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ABSTRACT 
Thin shell structures are usually stiffened to increase their load carrying capacity. In case of thin stiffened plate 

structures, failure of bare plates surrounded by stiffeners is one of the basic failure modes. Dents are one of the 

common initial geometrical imperfections in thin structures and they may be formed due to collision or hitting with 

other objects during erection, installation and in service. Like other imperfections dent also have detrimental effect 

on the strength of the structures .Dent geometry can be specified by shape, location, orientation and size (dent depth, 

Dent width and dent length). It was already proved that dent shape has negligible effect on strength and central 

located dents are critical. Hence in this work, 2268 FE models of dented thin square plate (dent at centre) with 
different plate thicknesses are generated by varying the Dent Angle of Orientation and dent size. These FE models 

are analyzed using static nonlinear FE analysis module of ANSYS. Using these numerical results with its 

corresponding coded input variables, a nonlinear response surface model is developed through nonlinear regression 

and from which order of influence of parameters taken for study are determined. 

 

Keywords: Imperfections, FEA, Dent, Buckling, Response Surface Model. 

  

 

I. INTRODUCTION 
 
Thin bare plates are in-built part of the stiffened steel structures. These bare thin plates are basic elements of ship, 

marine and aerospace structures. In actual operating conditions, these bare plates `are surrounded by the stiffeners 

and loaded compressively during hogging and sagging movements of ships [22] and due to the compressive load 

these bare plates collapse locally in between the stiffeners is a primary failure type found in stiffened  steel plate 

structures. The plate strength has been studied for many years and several advances have been made during last few 

decades concerning the understanding of the effect of factors which reduces collapse strength of the thin plate 

structures subjected to various load conditions. Teng [23] presented detailed review about the advances in steel 

structures shell buckling before 1996. Similarly, Rhodes [18] presented a brief discussion on the elastic and plastic 

behavior of plate structures. As needed by the present work, only literature related to local geometrical 

imperfections and combined local and initial geometrical imperfections are discussed here. Formation of dent and 

other failures due to collisions with foreign object is discussed by Muscat et al. [7] with experimental and simulation 
study. Jin et al [25] studied shear buckling resistance with imperfections caused by corrosion in the web plate , 

found that shear buckling resistance affected by aspect ratio of the web plate. 

 

Paik [9] and Paik et al. [11] respectively investigated the collapse strength of the dented steel plate considering the 

effect of dent size, shape and location of the dent. Dented plates are subjected to axial compressive load and shear 

load respectively with simply supported boundary conditions. From the study it was concluded that as long as dent 

(spherical /conical) size is similar, size of the dent does not affect strength of the dented plate. Praveen Shivalli [14] 

experimentally studied  about the fatigue life and rate of crack growth on the aluminum alloy sheet of 1 mm 

thickness due to dent formed by the hardened spherical head indenter. Guedes Soares et al. [2] numerically studied 

about the influence of localized geometrical imperfections on the ultimate strength of the plates. One of the 

important conclusion from that work is ultimate strength of the plate depends on size and amplitude of the localized 

imperfections. Hai et al. [4] derived an empirical reliability index equation considering the combined effect of 
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multiple defects (weld residual stresses, cracks, initial deformation and local dents).Hai et al. [5] studied about the 

effect of local dent on the collapse strength of the dented plate and also derived a method to determine the global 
reliability index and sensitivity analysis expressions. Raviprakash et al.[17] numerically investigated nearness effect 

of two central located short dents of same size on the ultimate strength of the thin square plates subjected to 

compressive load by  varying the dent parameters (location, orientation and centre distance between the dents). It 

was concluded that influence of second dent is not as appreciable as that of the first one, irrespective of dent 

parameters considered. Raviprakash et al.[16] numerically studied the effect of dent parameters (length, width, depth 

and angle of orientation) on the ultimate strength of the thin plate and one of the  major conclusions stated that 

collapse strength of dented plate mainly depends on the area of the dented plate excluding the area of the dent 

affected region. 

 

Peroumal et al.[12] numerically studied the combined effect of local imperfections and distributed global 

geometrical imperfections on buckling strength of thin square plates subjected to uni-axial compressive load. It was 
concluded that dent effect is more dominant in thick plates, in case of low thickness plates global geometric 

imperfections effect is more dominant. Saad-Eldeen et al.[19] in the work numerically studied about the ultimate 

strength and post collapse behavior of the dented unstiffened rectangular plates, Using the numerical results 

obtained from analysis two relationships were developed one based on the slenderness ratio and other based on dent 

ratio (DD/t) as a reduction factor  for ultimate strength. Raviprakash et al. [16], in his numerical work explained that 

the individual dent parameters effort and plate thickness effort on the ultimate strength of the dented plates. But the 

order of influence of dent parameter and plate parameters on the ultimate strength of the plate not considered for his 

study. Hence in this work, the efforts are taken to study the order of influence dent parameters and plate parameters 

on the ultimate strength of the plate. For this purpose, plate size of 500x500 mm with various plate thickness are 

considered (here plate thickness are considered indirectly by plate slenderness ratio, SLR). Various dent parameters 

are accounted as (i) dent length (DL), (ii) Dent Aspect ratio (DAR), (iii) dent depth (DD) and (iv) dent orientation 

(DAO).  
By varies  shell thickness(t) (4,6,8,10,12,14,16,18 and 20mm ) having a centrally located dent with varied Dent 

length (varied as 200,300 and 400mm), Dent aspect ratio (varied as 0.25, 0.625 and 1), Dent depth (varied as 2,4,6 

and 8 mm) and Dent orientation (0°,15°,30°,45°,60° ,75° and 90°), 2268 models are  generated and analyzed using 

static non- linear FE analysis module of ANSYS including both geometrical and material non-linearties to determine 

the ultimate strength of the dented thin plate. Using the FEA results and coded parameters, a nonlinear regression 

analysis carried out, to find empirical relationship between normalized ultimate strength and normalized dent and 

plate input parameters.  The input parameters are coded to overcome the effects due to units, numerical value and 

range. Parameters are linearly coded between -1 to +1.From the empirical relationship, orders of influence of 

parameters and interactions effects are discussed. 

 

II. THIN PLATE SHELL MODEL 
 

The thin square steel plate’s size of 500 x 500 mm [22] with varied plate thickness are considered (4, 6, 8, 10, 

12,14,16,18 and 20mm). The material taken for study is HT-32 structural steel with Young’s Modulus of 205.5 

(GPa), Yield strength, σy of 313.6 (MPa), the Poisson’s ratio, γ of 0.3 and density, ρ of 7800 kg/m3. Perfect plasticity 

condition is applied. In this work a non-dimensional non- dimensional plate parameter called plate slenderness ratio 

(SLR) is adopted to account for both size and material properties of the plate as per reference [11], [19]. Plate 

slenderness ratio (SLR) is defined as 

 

𝐒𝐋𝐑 =
𝐛

𝐭
√

𝛔𝐲

𝐄
                                                               (1) 

 

Where, b and t plate width and thickness of the plate respectively. E and σy , Young’s modulus and yield stress of the 

material. 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 [19]. 
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III. FINITE ELEMENT MODEL  
 

The shell element SHELL 281 of ANSYS 12 is used for the FE analysis. It is an eight node- quadrilateral shell 

element able to modal curved features which accounts for membrane, bending and transverse shear effect on its 

calculation. This element can handle plasticity, large strain and displacement, stress stiffening effects also in its 

computation. 

 

3.1 Boundary and Loading Conditions 

In order to simulate the stiffened effect [22] on the bare plate the following boundary conditions are applied. All the 

side edges nodes of plates are constrained for displacement and rotation along / about the thickness (Uz = Rz = 0). 

Further in order to apply uniform displacement loading at one edge (loading edge) uniform displacement load (Uy) is 
applied and opposite to that edge (reaction edge) displacement along the direction is arrested (Uy = 0) as shown in 

Figure 1.The nodes of other two edges (unloaded edges) are coupled together along the x direction, to have in- plane 

restraining effect due to adjacent structural element in the actual stiffened structures[6]. Both material non linearity 

with Von Mises criteria option and geometrical non linearity with stress stiffening effect are adopted for nonlinear 

static FE analysis. Incremental displacement load of 0.1 mm was applied at the loading edge and Newton-Raphson 

iteration is used for the analysis. At each load sub step, reaction force along the displacement loading direction of all 

nodes of the reaction edge are added to determine the total applied at the loading edge. 

 
Figure 1. Geometry, boundary conditions and loading conditions used in the analysis. 

 

3.2 Model Validation with Published FE Result 

 
Figure 2. First Eigen Mode shape of the bare plate considered for validation (a) Elevation (b) Side view (c) Isometric view 

 

To validate the non- linear FE analysis, the ideal plate size of 500 x 500 x 3.2 mm subjected to axial compression 

taken by Suneel Kumar et al. [22] and Paik et al. [11] is taken for study. The material properties of the steel plate 

taken for validations are Young’s modulus (E)= 205.8 GPa, Poisson’s ratio () = 0.3 and Yield strength (σy) = 

264.6 MPa. Performing the mesh convergence study it is found that the optimized size of element is 40x40, which 

given the ultimate strength as 393.87 kN, which is very close to result given in reference 392.93kN [22]. Figure 3(a) 

compares the applied load vs. lateral nodal displacement of center node of the plate considered for validation with 
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that of plot given in the reference Paik et al. [8] and it indicate that the results match well with each other. Figure 

3(b) shows load vs. edge displacement of a node at a loading edge and load vs. out of plane displacement of centre 
node of the plate considered for validation. From this analysis, element solving and accuracy of the numerical results 

are verified. 

 

 
Figure. 3. (a)  Compare Load vs. transverse nodal displacement of the centre point of perfect plate with that of published 

result [8] , (b) comparison of  Load vs. edge displacement and out of plane displacement curves 

 

3.3 Model Validation with Experimental Result 

To verify the accuracy of the results, FE analysis results was compared with the experimental results given reference 

Paik and Thayamballi [10], steel plate of size 500 x 500 x 1.6 mm was taken for study.  

 

 

 
 

Figure 4. Load - edge displacement curve and von Mises stress contour at limit load condition of the model plate considered 

for experiment validation 

 

The material properties of the steel as y = 251.8 MPa,  = 0.3 and E = 198.5 GPa. The experiment result is 

41.174kN (this result was obtained from low edge displacement velocity of 0.05 mm/sec).the boundary condition in 

that work is same as boundary condition considered in the present. The load vs. edge displacement curve obtained 

from the numerical analysis is shown in Figure4.  The ultimate strength of the plate calculated from the present 

numerical analysis is 43.773 kN, which well matches with the experiment result of Paik and Thayamballi [10]  

 

3.4 Modeling of Dented Thin Plate   

Dent shape considered in work is described in Eq.(2), which is similar to dent shape adopted in references 

Guggenberger [3], Prabu et al. [13], Rathinam and Prabu [15] 
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(2)   

 

 

With: -DL/2 ≤x1≤,  -DW/2 ≤DL/2  x2 < DW/2  

  

Where, δ is the inward displacement of the node point in the dent geometry, x1 and x2 are respectively longitudinal 

and transverse location of the node point in the dent geometry from axis at Centre point of the dent geometry. Since 

dent has to be modeled smoothly and accurately fine mesh required in the dent geometry region. Since change of 

curvature present in dent around the dent geometry become the place for high stress region, and to capture the high 

stress variation very fine mesh is required upto half wave length from the dent geometry [1] also as suggested by 

Shariatia.M, et al. [20] and Song et al. [21]. The element mesh in the dent and size surrounding region should be 
refined upto the numerical result variation due to mess refine should be negligible. The example of FE modal of the 

dented plate shown in Figure 5. 

 

     
Figure. 5.  (a) FE plate model          (b) Closer view of dent region        (c) CAD model of dented plate 

 

IV. COLLAPSE BEHAVIOR OF DENTED PLATES 
 

Figure 6 shows the collapse behavior of the dented plates of t = 12 mm with DL = 300mm, DL=8 mm and DAR = 

0.25 with varying dent orientation (DAO) from 0° to 90°. Figure 6 shows that after reaching the limit load, plate 

strength decreases gradually. Further it also indicates that as dent orientation increases the load carrying capacity 

also increases.  

 

Figure 7 shows that sample stress contour of the FE plate (SLR 1.63, DL 300mm, DD 8mm and DAR 0.25) at 

different load with edge displacement .From the Figure7, it can be understand that dent plate does not response the 

load uniformly (i.e. reaction force is varying at each edge notes), since any plate nodes above the dent affected 
region takes less load as compared to other region in the plate edges. 
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Figure. 6. Load vs. deflection curve dent plate with different angle (SLR=1.63, DL=400mm, DAR=0.25, DD=8mm) 

 

 
(i)                     (ii)                   (i)                             (ii) 

(a) Load = 1210 kN (Displacement 0.5 mm)                         (b) Load = 1398 kN (Displacement 0.58 mm) 

 
(i)                 (ii)                       (i)                        (ii) 

(c) Load = 1609 kN (Displacement 0.68 mm)                          (d) Load = 1708 kN (Displacement 0.78 mm) 

 
Figure.7. Von Mises stress distribution of the dented plate with inclined dent (45°) (DL=300mm, DAR=0.25, 

SLR=1.63, DD=8 mm). i) Dent side, ii) swell side. 

 

V. RESPONSE SURFACE REGRESSION MODELING 
 

The aim of this regression modeling is to develop an empirical equation to determine the ultimate strength of the 

dented square plates with following input parameters SLR (which also accounts for plate thickness, t), DD, DL, 

DAR and DAO.  
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Table: 1. Input parameter for FE modeling of dented square plates 

Sl. No Name of input Parameter Range 

1 Slenderness Ratio (SLR) 0.98, 1.08,1.22,1.39,1.63,1.95,2.44,3.25 and 4.88 

2 Dent Depth (DD) 2,4,6 and 8mm 

3 Dent Length (DL) 200, 300 and 400mm 

4 Dent Aspect Ratio(DAR) 0.25,0.625 and 1 

5 Dent Angle of Orientation (DAO) 0°,15°,30°,45°,60°,75° and 90° 

 
The above input parameters values are selected from on the reference[16],[19]. To develop the empirical equation 

for ultimate strength of the dented plate, it is planned to fit a quadratic response surface (Eq.(3)) on the ultimate 

strengths of the FE plates obtained from nonlinear FE analysis by varying the input parameters and obtained values 

are presented in Appendix-A    

 

    𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖
𝑘
𝑖=1 + ∑ 𝛽𝑖𝑖

𝑘
𝑖=1 𝑋𝑖

2 + ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗
𝑘
𝑗=1

𝑘
𝑖=1 , 𝑖 < 𝑗                                   (3) 

 

Where Y is predicted response, here it is USR, which is defined as the ratio of ultimate stress value of dented plate 

(based on loading surface area) to yield stress of the plate, β
0
 is the interception coefficient, β

i
 is the coefficient of 

the linear effect, β
ii
 is the coefficient of quadratic effect, β

ij
 is the coefficient of the interaction effect when i < j, and 

k is the numbers of variables involved.  

 

The input parameters taken for study are of different units and with different numerical range. Hence, in the present 

work to nullify both effects of units and range of numerical value of parameters, parameters values are linearly 

coded between -1 to +1 as given in Table 2. The parameters are coded using the Eq. (4). 

 

Coded value =
parameter value−(mean of range of parameter)

(half of range of parameter)
                         (4)  

 

 
Table 2: The range of actual values and coded values of the factors 

Name of the coded 

parameters 

Name of the parameters Low  High 

-1 +1 

slr SLR – Slenderness ratio 0.98 4.88 

dd DD – Dent Depth 2.0 8.0 

dl DL – Dent Length 200 400 

dar DAR-Dent Aspect ratio 0.25 1.0 

dao DAO- Dent orientation 0.0 90 

 

A quadratic regression model is fitted for USR of dented plates the coded input parameters by using MINITA B 17.0 

statistical software. Regression equation with coded input parameters obtained from the regression analysis is given 

in Eq. (5). The value of co-efficient of determination (R2), adjusted correlation co-efficient (R2 adj) and standard 

error values are 97.09%, 97.07% and 0.0288086 respectively. Here as the R2 value approaches to unity, it is clear 

that the degree of fitness of the model is good. 

 
USR = 0.65195 - 0.014246 dl + 0.01181 dao - 0.019420 dd - 0.010230 dar - 0.252861 slr  + 0.00070 dl*dl - 

0.00352 dao*dao + 0.00281 dd*dd + 0.00157 dar*dar + 0.08335 slr*slr + 0.00452 dl*dao - 0.010195 dl*dd - 

0.004766 dl*dar + 0.00485 dl*slr + 0.00867 dao*dd - 0.01445 dao*dar- 0.00853 dao*slr -0.008083 dd*dar + 

0.01879 dd*slr + 0.00925 dar*slr                     (5) 
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5.1 Individual Effect of Dent and Shell Parameters on USR: 

Figure 8 shows the mean main effects of input parameters on USR of the dented plates. From this Figure 8, it can be 
noted that all dent geometrical and orientation parameters almost have linear variation effect on USR with in a small 

range of use. But plate parameter SLR has nonlinear response effect i.e., as the SLR value decreases USR values 

increases as seen in Figure9. These effects can be easily understood from the coefficient value of input parameters in 

Eq. (5). In this equation, linear and quadratic term coefficients of SLR are considerable, whereas when compared to 

other parameters coefficients. At low value of SLR (i.e., slr = -1 means higher shell thickness) showed higher USR 

value, compared with effect of dent geometrical and orientation parameters. From the above discussion, it can be 

concluded, that the presence of plate parameters effects are higher compared to dent imperfection even for small 

value of SLR. For example, t = 20mm, showed the highest effect and it can be realized in figure 10.   

 

 
Figure. 8. Main effect plots for USR with dent parameters. 

 

 
Figure 9. Main effect plots for USR with shell parameters 

 

In case of dd, dl, dar and dao linear term coefficient value is less that of slr and further these parameters quadratic 

coefficients are having less values. Hence, main effect of dd, dl, dar and dao are linear as evident from Figure 8. Out 

of dent geometric and orientation parameters, dd is more effective parameters than other parameters. From the above 

discussion, it can be concluded that the order of influence of parameters is DD, DL along with its aspect ratio DAO 

and DAR. 

 

5.2 Interaction Effect of Dent and Shell Parameters on USR. 

Figure 10 shows the interaction effect of various parameters considered in the analysis. It can be noted from the 

graph of slr×dd interaction at lower plate thickness (slr = 1), dd effect is negligible. As the plate thickness increases 

(slr decreases to -1). The above said effect can be realized from dd×slr curves. Regarding the interaction with other 

parameters i.e., with dao, dar and dl. Slight interaction effect is noted only in the higher shell thickness. The next 
effective interaction is due to dd with other parameters such as dao, dar and dl. From the graph, it can be observed 

that interaction effect is notable only with higher dd. Other parameters interaction curves indicate that all the other 

interaction effects are negligible. 
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USR = 0.65346 - 0.016322 dl + 0.015466 dao - 0.01942 dd - 0.014193 dar - 0.25286 slr - 0.00352dao*dao + 

0.00281 dd*dd + 0.08335 slr*slr - 0.01445 dao*dar + 0.01879 dd*slr                                           (6) 
  

   

 
Figure.10. Interaction plot for USR with dent and shell parameters. 

 

As approached by Tohidi and Sharifi [24] and also from the above discussions only the important parameters can be 

used in simplified empirical equation to determine the ultimate strength of the dented plate. i.e., all the main effects 

of parameters (both quadratic and linear term effect) and only interaction parameters namely dd×slr, dao×dar. 
This simplified regression correlation Eq. (6) has correlation coefficient (R2) of 96.61% and adjusted correlation 

coefficient (R2 adj) of 96.59% and standard error of 0.0310607 

 

VI. CONCLUSIONS 
 

The following conclusions are derived based on the numerical analysis carried out in this work. 

 

 Due to dent, the load applied at the loading edge is not uniform. 

 Based on the empirical relation developed, the decreasing order of influence of parameters considered in 
this analysis is (i) SLR, (ii) DD, (iii) DL, (iv) DAO and (v) DAR., where most dominant parameter is SLR 

which accounts for thickness of plates. 

 Out of all parameters considered only SLR is having non-linear response with wide range variation and 

other parameters have almost linear response with small range variation which indicates that plate 

parameters is more dominant than local imperfection-dent. 

 In the interaction terms DD x SLR and DAO x DAR are most effective interactive terms than other 

interaction terms. 
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APPENDIX – A :  USR value for all the combinations of input parameters.  
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