errors between
the numerical calculation results and the theoretical calculation results are 2.65%, 2.10%, 2.96%, and 0.76%
correspondingly. It can be seen from the calculation results that the numerical calculation results are highly
consistent with the theoretical results. Additionally, it is found that as the initial velocity increases, the
numerical calculation results are closer to the theoretical predicted values, with smaller errors and higher
prediction accuracy.
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Table 3: The results of measured residual velocity after ogival-nosed projectile penetrating target plate compared with
that of the theoretical and numerical calculation

Head
shape

Plate
material

Measure velocity Belkin for-
mula [34]

Error Numerical
calculation

Error

Incidence
velocity

Residual
velocity

Ogival 8 mm-
Q345

208 185 188 1.6% 184.9 0.05%

While the experimental and simulation results discussed above validate the numerical modeling
method for homogeneous plates, actual ship structures typically incorporate stiffened plates, where mechan-
ical behavior is significantly influenced by stiffener-substrate coupling effects. To validate the effectiveness of
the numerical models in simulating stiffened plate penetration processes and to compare the experimental
and simulation results for stiffened plate targets, particular attention was given to projectile residual velocity,
target plate failure modes, and the deformation patterns of the stiffener and base plate. Experimental data
from published literature [35] were used to further confirm the reliability of the numerical modeling.
Comparison results are shown in Fig. 9 and Table 4.

(a) (b)

Figure 9: The comparison between experimental and numerical result of stiffened plate suffering projectile penetration.
(a) Experimental result of Wang et al. [35]; (b) Numerical result

Table 4: Numerical and experimental results for residual velocity

Item Initial velocity
(m/s)

Residual velocity of
experiment (m/s)

Numerical result
of Wang et al. [35]

Error
(%)

Numerical
result

Error
(%)

Stiffened plate 605.5 589.3 591.7 0.41 595 0.97

Fig. 9 shows the strong agreement between the experimental and numerical simulation results regarding
the failure modes. Both revealed characteristic failure patterns of the stiffened plate following projectile
penetration: petal-shaped tears appeared in the base central area of the base plate, with the tearing direction
aligned with the projectile’s impact orientation. The connection between the stiffener and base plate exhibited
localized plastic deformation or tensile fracture, with fracture concentrated at the stiffener root directly
beneath the impact point, consistent with stress concentration theory. Both the experimental and numerical
analyses demonstrated a combined failure mode of “substrate penetration and stiffener shear fracture”, with
consistent shear lip morphology and petal curling at the fracture section. For projectile residual velocity, a
quantitative comparison shows a deviation of less than 5% between the simulation and experimental result,
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as detailed in Table 5. The overall numerical error remains within acceptable engineering limits, indicating
that energy transfer and dissipation processes can be accurately modeled. Thus, both qualitative failure
characteristics and quantitative velocity data confirm the numerical model’s effectiveness—it accurately
reproduces the macroscopic structural failure during penetration and reliably predicts changes in projectile
kinetic energy. These findings provide a solid foundation for the subsequent development and analysis of
stiffened plate equivalent models.

Table 5: The Equivalent design scheme of the stiffened plate structure

Design method number Basic model DM-1 DM-2 DM-3 DM-4

T parameter �80 × 10
40 × 10

120 × 10 111 × 10 124 × 10 –

Section area S (mm2) 1200 800 1110 1240 –
Moment of inertia I (mm4) 4.6e6 5.76e6 4.6e6 6.35e6 –

Flexural section modulus W (mm3) 5.111e4 4.8e4 4.107e4 5.111e4 –
Number of stiffeners nx 3 3 3 3 –
Thickness plate tp (mm) 10 10 10 10 13
Breadth of plate b (mm) 1200 1200 1200 1200 1200

3 Modeling and Equivalent Design Methodology Analysis of the Projectile Impact the Stiffened Plate
Structure

Projectile penetration into ship structures poses a complex impact dynamics challenge. Understanding
the associated failure mechanisms and structural response characteristics is of strategic importance for
enhancing ship defense capabilities. Research and practical evidence indicate that structural damage in
a ship often initiates with localized damage progression. Consequently, local damage analysis is essential
for identifying structural vulnerabilities and improving protective design and relevant studies support this
point [36,37] As illustrated in Fig. 10, stiffened plate structures, which serve as fundamental components of
key hull sections, play a critical role in absorbing external impact loads and maintaining structural integrity.

Figure 10: Diagram of a typical marine structure

This study focuses on the failure mode of the Q345 stiffened plate structure under ogival projectile
penetration. The stiffened plate structure analyzed was selected based on prior research [38]. A diagram of
the typical stiffened structure is shown in Fig. 11. In Fig. 11, the symbol b is the breadth of the plate, also taken
as stiffeners spacing, b f is the breadth of the flange, t f is the thickness of the flange, hw is the height of the
web, tw is the thickness of the web, tp is the thickness of plate, h′w is the equivalent height of rectangular web,
t′w is the equivalent thickness of the web.
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Figure 11: Diagram of a typical stiffened steel structure

3.1 Equivalent Method Design of Stiffened Plate Structure
Investigating the impact performance of ship structures typically requires extensive model experiments

and numerical studies, which present several challenges. For example, due to limitations in model fabrication
techniques and welding considerations, T-stiffened plate structures in certain cabin areas are often simplified
to equivalent treatment, replacing them with plates of uniform thickness or stiffened plates with rectangular
sections. Similarly, the complexity of modeling, mesh generation, and computational demands often neces-
sitate the use of equivalent design for ship-stiffened slab structures beyond the primary protective bulkhead
when simulating and evaluating the dynamic response and protective effectiveness of the cabin bulkhead.

In the study of projectile penetration into ship-steel plates, three equivalent methods are proposed
based on the area (DM-1), bending modulus (DM-2), and moment of inertia (DM-3). These methods
simplify complex stiffened plate structures into more manageable models while preserving key mechanical
behaviors under penetration loads. The area-based equivalent method (DM-1) operates on the principle
that the cross-sectional area of the stiffener significantly plays a critical role in its load-bearing capacity.
By ensuring the equivalent model has the same cross-sectional area as the original rectangular stiffener,
this method aims to maintain resistance to projectile penetration. A larger cross-sectional area generally
corresponds to increased resistance to deformation caused by impact; thus, equating areas helps approximate
the mechanical behavior of the original structure. The bending-modulus-based equivalent method (DM-2)
focuses on the resistance of the plate to bending deformation. The bending modulus or section modulus
is directly related to the structural ability to withstand bending under load. During projectile impact,
both the plate and stiffener experience bending deformation. Matching the bending modulus between the
equivalent model and the original structure allows accurate simulation of stress distribution and deformation
patterns associated with bending. The moment-of-inertia-based equivalent method (DM-3) emphasizes the
structure’s resistance to rotational and torsional deformations. The moment of inertia reflects the capacity
of an object to resist rotational acceleration. When subjected to projectile penetration, stiffened plates may
experience complex dynamic responses involving rotation and torsion. This method maintains key resistance
characteristics by equalizing the moment of inertia between the equivalent model and the original stiffener,
enabling realistic simulation of the dynamic behavior during impact. Together, these equivalent methods
relate the geometric and mechanical properties of original and simplified models from distinct perspectives,
facilitating efficient and accurate analysis of projectile penetration into stiffened plates while maintaining
constant stiffener thickness.

Taking the T-shaped stiffened plate structure shown in the figure as an example, the concept of
equivalent design involves converting the T-shaped section stiffener into either a rectangular section stiffener,
as shown in Fig. 12a, or to convert the T-shaped section stiffener into a plate of a uniform thickness, as shown
in Fig. 12b, where Δtp represents the equivalent thickness of the plate.
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(a)

(b)

Figure 12: Diagram of a typical stiffened plate of marine structure

To achieve a comparable impact dynamic response between the equivalent design and the prototype
structure, the cross-sectional area S, moment of inertia I, and flexure modulus W should, where possible, be
kept equal or similar. However, it is highly challenging to simultaneously match all three parameters in the
equivalent model and prototype structure. Therefore, this study proposes four equivalent design methods for
stiffened plate structures, each ensuring that one parameter is maintained while keeping the plate thickness
constant:

1. The stiffener is retained, and the cross-sectional area and thickness of the stiffener are equal, designated
as DM-1.

2. The stiffener is retained, and both the bending modulus and thickness of the stiffener are equal,
designated as DM-2.

3. The stiffener is retained, and both the moment of inertia and thickness of the stiffener are equal,
designated as DM-3;

4. The stiffener is not retained; the stiffener is evenly distributed across the thickness of the plate, designated
as DM-4.

For the T section, the section area of the stiffener is calculated using the following formula:

ST = b f t f + hw tw(T beam) (8)
SR = t′w h′w (Rectangular beam) (9)

The formula for calculating the moment of inertia about the X-axis is as follows:

IT = (b f t3
f + h3

w tw) /12 + b f t f (hw + t f /2)
2 + hw tw (hw/2)2 (T beam) (10)

IR = t′w h′3w /12 + t′w h′w(h′w/2)2 (Rectangular beam) (11)



Comput Model Eng Sci. 2025;144(2) 1895

The bending section modulus about the X-axis is given by the formula:

WT = IT (hw + t f ) (T beam) (12)
WR = IR/h′w (Rectangular beam) (13)

The basic principle of mass equivalence involves uniform distribution of the stiffener’s mass across the
corresponding plate area while keeping the plate’s dimensions unchanged, effectively converting the stiffener
into an increase in plate thickness. In dynamics, mass equivalence essentially reflects inertial equivalence.
Assuming identical material properties and densities for both the stiffener and the plate, the equivalent
additional plate thickness can be calculated using the following formula:

Δtp = V/L2 = nx ⋅ L ⋅ ST/L2 (14)

where V represents the total volume of the stiffener and the L width of the plate of the stiffener. This study
considers a plate with equal length and width. nx denotes the number of stiffeners arranged along the
direction of the stiffened plate, and ST represents the cross-sectional area of each corresponding stiffener.

3.2 Example Analysis
3.2.1 Numerical Analysis Equivalent Models Based on Basic T Stiffened Plate of Ship Structure

In the preliminary analysis of the stiffened plate structure, a typical example is used to evaluate the
advantages and disadvantages of four equivalent design schemes. Based on these schemes, rectangular
stiffened plates of three different sizes, along with a homogeneous plate, were designed. The specific
dimensions are provided in Table 5.

The geometric models developed based on the above design parameters are illustrated in Fig. 13:

3.2.2 Analysis of the Velocity Properties of Projectile Penetrating Different Plate Structures under Different
Equivalent Design Methods
Simulation calculations were conducted to analyze the penetration behavior of the plate frame structure

under various initial projectile velocities and the equivalent design method. Initially, the penetration process
of the basic model was evaluated for projectile velocities ranging from 50 to 1200 m/s. The projectile’s impact
position on the stiffened plate is shown in Fig. 14, and the velocity-time history curve of the projectile during
penetration is presented in Fig. 15.

Figure 13: Equivalent design geometry models
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Figure 14: Schematic diagram of the position of the projectile impacting the stiffened plate at center of stiffener

(a) Initial velocity are 50 m/s, 100 m/s, 150 m/s, 200 m/s

(b) Initial velocity are 250 m/s, 300 m/s, 350 m/s, 400 m/s, 500 m/s, 800 m/s, 1200 m/s

Figure 15: The velocity-history curve and final attitude of the basic model subjected to projectile penetration with
different initial velocity

Analysis of Fig. 15a,b reveals that the projectile penetrates a steel plate at low velocities (below 50 m/s) in
two stages during the initial loading phase. The relatively low initial kinetic energy of the projectile gradually
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dissipates to zero as it continuously interacts with the target plate. The directional force exerted by the plate
causes the projectile to rebound at low velocity, resulting in a localized indentation in the central area of
the plate without significant damage. As the initial impact velocity increases, a critical penetration velocity
range emerges. Within this range, the projectile maintains contact with the target plate until its energy
dissipates completely. This interaction damages the plate and deforms the T-shaped stiffener. The central area
of the plate experiences both local damage and extended deformation. At higher initial impact velocities, the
projectile penetrates the target plate. The T-shaped stiffened plate influences the penetration path, causing
the projectile to penetrate along the welded edge between the stiffener and plate, which significantly affects its
flight attitude. At moderate velocities, penetration causes substantial deformation but does not cause severe
damage to the stiffened plate. Conversely, high-velocity impacts result in both penetration and damage to
the stiffened plate. This analysis demonstrates how the initial velocity governs the penetration mechanism,
damage patterns, and stiffener deformation, offering valuable insights for designing stiffened steel structures
to resist projectile impact.

Fig. 15b shows that projectile velocities between 250 and 1200 m/s result in complete penetration of the
target plate. Despite full perforation, the impact velocity significantly influences both the damage patterns
of the target plate and the projectile’s flight attitude. In the 250–500 m/s range, the velocity-time curves
display consistent patterns during both the penetration loading and the post-penetration flight phases.
Impact velocity affects loading time in a non-linear manner: according to energy conservation, higher
initial velocities correspond to shorter loading durations. Furthermore, increased velocities reduce central
bulging deformation and tend to produce near-circular fractures. The velocity also has a marked effect on the
projectile behavior. At particularly high velocities, the projectile experiences significant angular deflection
after penetrating the plate, significantly altering its trajectory. The relationship between impact velocity,
target damage, and projectile dynamics offers essential insights for optimizing armor design and predicting
penetration outcomes.

Fig. 16 compares velocity-time histories for various equivalent design models at representative impact
velocities. As shown in Fig. 16a, at an impact velocity of 50 m/s, the velocity-time curves of the DM1
equivalent and basic models are substantially similar. Although a difference exists in the final rebound
velocities of the projectiles, this variation is negligible relative to the initial velocity. In Fig. 16b, penetration of
the target plate occurs at a projectile velocity of 200 m/s. Among the evaluated models, the DM2-equivalent
model exhibits the closest velocity-time curve to the basic model, followed by the DM2-equivalent model.
At 500 m/s (Fig. 16c), the velocity-time curves for projectiles penetrating various equivalent models display
a similar trend, with the DM2 model showing the highest correspondence to the basic model. However, at a
projectile velocity of 1200 m/s, the velocity variation pattern during penetration of the homogeneous target
plate differs significantly from that of other equivalent models. After target plate penetration, all stiffened
plates induce substantial deflections in projectile attitude; in extreme cases, the projectile may exhibit circular
motion along a helical trajectory. These complex responses introduce uncertainty in predicting structural
damage to ships, highlighting the inherently nonlinear nature of penetration problems. This analysis reveals
that both impact velocity and model design critically influence penetration dynamics, emphasizing the
necessity of accounting for nonlinearity in developing accurate predictive models for projectile-target
interactions.The cause of this nonlinear phenomenon is the high strain rate generated by the high-speed
impact of the elastic body on the steel plate, which significantly increases the yield strength of the steel
plate and the elastic body material. At the same time, the thermal energy converted from plastic work
causes local adiabatic temperature rise, triggering thermal softening of the material. The strengthening and
softening effects compete with each other, breaking the linear relationship between stress and strain. During
penetration, projectile deflection, local contact separation or the back of the target plate may also occur,
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leading to sudden changes in contact state and multi-point interactions, causing discontinuous changes
in contact force. Therefore, the material nonlinearity of the steel plate must be taken into account in the
calculation process.

(a) Initial velocity 50 m/s (b) Initial velocity 200 m/s

(c) Initial velocity 500 m/s (d) Initial velocity 1200 m/s

Figure 16: The velocity time history comparison between different design models with projectile penetration at initial
velocity 50, 200, 500 and 1200 m/s

Fig. 17 depicts the allowable trajectories of projectiles with an initial velocity of 500 m/s penetrating
various plates. Analysis of the projectile trajectories indicates that the path of the projectile penetrating
the DM2 equivalent model closely corresponds to that of the basic model, with similar deflection angles.
When the projectile penetrates equivalent target models, including DM1, DM2, DM3, and DM4 at an
initial velocity of 500 m/s, the measured deflection angles at a specific moment are 10.88○, 27.49○, 14.66○,
17.94○, and 0.49○, respectively. These deflection angles indicate that the DM2-equivalent model exhibits the
highest correlation with the original basic model during projectile penetration at 500 m/s, followed by the
DM3-equivalent model. These results demonstrate the substantial impact of different equivalent models on
projectile penetration behavior. The strong correlation between the trajectory and deflection of the DM2-
DM2-equivalent model and the basic model indicates that the former effectively replicates the penetration
dynamics of the latter, offering valuable insights for armor design optimization and projectile-target
interaction performance prediction.
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(a) Basic model

(b) DM-1 model

(c) DM-2 model

Figure 17: (Continued)
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(d) DM-3

(e) DM-4

Figure 17: The projectile attitude comparison between different design models with projectile penetration at a typical
initial velocity of 500 m/s

3.2.3 Comparison of Failure Modes of Plate Structure under Approximate Equivalent Conditions
Through comprehensive numerical calculations using the basic model as the research subject, five

characteristic damage modes of projectile penetration into stiffened plate structures are identified, as shown
in Fig. 18. In Mode 1, projectile impact on the target plate induces only local plastic damage in the plate’s
central region without complete penetration. The stiffeners remain undamaged in this scenario. Mode 2
represents a critical penetration process in which the projectile damages the target plate without penetration,
whereas the stiffeners maintain their integrity. The minimal plate deformation and projectile damage in
Mode 1 parallel the elastic deformation stage of materials under low-velocity impact in the Recht-Ipson
classification [18], characterized by stress wave propagation without significant plastic deformation. Mode
2 exhibits plastic pits on the target plate surface, corresponding to the initial plugging failure in the Recht-
Ipson classification, where the material undergoes gradual plastic flow as the projectile begins to penetrate.
Mode 3 features crack formation on the steel plate without complete penetration, accompanied by local
tensile tearing damage to the stiffeners without fracture. Mode 4 involves complete projectile penetration
through the stiffened plate, resulting in steel plate fracture and tensile fracture with torsional deformation.
Mode 5 exhibits quasi-straight shear behavior through the stiffened plate, causing fractures in both the shear
sections of the plate and stiffener, resulting in approximately circular fracture patterns. These damage modes,
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derived from basic model numerical simulations, elucidate the complex mechanical behaviors and failure
mechanisms during projectile penetration, providing crucial guidance for predicting stiffened plate structure
performance under impact and optimizing their design against projectile threats.

Figure 18: Summary of typical failure modes of stiffened plate structure with projectile penetration

Table 6 illustrates the damage modes observed in different equivalent model designs at varying impact
velocities. The damage modes of equivalent-thickness homogeneous steel plates differ significantly from
those of stiffened plates, particularly at medium and low velocities. Homogeneous target plates typically
exhibit petal-shaped damage patterns, whereas stiffened target plates show diverse damage patterns primarily
influenced by stiffeners. These stiffeners modify the force distribution during projectile impact, resulting
in distinct stress state variations. For stiffened plates with rectangular-section stiffeners, although damage
mode classifications remain consistent, plate size influences damage patterns at low velocities. However,
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during high-velocity penetration, plate size exhibits minimal impact on the damage modes. This observation
emphasizes the significance of structural geometry and impact velocity in determining the failure behavior
of the stiffened plate structures. Understanding the relationships between model design, velocity, and
damage modes is crucial for accurately predicting steel plate performance under projectile penetration and
optimizing protective capabilities.

Table 6: Failure modes statistics of different design model conditions

Velocity m/s Basic model DM-1 DM-2 DM-3 DM-4
50 Mode 1 Mode 1 Mode 2 Mode 2 No penetration
100 Mode 2 Mode 2 Mode 2 Mode 2 Critical penetration
150 Mode 3 Mode 3 Mode 3 Mode 3 Petal crevasse
200 Mode 4 Mode 3 Mode 3 Mode 3 Petal crevasse
250 Mode 4 Mode 4 Mode 4 Mode 4 Petal crevasse
300 Mode 4 Mode 4 Mode 4 Mode 4 Petal crevasse
350 Mode 4 Mode 4 Mode 4 Mode 4 Petal crevasse
400 Mode 4 Mode 5 Mode 4 Mode 5 Petal crevasse
500 Mode 5 Mode 5 Mode 5 Mode 5 Petal crevasse
800 Mode 5 Mode 5 Mode 5 Mode 5 Circular crevasse
1200 Mode 5 Mode 5 Mode 5 Mode 5 Circular crevasse

Each failure mode corresponds to a specific quantified energy absorption level or dissipation mecha-
nism, such as plastic work and fracture energy, revealing the physical mechanisms underlying the damage
process. In Mode 1, the projectile impact causes localized plastic damage in the central area of the target plate
without complete penetration, leaving the stiffeners intact. This mode involves minimal energy absorption,
primarily through limited local plastic deformation. The slight deformation and damage resemble the
elastic deformation stage under low-speed impact in the Recht-Ipson classification [18], where stress waves
propagate without causing extensive plastic deformation. Mode 2 represents the key penetration process,
where the projectile partially penetrates the target plate while the stiffeners remain intact. Plastic pits form on
the target plate surface, corresponding to the initial leak sealing failure in the Recht-Ipson classification, as
the projectile begins to invade and the material undergoes plastic flow. Energy dissipation occurs primarily
through plastic deformation during pit formation. Mode 3 features crack formation without complete
penetration, whereas local tensile tear damage occurs without breaking stiffeners. This mode absorbs
more energy than previous modes through plate plastic deformation, crack initiation and propagation,
and stiffener tensile tearing. Mode 4 involves complete projectile penetration, causing plate breakage and
tensile fracture with torsional deformation, resulting in maximum plastic dissipation and structural collapse.
Substantial energy is consumed during penetration, including energy associated with plate and stiffener
fracture, large-scale plastic and structural deformation. Mode 5 exhibits collimating shear behavior as the
projectile passes through, causing simultaneous fracture of the stiffened plate and stiffener shear section
with approximately circular fracture patterns. Energy absorption primarily occurs through shear work, with
energy dissipation levels similar to those in Mode 4.

To examine the influence of penetration position, this study analyzed the equivalence between four
equivalent models and the reference model velocities at 250 and 500 m/s. Fig. 19 illustrates the projectile
penetration position, and Fig. 20 shows the resulting target plate failure modes. As shown in Fig. 20, the
DM4 model exhibits significantly different failure modes compared to other equivalent models under
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both low-speed and high-speed impact conditions. Conversely, under these penetration conditions, the
DM1/DM2/DM3 equivalent models display similar deformation modes without notable differences. This
similarity primarily results from minimal deflection during projectile penetration when the impact point
is not on the profile, preventing coupled damage to the target plate. The target plate strength remains
relatively constant with reinforcing ribs bearing similar stiffness, generating comparable failure modes with
strong equivalence.

Figure 19: Schematic diagram of the position of the projectile impacting the stiffened plate between two stiffeners

(a) Velocity = 250 m/s (b) Velocity = 500 m/s

Figure 20: The comparison between different design models with projectile penetrating center between two stiffeners
at a typical initial velocity of 205 and 500 m/s

4 Conclusions
The penetration of ship plate structures by ogival-nosed projectiles presents a complex dynamic

problem. Based on experimental studies of projectile penetration through Q345 homogeneous steel plates,
a numerical simulation methodology for pointed ovate projectile penetration of steel plates was established
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and validated. Four equivalent models were developed using the equivalent design method to investigate
the equivalence of stiffened plate structures under penetration loads, followed by extensive numerical
simulations. The analysis of the results yielded the following conclusions:

(1) Applicability constraints of the equivalent thickness method: Regarding the overall failure mode of
the missile-plate structure and missile body flight attitude, the model (DM4) developed through the
equivalent thickness method exhibits substantial deviations from the base model, except in cases where
the missile body fails to penetrate the target plate. These differences manifest in both the missile body
flight attitude and the target plate failure mode, indicating a lack of equivalence. Consequently, for
projectile penetration of hull plate frames, the equivalent thickness method is not recommended for
simulating stiffened plate penetration loads. Although DM-4 can approximately represent the overall
deformation patterns in low-speed non-penetrating impact scenarios (Mode 1), its accuracy remains
lower than that of DM1/DM3.

(2) Effectiveness of the velocity-dependent equivalent model: The DM1 equivalent model demonstrates
damage modes that are approximately equivalent to the base model in extremely low-speed impact
ranges (critical penetration range), outperforming other equivalent design models. DM1 effectively
characterizes the local deformation resistance of the stiffened structure using the equivalent sectional
moment of inertia. The DM3 equivalent model shows significantly higher equivalence in low-speed
penetration ranges compared to other models. During this interval, as the projectile initiates plastic
flow in the target plate (such as initial plug flushing in Mode 2), DM3 describes the dissipation of
plastic work by coupling equivalent material yield strength parameters with stiffener spacing. The
DM2 equivalent model exhibits optimal equivalence performance in high-speed penetration ranges.
By matching equivalent section stiffness and fracture energy parameters, DM2 effectively captures
sudden energy variations during the structural collapse. At extremely high-speed impacts (such as
1200 m/s in this study), the DM1 equivalent model demonstrates close equivalence to the base model.
The quasi-linear shear behavior of the elastic body at extremely high speeds (Mode 5) predominates, and
DM1 better simulates reinforced shear fracture dynamic response through an enhanced cross-sectional
moment of inertia equivalence.

(3) The viability of stiffener section simplification: Considering the overall failure mode and elastic body
deflection effects, conducting penetration studies using T-shaped reinforcement equivalent to rectan-
gular section stiffeners proves feasible. Although projectile residual velocity and deflection angle affect
accuracy to some extent, the target plate failure mode closely aligns with projectile deflection trends.
Therefore, simplification to an equivalent rectangular cross-section stiffened plate model is appropriate
when investigating T-shaped stiffened plate penetration. This simplification reduces computational
complexity while maintaining consistency in key failure characteristics.
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