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Abstract— The aim of the work is to numerically analyses  the various dent parameters dent length (l), dent width (w), dent 
depth (Ld) and dent angle (휃) on ultimate strength of thin dented square plates with rectangular dent at two different angles 
with distributed initial imperfections under uni-axial compressive load in a simply supported boundary conditions. Ultimate 
strength of the dented plate is determined by the steady state non-linear FE analysis including both material and geometrical 
non linearities. Four equations have been generated to estimate the ultimate strength as a function of plate slenderness and 
dent ratio. 
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I. INTRODUCTON 
 
Thin steel plates are integral part of stiffened steel 
plates employed in bridge girders, offshore platforms 
and aerospace industries. The boundary conditions, 
deterioration arising from corrosion, geometric or 
material properties, loading characteristics, and initial 
imperfections are the variety of influential factors that 
depends on the behavior of ship plating.  Still  no of 
problems to be completely solved to achieve more 
advanced buckling that needs more sophisticated 
methods than the most existing simplified 
approaches. Jeom Kee Paik [1] focused on five 
subjects theoretically, numerically and 
experimentally: mathematical modeling of fabrication 
related imperfections, characteristics of the plate 
buckling with elastically restrained edge conditions, 
capacity equations based on buckling and ultimate 
strength under combined loads under axial 
compressive dynamic loads, and design equation of 
the plate capacity under impact lateral pressure 
loading.  Paik et al [2] numerically studied the 
ultimate shear strength of dented plates and expressed 
a formula to predict the dented plates ultimate shear 
strength.  They arrived at conclusion that dents 
located near edges affect the shear loading capacity 
less than the centrally located dents.  Raviprakash et 
al. [3] in their work, numerically studied about the 
effect of transverse/longitudinal dent on the ultimate 
strength of a thin square plate under uni-axial 
compression and it was concluded that longitudinal 
dent affect the ultimate strength less drastically than 
the transverse dent. Sidhuvilaji et al [4] in their regard 
numerically studied the axially compressed dented 
square plates on ultimate strength with distributed 
initial imperfections where transverse and 
longitudinal dent are carried out without angles. Dow 
et al [5] studied about the effect of localized initial 
imperfections slightly depends on the shape and 
position and strongly depends on the amplitude along 
the length . Sidhuvilaji et al [6] numerically analyzed 

about the combined effect of distributed initial 
imperfections and dent on square plates under uni-
axial compression in which various plate thickness 
with different local dent depth are considered. From 
the above studies it is clear cut that the angle of local 
dent is not considered by their work to the best 
knowledge of the author. In the present efforts are 
made to analyze the post collapse behavior and 
ultimate strength of square plates with various dent 
parameters like dent length (l), dent width (w), dent 
depth (Ld), and dent angle (휃) on the ultimate 
strength of the thin square plates of different 
thickness. For this purpose, FE models of perfect 
plate with a centrally located dent of different size 
and angles of orientation are generated and analyzed 
using non-linear static buckling analysis module of 
general purpose FE software ANSYS V12, under 
uniaxial compressive loading with simply supported 
boundary conditions. 
 
II. FE MODELING 
 
The suitable element for analyzing thin to moderately 
thin shell structures in ANSYS is SHELL181. This 
element can handle membrane, bending and 
transverse shear effects. It is a 4 node element with 
six degrees of freedom at each node. It is well suited 
for linear, large rotation, and/or large strain nonlinear 
applications. It has plasticity and stress stiffening 
capabilities. 

 
2.1. Thin plate model 
In the present work, a square structural steel plate is 
considered for the analysis. The material properties 
and dimensions of the structural steel plate [2][6] are 
as follow 
Young’s modulus (E)  = 2.058× 	10  N/푚푚  
Yield stress (휎 )   = 313.6 N/푚푚  
Poisson’s ratio (훾)  = 0.3 
Mass density (r)   =7800 kg/푚  
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Length (a)   = 500 mm 
Width (b)   =500 mm 
Thickness (t) =4, 8, 10, 14, 18, 20mm 
Angle (휃)   = 45°, 135°. 
Zero strain hardening effect is assumed  
 
2.2. Boundary conditions  
In the present work simply supported boundary 
conditions is carried as shown in fig.1 is applied in all 
edges of the thin plate and uniform displacement 
loading is applied on one side of plate model and 
corresponding opposite side is restrained from 
moving along load direction [7].All the nodes along 
the four edges of the plate are constrained for 
deflection and rotation along the thickness direction 
(Uz,Rotz = 0).  
.   

 
Fig. 1. Boundary condition and loading condition 

 
Apart from it, the reactive edges are constrained 
against axial deformation (Ux = 0). All the nodes 
along the unloaded three edges are coupled for in-
plane displacement (Uy) to simulate lateral (in-plane) 
restraining effect of the adjoining structure on an 
isolated square plate [4]. 
 
2.3. Modelling of dented plates  
Square plate with local dent will be analyzed, the dent 
length (l) and dent width (w) as shown in Fig. 2.For 
various engineering application the thickness of 
plates were selected from 4 mm to 20 mm in the 
present analysis. The principal parameter governing 
the buckling strength of bare plate is the plate 
slenderness (β) defined as: 

The plate slenderness of the analyzed plates varies 
from 0.975 to 4.8795. One mode of initial 
imperfection is considered in the analysis and 
modelled as one half downward wave, based on the 
Fourier series, as given in Eq.2 

 
Where x is the longitudinal axis, y is the transversal 
axis and 휔  is the imperfection amplitude. The 
average initial imperfection amplitude for the 
analyzed model is the following expression [9] 

 

Where α = 0.15 as given in [9] and β is the plate 
slenderness.The dent ratio is expressed as the ratio 
between local dent depth and plate thickness. The 
dent ratio of the analyzed plate varies from 2.25 to 
0.45.  
 

Fig.2. (a) Longitudinal local dent at 45 degree (b)Longitudinal 
local dent at 135 degree (c)Transverse local dent at 45 degree 
(d)Transverse local dent at 135 degree. 
 
III. RESULTS AND DICUSSIONs 
 
3.1. Effect of Global Geometric Imperfection 
without Dent 
Fig.3 shows the relationship between normalized 
ultimate strain and normalized ultimate stress with 
global geometric imperfection and without local dent 
for various plate thickness from 4 mm to 20mm.  

 
3.2. Effect of global geometric imperfection with 
Local Dent 
i) Longitudinal and transverse dent at angle 45°  
The ultimate strength of plate increases with increase 
in plate thickness. For lower plate thickness the local 
dent effect get dominated by the global thickness the 
dent effect is predominately seen over the global 
deformation. In a thickness the increase in local dent 
depth gradually decreases the ultimate strength. 
Comparatively the longitudinal dent have higher 
ultimate strength than the transverse dent. 
 

 
Fig. 3 Ultimate strain Vs Ultimate strength with only global 

geometric imperfections. 
 
ii) Longitudinal and transverse dent at angle 135° 
The change in the angle of the dent applied by this 
authors has no severe effect in the ultimate strength. 
The angle 135° of the local dent gives an ultimate 
strength nearly equivalent to the ultimate strength at 
angle 45°. 
The table show that the increase in plate thickness 
increase the plates buckling strength and the ultimate 
strength in turn gets increased. It is noted that at all 
plate thickness the ultimate strength of the plate with 
only global imperfection is lesser than the ultimate 

휔 = 훼훽 푡																																																												Equ.3 

휔 = 휔 푠푖푛 푠푖푛                                  Equ.2 

훽 = 																																																									Equ.1 
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strength of the plate with both local dent and global 
imperfection. The reason for this effect may be 
attributed due to the fact that dent shape enhances the 
stiffness of the dent region. The ultimate strength 
value of both the angles are approximately equal for 
same plate thickness and local dent depth. 
Fig. 4 and Fig. 5 show the von Mises stress 
distribution of the plate with a longitudinal dent and a 
transverse dent respectively at angle 45° on the dent 
side of the plate, on reaching limit load condition 
where stress condition in thick plates are much sever 
than thin plates. From the Fig.6 it can be visualized 
that the slope of the load deformation curve is 
constant up to certain load level during which the 
deformation occur only in the dent region due to dent 
alone. On further loading, because of domination of 
the global deformation over the deformation due to 
dent alone, causing change in the slope of the curve 
and then plate reaches the collapse load when the 
slope of the curve becomes zero. The above said fact 
understood from Fig. 7 and Fig.8 which shows the 
displacement of the nodes located alone the 
longitudinal axis of the plate at different load sub 
steps mentioned as L1, L2.  
 
3.3. Ultimate strength ratio  
The ultimate strength ratio (USR), is expressed as the 
ratio between ultimate strength of the plate with 
global imperfection with a local dent (휎 ) to that of 
ultimate strength of the plate with global imperfection 
without dent (휎 ) relation obtained due to the 
variation of the local dent depth from 1mm-9mm, as a 
function of Plate slenderness (β) and Dent ratio (훿 ) 
 
Table1: Ultimate Strength of the plate with a longitudinal and 

transverse dent for varied plate thickness and dent depth. 

 

Where,  
t  – thickness of the plate in mm. 
휎   – Ultimate strength with global 

imperfection in (N/푚푚 ) 
Ld  – local dent depth in mm 
휎 	 – Ultimate strength with global 

imperfection and local dent in 
(N/푚푚 ) 

LLD  – longitudinal local dent 
TTD  - transverse local dent 
 
 

 
(a) t = 4 mm ( at angle 45°) 

 
(b) t = 20 mm ( at angle 45°) 

Fig. 4. von Mises stress distribution of the plate with a 
longitudinal dent with varied dent depth for plate thickness of 

4mm, 20mm 
 

(a) t = 4 mm ( at angle 45°)

(b) t = 20 mm ( at angle 45°)

 
Fig. 5. von Mises stress distribution of the plate with a 

transverse dent with varied dent depth for plate thickness of 
4mm, 20mm  

 

 
Fig. 6. Normalized Ultimate Strain and Ultimate Stress for 

various plate thicknesses. 
 

 
Fig 7. Lateral deformation of 4 mm plate thickness for two sub 

loading condition. 
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Fig. 8. Lateral deformation of 20 mm plate thickness for two 

sub loading condition. 3.3. Ultimate strength ratio 
 
3.3.1. Plate Slenderness 
The Fig.9 shows the relationship between the plate 
slenderness and ultimate strength ratio of the dented 
plates at two different angles based on FEA results. In 
case of longitudinal dented plates as the plate 
slenderness increases from 0.9759001 to 1.9518001, 
USR increases gradually up to 1.184389 and on 
further increase in plate slenderness up to 4.8795003, 
USR decreases to 1.05556.In transverse dented 
plates, USR gradually increases to 1.211826 up to 
plate slenderness of 1.9518001 and their after USR 
decreases to 1.045078 for increasing value of plate 
slenderness to 4.8795003. 
 

  
 

 
Fig.9.Plate slenderness Vs Ultimate strength ratio (USR) 

 
From this figure it proves that ultimate strength of 
longitudinal dented plates is greater than the 
transverse dented plates. The ultimate strength ratio 
are drastically same for the two angles. Two 
relationship between the plate slenderness vs USR 
have generated based on FE results is given in Eq. 4, 
Eq. 5 for longitudinal and transverse dented plates at 
angles 45°, 135°	respectively. 

3.3.2. Dent ratio  
Fig.10 shows the relationship between the dent ratio 
and ultimate strength ratio of the dented plates for 
two angles based on FEA results. From this figure it 
can be noted that in case of longitudinally dented 
plates as the dent ratio increases from 0.45 to 0.9, 
USR increases gradually up to 1.216 and on further 
increase in dent ratio to 2.25, USR decreases to 
1.039. Similarly in case of transversely dented plate, 
USR increases gradually to 1.197 up to dent ratio of 
0.9 and their after USR decreases to 1.047 for 
increasing value of dent ratio to 2.25.   
 

Fig.10.Dent ratio Vs Ultimate strength ratio (USR) 
 
Here it conforms that USR values of the longitudinal 
dented plates is higher than that of transversally 
dented plates. A relationship has framed between the 
dent ratio vs ultimate strength for two angles based 
on FE results is given in Eq. 6, Eq.7 for longitudinal 
dented plates and for transversely dented plates 
respectively. 
 

 
 
CONCLUSION 
 
The numerical analysis carried out in this work for 
dented plates arrives at following conclusions. 

1. The plates with both geometrical 
imperfection and local dent have higher 
ultimate strength than the plates with only 
geometrical imperfections. 

2. The ultimate strength of the plate increased 
by increase in the plate thickness. 

3. The plate with 10mm thickness and local 
dent depth 1mm is found to be the optimum 
value by this study which gives an ultimate 
strength ratio (USR) of 1.28. 

4. The plate with longitudinal dent have greater 
ultimate strength than the transverse dented 
plates. 
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5. The dent effect in lower plate thickness gets 
dominated by the global deformation. 

6. Here both the dent ratio and plate 
slenderness influence the USR to increase up 
to certain range their after decreasing trend 
is noticed. 
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