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Abstract- The main aim of this paper is to determine the most critical geometrical parameters of dent, out of two 
geometrical parameters considered namely extent of dent and Dent Depth (DD). Extent of dent can be of any shape but for 
simplicity it is taken as corner rounded square shape and the measure for this shape is taken as Dent Side Length (DSL). In 
order to accommodate these two parameters simultaneously, FE models of thin plate with centrally located dent of thin plate 
are generated by varying the Dent Side Length (DSL) and Dent Depth (DD). These generated FE models are analyzed using 
static nonlinear FE analysis module of ANSYS including both geometrical and material non-linearities to determine the 
ultimate strength of the dented thin plates. Non-linear response surface regression analysis is carried out to fit response 
surface for ultimate strengths which are obtained from FE numerical analysis results taking the DSL and DD as input 
variables. From the regression analysis, it is found that Dent Depth is more dominant factor than extent of dent. 
 
Keywords- Dent – Ultimate Strength Ratio (USR), Dent Depth (DD) - Extent of Depth – Non Linear FEA. 
 
I. INTRODUCTION 
 
Thin steel plates are integral part of stiffened steel 
plates which are employed as primary elements of 
ship structures and other marine and aerospace 
structures. Under normal operating conditions, the 
plates between stiffeners experience significant 
compressive loading during hogging and sagging 
movements of ships1. Local buckling of collapse of 
plate between stiffeners under compression loading is 
considered as one of the basic failure modes. Thin 
plate shell structures are prone to a large number of 
imperfections, owing to their manufacturing 
difficulties. These imperfections affect its load 
carrying capacity. The imperfections present in thin 
plate shells are classified as geometrical 
imperfections, material imperfections and other 
imperfections. Out of all these imperfections, the 
geometrical imperfections are more dominantly affect 
the load carrying capacity. Dent is one of the 
common local geometrical imperfections which may 
be formed due to mechanical damage caused by 
impact or accidental loads. Reliable prediction of 
collapse pressure of these structures is important 
because the buckling failure is catastrophic in nature. 
 
As this work discusses about effect of local 
geometrical imperfections namely dent on buckling 
behavior of dented plates only, studies related to local 
geometrical imperfections are discussed here. 
Po’lchikov[2] discussed about the determination of 
stress concentration around dents (spherical and 
elliptical shapes) and mutual effect of dents on axially 
loaded thin plates through asymptotic analysis. Dow 
and Smith[3] studied numerically the effect of 
localized imperfections on the buckling behavior of 
rectangular plates under uni-axial longitudinal 

compression. One of the important conclusions made 
was that the amplitude of the localized imperfection 
is the dominant parameter on collapse of plates and 
the position of the localized imperfection does not 
significantly affect the strength of the plate. Paik et al. 
[4] and Paik[5] investigated about the ultimate 
strength of dented steel plates subjected to axial 
compression and shear loads with simply supported 
boundary conditions considering the effects of shape, 
size and location of the dent. From the computed 
results empirical formulae were derived to predict the 
ultimate strength of the dented plates.  Luis and 
Guedes Soares [6] studied the effect of localized 
imperfection and its spatial location on the ultimate 
collapse load of a plate structure assembly subjected 
to compressive loading and it was concluded that the 
effect of position of the localized imperfections 
depends on the final shape of the imperfections 
consisting of global and local imperfections.  Luis et 
al.[7] studied the effect of dimple imperfections on 
ultimate strength of the plates subjected to 
compressive loads. It was found that the effect of the 
dimple imperfection is higher at unloaded edge of the 
plate and also the strength of the plate depends on 
amplitude of imperfections and on the slenderness of 
the plate. Raviprakash et al [8] studied about the  
influence of various dent parameters (dent length, 
dent width, dent depth and angle of orientation of the 
dent) on the ultimate strength of a thin square plate 
with a centrally located dent was studied using 
nonlinear static finite-element analysis, under uni-
axial compressive loading with simply supported 
boundary conditions. 
 
Hai et al.[9] studied about the influence of multiple 
defects namely initial distortions, weld residual 
stresses, cracks and local dents on ultimate strength 
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of the plate and from the computed results 
expressions for reliability index were derived.  Hai et 
al.[10] proposed a reliability method to determine 
global reliability index and sensitivity expression of 
reliability index for dented plate structures using 
ultimate strength reduction factor. Raviprakash et 
al.[11] in their work numerically studied about the 
effect of transversely and longitudinally located dents 
on the ultimate strength of a thin square plate under 
uni-axial compression and it was concluded that 
transversely oriented dent affects the ultimate 
strength of the plates more dominantly than the 
longitudinally oriented dent. Zhi-gang et al.[12] 
experimentally studied about effects of the dent on 
the residual ultimate strength of the 2024-T3 
aluminum plates through axial compression tests. The 
dents were formed on the plates through drop-weight 
impact test setup using five types of impactors. 
Results indicate that the ultimate compressive 
strength of the plate is not affected significantly by 
only the dent, whereas the plate global deflection 
induced during impact governs the primary 
characteristics of the ultimate strength reduction. 
Also the mathematical expressions were derived 
between impact energy factor and the dent depth 
factor and between the compressive ultimate strength 
reduction rate and the dent depth factor. Saad-Eldeen 
et al. [13] numerically studied buckling behavior of 
uni- axially compressed rectangular steel plates with 
a local dent. From the computational results empirical 
formulae were derived accounting for an initial global 
imperfection, residual stresses, openings, corrosion 
deterioration and existence of dents. Xu and Guedes 
Soares[14] studied about the stiffened panels having a 
wide dent at the middle bay of the panel (2 & 3 way 
panels) using nonlinear FE analysis. And it was 
concluded that residual stress induced during 
indentation of dent slightly affects the ultimate 
strength of the stiffened panel. 
 
From the above literature survey and also to the best 
of the knowledge of authors none of the work 
compares the effect of extend of dent and dent depth. 
Hence in the present work efforts are taken to 
determine more dominant dent geometrical parameter 
out of above said two geometrical parameters. Extent 
of dent can be of any shape (since shape of dent  
doesn’t have much effect on ultimate strength of the 
plate as stated in Ref. Paik et al. [4] and Paik[5] ) but 
for simplicity it is taken as corner rounded square 
shape and the measure for this extent of imperfections 
shape is taken as Dent Side Length (DSL). In order to 
accommodate these two parameters simultaneously, 
FE models of dented thin plates (of size 500mm x 
500mm with varied shell thickness(t) of 4, 
8,12,16,20mm) having a centrally located dent with 
varied DSL (varied as 200,300 and 400mm) and DD 
(varied as 0.5t, 1t, 1.5t 2t and 2.5t ) are generated. 
These generated FE models are analyzed using static 
non- linear FE analysis module of ANSYS including 

both geometrical and material non-linearities to 
determine the ultimate strength of the dented thin 
plate. Using the numerical analysis results response 
surface for ultimate strength of dented plate is fitted 
and from which most dominate parameters is 
determined. 
 
II. MODELING 
 
Eight noded quadrilateral shell element, SHELL281 
of ANSYS12 is used for modeling the thin plate 
shells with dents. This element can handle membrane, 
bending and transverse shear effect, and also able to 
form curvilinear surface satisfactorily. This element 
also has plasticity, stress stiffening, large deflection 
and large strain capabilities. 

 
2.1. Thin plate shell model 

 
The thin square steel plates taken for study (Suneel 
Kumar et al.[1]) is  

 
Zero strain hardening effect is assumed. 

 
Paik et al[4] and saad-Eldeen et al.[13] in their works, 
it was indicated that plate slenderness ratio (here it is 
referred as SLR) which is a non-dimensional 
accounts for both geometrical and material 
parameters of plate, to determine the buckling 
strength of the intact plate. Hence in this work also it 
has been taken as one of the important parameter to 
develop the response surface of ultimate strengths of 
the dented plates. Plate slenderness ratio (SLR) is 
defined as 

SLR =           (1)  

 
Where σy is the yield strength, E is the material 
young’s modulus, t is the thickness of the plate and b 
is the width of the plate. The plate thickness is varied 
from 4 to 20mm in order to have plate slenderness 
ratio in the practical range of 0.75 to 5 (saad-Eldeen 
et al[13]) 

 
2.2 Boundary and loading conditions 
Simply supported boundary conditions along all the 
edges of the plate as shown in figure 1 are used in the 
analysis and uniform displacement loading is applied 
on one side of the plate model and corresponding 
opposite side is restrained from moving along load 
direction (Suneel Kumar et al.[1]).  All the nodes 
along the four edges of the plate are constrained for 
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deflection and rotation along the thickness direction 
(Uz, Rz = 0). Apart from it, the reactive edge is 
constrained against axial deformation (Uy = 0). 
 

 
Fig.1. Geometry, boundary conditions and loading conditions 

used in the analysis. 
 
All the nodes along the unloaded edges are coupled 
for in-plane displacement (Ux) to simulate lateral (in-
plane) restraining effect of the adjoining structure on 
an isolated square plate (Jana and Bhaskar[15]).  
 
Both geometric and material nonlinearities are 
considered in the analysis. Large displacement static 
analysis with stress stiffening option is activated in 
geometric nonlinear analysis and von Mises yield 
criteria is used in material nonlinear analysis. Equal 
increments of axial edge displacement (Uy) of 
magnitude 0.1 mm are applied at the loading edge. 
Nonlinear equilibrium equations are solved using 
Newton-Raphson iteration process. Summation of 
axial force at all nodes along the reactive edge for 
every displacement increment gives axial load acting 
on the plate. 

 
2.3 Model Validation  
2.3.1. Validation with published FE result 
Validation of the non-linear analysis of the developed 
FE model is done with the published results of  Paik 
et al.[17] and Suneel Kumar et al.[1]. For this 
purpose, a steel plate of size 500 x 500 x 3.2 mm 
(Suneel Kumar et al.[1]) under axial compression is 
considered for the study.   
 

 
Fig.2. Comparison of load Vs. out of plane displacement of the 

center point of FE model validated with Paik et al.[17]. 
 
The yield strength of plate σy is considered as 264.6 
MPa with Young’s modulus of elasticity (E) as 205.8 

GPa and Poisson’s ratio () as 0.3.  From the mesh 
convergence study performed, it is found that 40 x 40 
element fine mesh gave an ultimate compressive 
strength of 393.87 kN, which is very much closer to 
the published result of 392.93 kN by Suneel Kumar et 
al.[1].  A comparison of load vs. out of plane 
displacement of the center point of FE model of the 
undented plate with the published result of Paik et 
al.[17] is shown in figure 2  and is found to be in 
good agreement. Thus both element selection and 
accuracy of analysis is verified. 

 
2.4 Modeling of dented thin plate   
A dent has been modeled using the shape given in 
equation (2), which is similar to the equation given in 
Guggenberger [19],Prabu et al.[20,21], Raviprakash 
et al.[22], Rathinam and Prabu [23] for modeling the 
dent. 

                 
 
 
 

       (2)    
With: -DSL/2 < x1, x2 < DSL/2  

Where, δ is the inward displacement of dent x1 is the 
distance from the center of the dent to point on the 
dent along longitudinal axis of the dent and x2 is the 
distance from the center of the dent to point on the 
dent along transverse axis of the dent. 
While modeling localized geometrical imperfections 
such as dents, the following three points have to be 
considered carefully.   
1. Modeling the dent shape accurately.  
2. At the places where there is change of curvature 

present in the shell structures, the change of 
curvature may cause local bending stress at those 
regions. Hence it is essential to model the 
surrounding region carefully (Cook et al.[24]).  

3. Size of the element in the dent region. According 
to Song et al.[25], when the element size is 
reduced to half the previous element size, the 
variation in the buckling strength should be less 
than 1%. 

 
In this work, all the above three points are taken into 
account carefully.  A sample of the FE model of 
dented thin plate generated using SHELL281 element 
of ANSYS12 is shown in Figure 3(a) and its 
isometric view is shown in Figure 3(b).      
 

 
Fig. 3. (a) FE Model    (b) Isometric view of the dented plate 
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III. RESPONSE SURFACE REGRESSION 
MODELING   
 
Since the study is about the determination of more 
dominant geometrical parameter out of two 
parameters namely DSL and DD, both the dent 
parameters and SLR are considered as independent 
variables. For this work, SLR is varied as 0.98, 1.22, 
1.63, 2.44 and 4.88, DSL is varied as 200, 300 and 
400mm and DD is varied as 0.5t, 1t, 1.5t, 2t and 2.5t.   
Since SLR, DSL and DD have different spans of 
magnitudes and to make it to have same span 
variation all the variables are converted into coded 
values between -1 to 1 as given in table 1.  The 
numerical results obtained by varying DSL (x1) and 
DD (x2) and SLR (x3) are fitted to quadratic 
polynomial model using MINITAB 17.0  in the 
general equation (3). 

Y = 	 β + β x + β x + β x + β x +
β x + β x + β x x + β x x 	+ β x x    

 (3) 
 
Where Y is predicted response, here it is Ultimate 
Strength Ratio (USR) which is defined as the ratio of 
ultimate stress value of dented plate (based on 
loading surface area) to yield strength of the plate and 

β , β ,β ,β , β ,β ,β ,β ,β ,β  are model 
coefficients.  
 

 
Table 1. The actual values of the factors 

 
IV. RESULTS AND DISCUSSION 
 
The USR values obtained from FE non - linear 
analysis of different FE dented plate models taken for 
study are tabulated in table 2 and are used as output 
variable for the given input variables of SLR, DSL 
and DD for response surface regression modeling. 
 
4.1 Effect of extent of dent and dent depth on 
USR. 
Figure 4 shows the effect of variation of extent of 
dent (DSL) and plate thickness at various dent depth 
(0.5t, t, 1.5t, 2.0t and 2.5t). 
 

 

 
Fig.4. Variation of USR with respect to extent of dent (DSL) and plate thickness. 
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From this figure 4 it can be noted that as DSL 
increases the USR decreases for a constant dent 
depth. For example, for the plate thickness t=8 mm 
(Figure 4b), DSL variation from 200 mm to 400 mm 
at lower dent depth (DD = 0.5 t)  reduction on USR 
value 5.4 % , whereas that of higher dent depth (DD 
= 2.5 t) reduction on USR value is 19.8 % . 
The maximum rate of reduction of USR (for t=8mm) 
for DSL variation from 200mm to 400 mm is 0.05 % 
per mm of DSL at lower dent depth (DD =0.5t) and 
0.1 % per mm of DSL at higher dent depth (DD= 
2.5t).Further it can be noted that, at lower shell 
thickness, the dent geometry has higher imperfection 
sensitivity on buckling strength than the higher shell 
thickness plate. For example, 4mm plate with DSL 
200 mm and DD=0.5t, USR value is 0.4898 and the 
same for 20 mm plate is 0.9308. 
 
Further it can be noted that at lower shell thicknesses 
i.e., at t = 4 and 8 mm, the effect of dent depth 
variation on USR is negligible for DSL= 200mm, 
whereas at DSL = 400 mm considerable effect on 
USR for DD variation can be noticed. For example, 
t=8 mm with DSL 200 mm, the reduction of USR for 
dent depth variation from 0.5t to 2.5t is 2.2% and at 
DSL = 400 mm the same effect is 17.2 %. In case of 
higher thicknesses i.e., for t=12, 16, 20mm, the effect 

of dent depth variation on USR at DSL = 200 mm is 
14.3%, 12% and 18 % respectively and same at DSL 
= 400 mm is 24%, 26% and 26 %.From the above 
discussion, it can be concluded that in case of lower 
shell thickness for DSL less than or equal to 200mm, 
effect of variation on DD on USR is negligible.  
The maximum rate of reduction of USR (for t=8mm) 
for DD variation from 0.5t to 2.5t is 0.05 % per mm 
of DD at lower DSL (i.e., DSL = 200mm) and 0.1 % 
per mm of DD at higher DSL (i.e., DSL= 400mm). 
Comparing rate of reduction of USR of DD and DSL 
it can be concluded that DD is more dominant factor 
than DSL. 
 
4.2 Effect of plate Slenderness ratio on USR. 
Figure 5a and 5b shows the effect of variation of SLR 
on USR at different dent depths. For the clarity only 
two extreme cases of DSL 200mm and 400 mm are 
shown in Figure 5a and 5b. It can be noted that as 
SLR values increase (i.e., plate thickness decreases) 
USR values decrease gradually from SLR value of 
0.98 to 1.63 (respectively t=20mm to t = 12 mm) and 
thereafter USR value decrease drastically. This once 
again indicates that as the plate thickness increases, 
sensitivity of imperfections decreases 
 

 

 
Fig.5. (a) (b) Slenderness ratio Vs. Ultimate Strength Ratio (USR) with varies dent depth ratio for DSL 200mm and 400mm 

 
4.3 Regression analysis:   
The regression analysis is carried out using 
MINITAB 17.0 taking SLR, DSL and DD as input 
variables and USR as output variable and a second 
order polynomial type regression equation is fitted 
with acceptable values of correlation co-efficient 
(R2), adjusted correlation co-efficient (R2 adj) and 
standard error values (98.19% ,97.94% and 0.0194 
respectively ) and the fitted equation is given in 
equation (4). Correlation co-efficient (R2) is a 
measure of degree of fit i.e., how close the data are to 
the fitted regression line.  If R2 approaches unity, the 
better the model fitted with the actual data.  
USR = 0.5377 - 0.1803 SLR - 0.0726 DD - 0.05165 
DSL+ 0.09003 SLR*SLR+ 0.0348 DD*DD 
 + 0.00841 DSL*DSL+ 0.0580 DD*SLR - 0.02330 
DSL*DD + 0.01576 DSL*SLR                      (4)          

Noticing the coefficients of equation 4, it can be 
understand that the most dominant factor is plate 
parameter SLR. Comparing dent parameters DD and 
DSL, DD is more dominant variable than the DSL. 
From the interaction point of view the descending 
order of interaction between the parameters are (i) 
DD and SLR interaction, (ii) DD and DSL interaction 
and (iii) DSL and SLR interaction. 
From table 2 and Figure 6, it can be noted that there 
is a good agreement between experimental values and 
predicted values. Thus, the data are fitted well with 
the proposed quadratic polynomial model.  
 
In order to gain a better understanding about the 
interaction effects between input parameters of SLR, 
DD and DSL on USR, the 2D contour plots and the 
3D response surface are given in Figure 7-9.  
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Table 2 Experimental values from FEA and predicted Value 

 

 
Fig.6. Model (predicted) versus experimental values (Actual) of USR 

 

 
Fig. 7. 2D contour plot and 3D response surface for the effect of cross-interaction between DD (Dent depth) and SLR (slenderness 

ratio) on the USR 
 

 
Fig. 8. 2D contour plot and 3D response surface for the effect of cross-interaction between DD (Dent depth) and DSL (Extent of 

dent) on the USR 
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Fig. 9. 2D contour plot and 3D response surface for the effect of cross-interaction between DSL (Extent of dent and SLR 

(slenderness ratio) on the USR 
 
CONCLUSIONS 
 
The following conclusions are derived from the non-
linear response surface regression modeling of dented 
plates having varied DSL, SLR and DD in the given 
range. 

1. Imperfection effects are higher at lower shell 
thickness compared to higher shell thickness. 

2. As both DSL and DD value increases USR 
value decreases. 

3. At lower thickness, DSL less than or equal to 
200mm debt depth effect is negligible. 

4. Out of three input parameters, SLR is most 
dominant parameter which affects the buckling 
strength of the plate significantly. 

5. Comparing dent parameters, DD is more 
dominant parameter than DSL. 

6. The interaction between DD and SLR is more 
dominant than other interaction. 
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