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Abstract
The objective of this paper is to study the residual ultimate strength of box beams with impact-induced damage, as a model of
what may occur in ship hulls. The bottom and side plates of ship hulls can suffer denting or fracture damage due to grounding,
collision and other contacts during the ship’s service life and these impact-induced damages could result in considerable strength
degradation. Box beams are firstly subjected to impact loading and then four-point bending loading is imposed on the damaged
structures to assess the residual strength using ANSYS/LS_DYNA. The ultimate moment and collapse modes are discussed
considering the effect of impact location. The impact-induced deformation is introduced in the four-point bending simulation,
and the impact-induced stress is included or not to determine the effect of residual stress and distortion after impact. It is shown
that impact location has significant influence on the residual ultimate bending moment of the damaged box beam providing that
the impact energy is kept constant. The collapse modes also change when the impactor strikes on different locations. Damaged
hard corner and inclined neutral axes might explain the reduction of ultimate strength and diverse collapse modes. The residual
stress in the box beam after impact may increase or decrease the ultimate strength depending on impact location.
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1 Introduction

The longitudinal strength of ships is presently defined by the
ultimate hull girder strength. Caldwell (1965) was the first to
propose an approach to determine the ultimate strength of
ships’ hulls presenting a formula for ultimate strength calcu-
lation of hull girders. Smith (1977) extended the Caldwell’s

method by considering the buckling behaviour of ship ele-
ments under compression. In his method, the whole structure
was firstly divided into elements composed of stiffeners with
attached plating. Then, the collapse behaviour of those beam-
columns was analysed by FEM with the load-displacement
curves stored in a database for further use when calculating
their contribution to the overall hull strength. After Smith,
several methods were proposed to model the average stress-
average strain relationship of the elements composed of stiff-
eners and attached plating (Dow et al. 1981; Gordo and
Guedes Soares 1993).

The ultimate strength of ship hulls has been proposed as the
main criteria for ship design (Guedes Soares et al. 1996),
substituting the elastic section modulus used at that stage by
Classification Societies which have adopted this concept about
10 years later in their Common Structural Rules (Parunov and
Guedes Soares 2008; Gaspar et al. 2011; Xu et al. 2015).

Many experimental studies have been performed during
the last decades to provide first-hand information for un-
derstanding the collapse behaviour of ship structures with
simplified box beam models. For example, Reckling (1979)
conducted several collapse tests on box girder models under
pure bending to study the ultimate strength. Nishihara (1984)
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tested eight box girder models representing conventional
types of ships such as tanker, bulk carrier and container ship.
Dow (1991) studied experimentally the collapse behaviour of
the 1/3-scale welded steel hull girder model of a frigate under
sagging bending moment. Gordo and Guedes Soares (2007)
conducted an experimental test on the ultimate bending mo-
ment strength of a box girder made of mild steel, where the
four-point bending test was applied to obtain pure constant
bending throughout the whole specimen. A continuation of
the previous workwas then performed to account for the effect
of high-tensile steel (Gordo and Guedes Soares 2009) and
frame spacing (Gordo and Guedes Soares 2014, 2015). In this
experimental study, the specimens are made of very high-
tensile steel with the 690-MPa nominal yield stress. The box
girder is also subjected to pure bending moment to obtain the
ultimate strength and collapse behaviour, with tension on the
bottom and compression on the top of the box beam. Lin et al.
(2019) recently also conducted an experimental and numerical
work on this topic. Numerical work can also be found in
Pollalis and Samuelides (2013) and Benson et al. (2013).

The ship hull structure can suffer damage due to grounding
(Prestileo et al. 2013), collision (Liu et al. 2017a) and any
other contacts during the ship’s service life. Even minor col-
lisions between ships can be studied by considering the exter-
nal dynamics (Villavicencio and Guedes Soares 2014), but the
final consequences must also account for the internal dynam-
ics (Liu et al. 2017a), including detailed finite element analy-
sis. When only low intensity is involved, both in collisions
(Villavicencio et al. 2013; Liu et al. 2015) and in groundings
(Liu and Guedes Soares 2015), simplified analytical methods
are able to produce acceptable results of the local damage.
However, apart from local denting damage, which is observed
in minor collisions with neighbouring objects, rupture damage
(Liu et al. 2014, 2017b) often appears in serious collision or
grounding accidents, some of which may involve high strain
rate and appropriate criteria need to be used then (Liu et al.
2018; Liu and Guedes Soares 2019).

Therefore, the study of the impact tolerance of hull girders
is necessary in order to assess the residual ultimate strength of
the ships after impact-induced damage. There have been sev-
eral studies related to the residual ultimate strength assessment
of hull girder in recent decades. For example, Luís et al.
(2009) have studied the effect of damage due to grounding.
Notaro et al. (2010) investigated the effect of damage shape on
the residual ultimate strength of ship hull girder. Hussein and
Guedes Soares (2011) studied the ultimate strength of the
intact and damaged bulk carrier in sagging and hogging
conditions where two damage scenarios were assumed,
collision at the side and grounding at the bottom. Benson
et al. (2016) developed a method to assess the global ultimate
strength of damaged hull girders.

Considering the complexity of the hull girder and the ex-
pensive computational cost of detailed finite element analysis,

simplified box beammodels have beenwidely adopted to gain
insight into the progressive collapse behaviour of post-
accidental strength of the ship structure (Gordo and Guedes
Soares 2000; Cho et al. 2016). Putranto and Kõrgesaar (2020)
explained the effect of damage shape on the ultimate strength
reduction with a simplified box beammodel, where the height
of the damage was kept constant while the shape and length
were varied. The effects of other damage characteristics like
damage height and region are investigated herein.

This paper analyses the ultimate strength of box beams
after lateral impact loading. Box beams are firstly subjected
to impact loading and then four-point bending (FPB) loading
is imposed on the damaged structures to assess the residual
strength using ANSYS/LS_DYNA. The collapse behaviour
of the intact box beam is also studied herein for reference.
Both the impact-induced deformation and stress are included
in the FPB simulation. The ultimate moment and collapse
modes are discussed considering the effect of the impact
location.

2 Numerical Simulation

2.1 Four-Point Bending Model Verification

The FPB simulation is verified based on the experimental
results given in Gordo and Guedes Soares (2009). The col-
lapse behaviour of three box girders under pure bending
moment is presented in the paper, where the H200 model
is selected as a reference for model verification herein.

The meshed model is shown in Figure 1. The box girder
specimen is 100 + 200 × 4 + 100 mm in length with 5 web
transverse frames (L 50 × 20 × 6 mm) inserted in the section.
There exist 5, 2 and 1 longitudinal stiffeners (flat bars 20mm×
4 mm) in the upper plate, side plate and bottom plate, respec-
tively, as shown in Figure 2. All the plates are 4 mm in thick-
ness. The thickness of the supporting parts in two ends was set
as 10 mm to avoid buckling at the parts that contact with the
loading and supporting hollow cylinders directly. The loading

Figure 1 The meshed model of the box beam
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and supporting hollow cylinders are defined as rigid with
length of 1000 mm and radius of 50 mm. Shell elements are
used for modelling the box beam. After analysing the mesh
sensitivity, the mesh size of elements with 25 × 25 is found to
be suitable to guarantee both the time saving and accuracy of
the calculations. For the extended parts at the two ends, the
mesh size is set as 150 mm, with a transition section between
the tested box beam and the extended part.

The appropriate and accurate definition of material proper-
ty is an important part of FEM analysis, which highly affects
the numerical results and agreement with the physical exper-
iments. As shown in Benson et al. (2013), the true stress-strain
curve could fully describe the material characteristic and en-
sure a precise treatment of the plasticity. It is vital for the
progressive collapse analysis of box beam and also for the
simulation of impact scenario.

Benson et al. (2013) take advantage of the complete stress-
strain curve of S690 (Sedlacek andMüller 2001) andmodified
power law to describe the initial yield plateau characteristic.
The power law describes the S690 material property as fol-
lows:

σep ¼ σY if εep≤εplat
K εep−ε0
� �n

otherwise

�
ð1Þ

ε0 ¼ εplat−
σY

K

� �1=n
ð2Þ

where the constants are set as follows: K = 1250 MPa, n =
0.12, εplat = 0.0124, σY = 745 MPa and E = 211 GPa. The giv-
en stress-strain relationship is plotted in Figure 3.

Automatic surface-to-surface contact is defined between
the hollow cylinders (both loading and supporting cylinders)
and the box girder, with the static friction coefficient being
0.3. Prescribedmotion is imposed on the top loading cylinders
with the vertical velocity of 0.1 m/s, which is faster than the
quasi-static loading rate. This is possible since the strain rate

sensitivity behaviour of the material is omitted for this simu-
lation. All the other degrees of freedom are fixed and only
vertical motion is freed to keep the loading cylinders moving
straight. The bottom supporting cylinders are constrained in
all directions with no motion during the whole loading
process.

For the moment-curvature relationship, the vertical bend-
ing moment is calculated as:

M ¼ L� F=2 ð3Þ
where F is the loading force and L is the distance between the
loading point and the support. The curvature is calculated by
transforming the horizontal displacements of the related four
nodes on both ends of the test part, as shown in Figure 4.

There exist two transverse plates at the end of the test part,
so the section is stiff enough to keep the length between node

Figure 2 Cross section of box beam Figure 3 Stress-strain relationship of S690

Figure 4 Curvature calculation
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A and node B (AB ) constant in the loading process, which

holds for CD as well. The length of arc BD is represented as
the straight length of BD for the rotational angle is quite small.
The curvature, k, of the arc BD is calculated as:

k ¼ arcsin
X 1 þ X 2

H

� �
þ arcsin

X 3 þ X 2

H

� �	 

=L ð4Þ

where X1, X2, X3 and X4 are horizontal displacements of the
node A, B, C and D. H is the height of box beam and L is the
length of BD.

The calculation for the moment-curvature relationship based
on the horizontal displacement from the numerical result is
shown in Figure 5. The ultimate moments are 1532 kN m
and 1508 kN m for the two cases where the spacing between
loading point and supporting point is 3.35 m and 2.85 m re-
spectively. The relative difference is about 0.4% and − 1.2%,
comparing with the experimental result of 1526 kN m, while
the difference between the numerical and experimental results
in the plastic stage is obvious. The great discrepancy with the
experimental curves may originate from the inaccurate and
complicated material property in the plastic stage. It also shows
that the effect of spacing between the loading point and
supporting point is negligible with the loading point fixed at
the ends of test part. The numerical collapse mode is also com-
pared with the experimental result. Figure 6 shows that the
numerical model collapses in a similar way with the experi-
mental observation.

2.2 Impact Simulation

2.2.1 Impact Model Verification

The impact simulation is verified based on the impact test on
the stiffened plates for the lack of existing impact experiments
on the box beam with stiffeners. Villavicencio and Guedes

Soares (2012) conducted experimental drop weight impact
tests and numerical studies to examine the dynamic re-
sponse of stiffened plates struck by spherical indenters.
The specimens in the experiments are supported at two
opposite edges and impacted at different locations along
the span. Along the unsupported edges, the ends of the
stiffeners are either connected to transverse stiffeners or
remain free. The end-connected model is adopted here for
reference, which is similar to the impact scenario on the
upper or side panel of box beams.

The modelling includes the definition of boundary condi-
tion to simulate small axial displacement of the specimen, and
the definition of strain hardening property of the material
using the Cowper-Symonds constitutive model, which is de-
scribed in detail in Villavicencio and Guedes Soares (2012).

The time history of the contact force and absorbed energy
from the numerical results are compared with the experimen-
tal response, which is illustrated in Figure 7. It shows that theFigure 5 Comparison of the moment-curvature relationship

(a) Experimental observation

(b) Numerical results

Figure 6 Experimental and numerical collapse modes. (a) Experimental
observation (Gordo and Guedes Soares 2009). (b) Numerical results
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numerical simulation fits well with the experimental response.
The weld joints of the stiffeners are taken into account, so the
plate and stiffener thickness at their intersection are increased
in this model, which is noted as the welded model. Another
model using uniform thickness for the intersection, noted as
the uniform model, is also calculated to study the effect of the
increased weld intersection. Figure 8 shows that the difference
is negligible, so the simple uniform model, where the thick-
ness of the plate and stiffener is uniform, is adopted for all the
box beam model in the present study.

2.2.2 Impact Simulation Model

Following the verification of FPB simulation, impact on the
box beam is simulated with the model slightly modified,
which is shown in Figure 8.

The stiffeners are moved into the inner structure and trans-
verse frames are moved away. The meshing strategy is kept

unchanged for the whole box girder model. The material prop-
erty of the extended parts in two ends is changed from the
power law described model to the rigid model, avoiding any
deformation in the impact stage. The power law model is
adopted for the box beam, as illustrated in section 2.1. The
material fails when the strain exceeds the allowable or maxi-
mum strain. It should be noted that the rupture strain is highly
dependent on the element length in the numerical calculation.
According to the relationship curve between element length
and failure strain by Ehlers (2010), as shown in Figure 9, the
failure strain is set as 0.4 in the present study with the element
length of 25 mm.

The impactor is modelled as a hemisphere with radius of
50 mm, considering that the minimum spacing between the
stiffeners is 100 mm. Shell elements are adopted for the
hemispherical impactor and the thickness is set as 10 mm.
The mesh size is approximately 10 mm. The MAT_RIGID
material model is selected for the impactor to ensure no
deformation in the impact process. As the impactor is sim-
ply modelled as a hemisphere for the dynamic simulation,
an artificially large density is assigned to that striker so as to
give an appropriate mass in the real scenario. The initial
velocity is set as 3 m/s. The automatic surface-to-surface
contact algorithm is defined between the indenter and box
beam with the static coefficient of friction set as 0.3. The
impact point is changed to study the effect of damage loca-
tion, as shown in Figure 8. The notations such as B0 and S0
for different impact points represent different cases in the
following section.

2.2.3 Effect of Strain Rate

The Cowper-Symonds constitutive equation is introduced to
account for the dynamic material characteristics under impact
loading:

Figure 8 Modified cross section and impact location

(b) Energy-time

(a) Force-time

Figure 7 Comparison of time history curves between numerical
simulation and experimental results
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σd ¼ σ0 1þ εr
D

� �1=q
	 


ð5Þ

where σd is the dynamic flow stress corresponding to the uniax-
ial plastic strain rate εr, σ0 is the associated static plastic flow
stress, and D and q are constants for a specific material. The
constant D is usually set as 40.4 for the normal steel and 3200
for the high-strength steel, with q being 5 normally (Jones 1981).
Benson et al. (2013) studied the effect of impact rupture on the
residual strength of a box beam, although it is not clear whether
the strain rate effect was included or not in the impact simulation.

To understand the strain rate effect in the impact tolerance
study for the box beam with high-strength steel, the constant D
is set as 3200 and 40.4, respectively, with the model neglecting
the strain rate effect included herein for comparison. Figure 10
presents the contact force and energy absorption characteristics
in the impact simulation, where the strain rate constant D is
changed. It is found that the maximum force and absorbed
energy vary between different cases. The maximum force is
lower and the absorbed energy is higher when the strain rate
effect is neglected, indicating that the impact resistance is re-
duced. Hence, the dynamic material characteristics should be
accounted for in the impact simulation. The bigger dynamic
constant D represents that the strain rate effect is smaller, and
vice versa. The dynamic constantD is set as 40.4 for the normal
mild steel, as the strain rate effect is obvious. For the high-
strength steel, the strain rate effect is always limited and higher
dynamic constant (D = 3200) is more appropriate.

For the residual strength study, the box beams are first-
ly subjected to impact loading and then a four-point bend-
ing (FPB) loading is imposed on the deformed or dam-
aged structures to the strength limit. Accordingly, the
effect of the dynamic material characteristics is extended
into the FPB simulation. The box beams from the impact
simulation above, where the strain rate effect is included
or not, are then subjected to FBP loading. Figure 11
shows the moment-curvature relationship of the different
cases. It should be noted that the dynamic material char-
acteristics are not included in all the FPB simulations, so
the difference results from the different material defini-
tions in the impact simulation. The maximum moment is

999.6 kN m, 1040.4 kN m and 1022.8 kN m for the cases
of no strain rate, D = 40.4 and D = 3200, respectively.
Although the curves show similar trends, the difference
of maximum moment is not negligible. In the impact tol-
erance study, the strain rate effect cannot be neglected in
the first impact simulation.

2.2.4 Impact Results

The hemispherical impactor would induce inward deforma-
tion and residual tension stress on the box beams. Outward
deformation would appear in the side plate when the impactor
strikes on the upper corner, and vice versa, which is illustrated
in Figure 12. The absorbed energy in different cases is pre-
sented in Figure 13, which shows that the plastic energy in-
creases with the impact point moving from the plate centre to
the box corner.

(a) Contact force

(b) Energy absorption

Figure 10 Effect of strain rate constant D

Figure 9 The failure strain of steel plate versus element size
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2.3 Four-Point Bending After Impact Test

After the impact loading, box beams with impact-induced
deformation and stress are then subjected to FPB loading to
study the residual ultimate strength and corresponding col-
lapse behaviour. The loading and boundary conditions are
set as described in section 2.1. The collapse behaviour of the
intact box beam is also studied here for reference.

3 Results

3.1 Moment-Curvature Relationship

The moment-curvature relationship of box beams under FPB
loading is plotted in Figure 14. It displays that the curves may

be divided into three regions, as presented in Figure 14b. A
similar three-region moment-curvature relationship is also ob-
served in Saad-Eldeen et al. (2010). The first two regions are
nearly linear and the corresponding rigidity decreases in the
second stage. The large permanent deformation in the third
stage leads to great rigidity loss and a nonlinear behaviour.

The slopes of the moment-curvature curves in the first two
linear sectors are defined as flexural rigidity EI1 and EI2. The
flexural rigidity EI1 and EI2 and the maximum bending mo-
ment is 168 649 kNm2, 41 736 kNm2 and 1068 kNm respec-
tively for the intact model, which are taken as reference herein.
Table 1 presents the flexural rigidity EI1 and EI2 and the max-
imum bending moment for intact and deformed box beam. It
is found that the residual ultimate strength of box beam after
impact loading is highly dependent on the impact location.

From the case of S0 and S100, it is found that the impact on
the centre of the side plate has a minor effect on the ultimate
bending moment. The same phenomenon is also found in
Putranto and Kõrgesaar (2020), where the ultimate strength drop
is about 1.8% with crack or cut-out on the side shell of the box
beam. It may be explained that the deformed area is next to the
neutral axis and the damage does not cause large loss of inertia
moment to the box beam when compared with the intact model.
It is interesting that the ultimatemoment of the S0model is larger
than that of the intact model. It may be possible for the impact-
induced tension stress on the side plate to increase the capacity of
box beam to withstand bending moment. When the impact point
moves upwards, the ultimate moment loss become prominent,
with the percentage loss being 11.0%, 15.7% and 15.9% for the
case of S200, S250 and S300 respectively.

When the impactor strikes on the upper plate, it causes
large deformation on the upper panel. Because the upper panel
is far away from the neutral axis, even small deformation on
the upper plate would cause large inertia moment change to
the box beam. Consequently, the ultimate bending moment is
significantly decreased. As shown in the case of B0, B150 and

(a) B0 (b) B400

(c) S0 (d) S300

Figure 12 Plastic deformation after impact in different cases

Figure 11 Moment-curvature curves with different strain rate constants (D) Figure 13 Absorbed energy in different cases
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B225, large deformation appears on the upper plates and the
ultimate strength drop is about 3%, 6% and 12%, respectively,
which is obviously higher than that of S0 and S100 cases.

Impact near the box corner affects the ultimate strength of
box beam seriously and the ultimate moment reduction is quan-
tified as almost 20%, which could be seen from the case of B300
and B350. Two main reasons lead to the significant strength
reduction. Firstly, the damaged hard corner could not pro-
vide stiff support for the box beam under FPB loading,
which would reduce the structural capacity to resist the
bending moment. Secondly, the deformed corner inclined
the neutral axis of the box beam, which would induce bend-
ing moment in two planes under the same loading force, as
shown in Figure 15. For intact model under vertical loading
force, it will only deform in the horizontal plane, but when
the neutral axis rotates, the vertical loading force causes
deformation in both horizontal and vertical planes. It causes

asymmetric collapse mode, which will be explained in the
next section. As a result, the ultimate bending moment
drops greatly. When the indenter impacts on the box corner
from the upper side, the strength drop is minor, which is
shown in the case of B400.

Among all the cases, it is found that the impact on the point
that is 50 mm away from the edge (as shown in the cases of
B350) leads to the lowest residual strength, namely theminimum
ultimate bending moment. It should be noted that the absorbed
energy is the largest when the impactor strikes on the edge (case
B400), and the ultimate bending moment of case B400 is still
greater than that of B350. It is concluded that themost dangerous
impact point lies in half space away from the edge of the upper
plate in the present study. By checking the deformed box beam
after impact (see Figure 16), it is found that the greater deforma-
tion and sharp point in the case of B350 may explain the serious
strength drop when compared with the case of B400.

3.2 Modes of Collapse

The intact box beam collapses due to the formation of plastic
hinges at the middle of the stiffeners under large compressive

(a) Effect of impact location

(b) Three stages characteristics

Figure 14 Moment-curvature relationship

Table 1 Flexural rigidity and maximum bending moment

Cond. EI1 (kN m2) EI2 (kN m2) Max.BM (kN m) Relative diff (%)

Intact 168 649 41 736 1068 0.00

S0 166 063 52 246 1104 3.33

S100 145 220 38 603 1067 − 0.09
S200 134 767 47 356 962 − 10.96
S250 106 081 36 872 922 − 15.73
S300 97 891 46 401 921 − 15.92
B0 140 421 56 333 1043 − 2.34
B75 139 648 65 524 1066 − 0.13
B150 130 500 31 928 1010 − 5.72
B225 125 341 33 074 952 − 12.18
B300 115 410 31 280 890 − 19.91
B350 120 253 34 487 818 − 30.49
B400 139 033 15 167 1041 − 2.56

Figure 15 Deformed corner and rotated neutral axis
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loading. Plastic hinges in all stiffeners of upper plate mean that
they are loaded at stresses close to the yield stress. Numerical
results show that the plastic hinges appear almost at the same
time. It means that load is transferred quickly between the stiff-
eners which promotes the simultaneous collapse of the panel.
The failure of the compressed upper panel propagates to the side
structure leading to the failure of its plating. It needs to be noted
that plane sections do not remain plane during the plastic stage
and large deformations and rotations appear in the upper and side
plates. These axial and rotational deformations are more obvious
in the middle of the box beam, as shown in Figure 17.

For the case of B0, impact-induced deformation reduces the
inertia moment and leads to the ultimate moment reduction.
Because the deformation is symmetric, the structure collapses
in the similar way with the intact beam (see Figure 18).
Stiffeners of the upper plate yield and lead to the simultaneous
collapse of the panel, and failure of the compressed upper panel
propagates to the side structure leading to the failure of its plating.

When the impact point moves to the edge of the upper
panel, impact-induced deformation causes the inclination of
the neutral axis, which leads to the asymmetric collapse mode
of the box beam under the same four-point bending load. In
the case of B350, the upper stiffener close to the impact point
fails firstly, which causes the local collapse of the associated
plate, then the local failure of the associated plate propagates
to the adjacent side panel leading to the warp of the side panel.
The stiffeners next to the other side fail last and the associated
plate collapses globally, then the global failure of compressed
associated panel propagates to the corresponding side struc-
ture leading to the failure of its plating. As a result, the box
beam collapses in an asymmetric way with the left side panel

warped downward and the right side panel deformed outward,
as is shown in Figure 19.

When the impactor strikes on the corner from the upper
side, the striker would cause large inward deformation in the
upper plate and outward deformation in the side plate, as
shown in Figure 12. It should be noted that the upper stiffener
close to the impact point failed firstly and deforms inwards
under progressive compression, which leads to the local col-
lapse of the associated plate. The local failure of the associated
plate propagates to the adjacent side panel leading to the out-
ward deformation of the plating, while the other three stiff-
eners next to the other side fail lastly and deforms outward and
the associated plate collapses globally. The global failure of
compressed associated panel propagates to the corresponding
side structure causing the failure of its plating. As a result, the
box beam collapses in an asymmetric way with the left side
panel warped downward and the right side panel deformed
inward, which is shown in Figure 20. The two left stiffeners
fail inward and the three right stiffeners deform outwards,
causing the inward deflection on the left side and outward
deformation on the right side in the upper plate.

When the impactor strikes on the side plate, it will induce
inward deformation and tensile stress on the side panel after
rebounding. This initial condition causes a different collapse
mode of box beam under FPB loading, as the case of S0. The
upper panel deforms outward initially under compression for the
initial inward deformation and tensile stress on the side panel.
The box beam collapses due to the formation of plastic hinges in
the stiffeners under large compressive loading. It should be noted
that the position of plastic hinges is not totally the same in the
upper stiffeners, as may be seen in Figure 21. The plastic hinges
in the stiffener next to the damage side panel appear in the quarter
position while the others yield in the middle. The failure of the

(a) B350 (b) B400

Figure 16 Deformed corner of box beam

(a) Deformation (b) Failure of upper stiffeners

Figure 17 Failure mode of intact model

(a) Deformation (b) Failure of upper stiffeners

Figure 18 Failure mode of the B0 model

(a) Deformation (b) Failure of upper stiffeners

Figure 19 Failure mode of the B350 model
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stiffeners contributes to the collapse of the panel. The failure of
the compressed upper panel propagates to the side structure lead-
ing to the failure of its plating. The side panels deform inward
which is different from the outward deformation in the intact
model. Large deformations and rotations also appear in the upper
and side plates.

4 Discussion

In all numerical cases above, both the impact-induced stress
and deformation are included. In this section, the residual
stress after impact is not included, and then the ultimate
strength of the damaged box beam with impact-induced
deformationis only calculated and compared with the results
above to study the effect of residual stress after impact.

Table 2 displays the difference of maximum bending mo-
ment between the models with residual stress and those with-
out. It is found that the residual stress in the box beam after
impact may increase or decrease the ultimate strength, which
depends on the impact location. For example, in the case of
B0, the residual stress in the upper plate may increase the
ultimate strength of the box beam, where the upper plate is
compressed and the bottom plate tensioned under pure bend-
ing moment because the indenter would induce tension stress
in the upper plate when the impact is on the centre (as shown
in Figure 22), which could counteract the compression stress
in the FPB loading process. A similar effect is observed in the
cases of B75 and B150.

In the case of S0, the residual tension stress after impact in
the side plate decreases the ultimate moment of the box beam
under pure bending, because the residual tension stress chang-
es the neutral axis of box beam and leads to strength loss of the
box beam. Obviously, the stress state is much more complex
which needs to be examined in detail. A similar phenomenon
is observed in the cases of S100 and S200.

For the cases of S250, S300, B225, B300, B350 and B400,
the asymmetric deformationmode and complex residual stress
make the stress analysis much more difficult. From the nu-
merical results, the conclusion is only that residual stress after
impact increases the ultimate moment in the cases of S250 and
S300 and decreases the strength in the cases of B225, B300,
B350 and B400 when compared with the corresponding mod-
el without residual stress.

(a) Deformation (b) Failure of upper stiffeners

Figure 21 Failure mode of the S0 model

(a) Deformation (b) Failure of upper stiffeners

Figure 20 Failure mode of the B400 model

Table 2 Difference of maximum bending moment

Cond. Max.BM Relative diff

With RS Without RS

Intact 1068 1068 0

S0 1104 1111 − 0.61
S100 1067 1129 − 5.47
S200 962 989 − 2.77
S250 922 909 1.39

S300 921 907 1.52

B0 1043 1018 2.49

B75 1066 1010 5.56

B150 1010 997 1.30

B225 952 965 − 1.39
B300 890 911 − 2.32
B350 818 818 − 0.01
B400 1041 1074 − 3.11

RS means the residual stress after impact

Figure 22 Residual tension stress in the upper plate of B0 case
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5 Conclusion

This paper studies the ultimate strength of box beams after lat-
eral impact loading and presents the collapse behaviour of intact
and damaged box beams under four-point bending moment.
The influence of the impact location is considered herein, which
covers both the side and upper panels. The FPB simulation and
impact simulations are validated by comparison with the
existing experimental data separately. In addition, the box beams
are firstly subjected to impact loading and then four-point bend-
ing (FPB) loading is imposed on the damaged structures to
assess the residual ultimate strength. Both the impact-induced
deformation and initial stress are included in the FPB simulation.

The results clearly show that the impact location has a
significant influence on the residual ultimate bending moment
of the damaged box beam provided that the impact energy is
kept constant. Among all the cases, it is found that impact on
the upper plate point that is half spacing away from the edge
(as shown in the cases of B350) leads to the minimum ultimate
bending moment, namely the lowest residual strength. The
most dangerous impact point lies in half spacing away from
the edge in the upper panel.

The collapse modes also change much with the impactor
striking on different locations. Damaged hard corner and in-
clined neutral axis may explain the reduction of ultimate
strength and diverse collapse modes. It is also found that the
residual stress in the box beam after impact may increase or
decrease the ultimate strength, when compared with the cor-
responding model without residual stress, which depends on
impact location.
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